
BULLETIN 95 

. . . . . . 
·. .. 

·. .· 
·· . . ....

. 
· 

.. ·.·::.=:,!:�: ... :.:�: 
·:.:·::::. 

··;. 

NORTH AMERICAN 

OPHIOLITES 
1977 



STATE OF OREGON 
DEPARTMENT OF GEOLOGY AND MINERAL INDUSTRIES 

1069 State Office Building, Portland, Oregon 97201 

BULLETIN 95 

NORTH AMERICAN 

OPHIOLITES 

Edited by 
R. G. Coleman and W. P. Irwin 

U. S. Geological Survey 

The preparation of this report was sponsored by the 
International Geological Program ( IGCP ) as part of the 

North American meeting of the IGCP working group: 
"Ophiolites of continents and comparable oceanic rocks." 

GOVERNING BOARD 
Lee anne Mac Co 11 Portland 
Robert W. Doty Talent 
John L. Schwabe Portland 

STATE GEOLOGIST 
Ralph S. Mason 

1977 



Pa rtici pan ts: 1 .  N. Dobretsov, U S S R; 2. M. Ma rkov, USSR; 3. M. Da voudzade h, I ran; 4. A. Kn ippe r, US SR; 
5 .  P. I rwi n, U SA; 6 .  W. Pa tton, USA; 7. R. Oberha nsli, Swi tzerl and; 8. D. Adip, I ra n; 9 .  0. Zeda
Paracchin i ,  I ta l y; 1 0 . N. Brown, USA; 1 1 .  L. Beccal u va, I ta l y; 1 2. R. George, USA; 1 3. S. Ka rama ta, 
Yugos lavia; 1 4. D. Jones, USA; 1 5 .  N. Ala vi-Te hra ni, I ran; 1 6 . A. Sha ras kin, U S S R; 1 7. N. L i nd s l ey
Griffin, USA; 1 8 . M. I wa s a ki, Japan; 1 9 .  G. Princip i ,  I taly; 20. E.  Abba te, I ta l y; 21 . J. Mal p a s, Canada; 
22. G. Rocci, F rance; 23. N. Bogdan ov, USS R; 24. L. E cheverri a, Col ombia; 25. R. Fi s h e r, USA; 26. S. Todd, 
U SA; 27. J. Smewi ng, En gland; 28. M. Don a t o, USA. 

Participants sitting on South Fork Mountain Schist at the last stop of the Kl amath Mountains ophiolite 
excursion ,  19 77 (R . G. Co leman, photographer) 



FOREWARD 

During September 1977, the international project for the study "Ophiolites of continents and comparable 
oceanic rocks" carried out a series of field excursions and seminars in North America. This project is sponsored 
by the Internatiortal Geological Correlation Program (IGCP), which is under the guidance of both the International 
Union of Geological Sciences (lUGS) and UNESCO. The IGCP projects have been organized to coordinate and stimulate 
international scientific cooperation in solving fundamental geologic problems in the exploration and appraisal of 
earth resoures. 

The IGCP "ophiolite" project was begun in 1974 by Academician Peyve of the Geological Institute of the 
Academy of Sciences, USSR, with Dr. N. Bogdanov as Chairman, and has already convened two separate conferences. 
The first was a 21-day field trip held during October, 1975, in Iran to investigate the ophiolites of that 
country. During the second, in 1976, the ophiolite working group joined the 17th cruise of the USSR research 
vessel Dmitry Mendeleev to investigate deep trenches and island ophiolites of the western Pacific. 

The North American excursions in September 1977 began in Newfoundland and then proceeded to Quebec where 
some ophiolites of eastern North America were studied. From there, the group traveled westward to the Stillwater 
complex in Montana in order to compare a continental igneous cumulate complex with the cumulate sequences found 
in ophiolites. The final phase of the North American excursions focused on the Klamath Mountains province in 
southwestern Oregon and northern California. These excursions concluded with a seminar at Stanford University. 
Geologists participating in the 1977 Klamath Mountains field excursions were from Canada, Columbia, France, Great 
Britain, Iran, Italy, Japan, Soviet Union, Switzerland, United States, and Yugoslavia. 

The term ophiolite is used not for a single kind of rock but rather for a particular sequence consisting, 
from base to top, of peridotite, gabbro, diabase dike swarm, and pillow lava. These sequences are considered to 
be oceanic crust stranded on land. Ophiolites have major economic significance because some contain deposits of 
chromium, platinum, nickel, copper, and asbestos. Ophiolites have acquired increased geologic significance since 
the development of widespread interest in the theory of plate tectonics. Understanding of them is critical to 
the solution of questions regarding the evolution of the North American continent and particularly the origin of 
ore deposits in the Klamath Mountains. This bulletin will provide background for participants of the 1977 field 
excursions and also will serve as a general reference on North American ophiolites for others interested in 
economic development of an scientific research on these rocks. 

We are grateful to the National Science Foundation and to UNESCO for financial support of the Klamath 
Mountain field trip and to the U.S. Geological Survey for logistical support. Mary Donato, U.S. Geological 
Survey, was very helpful in the final assembly of these papers. The generosity of the Oregon State Department of 
Geology and Mineral Industries in publishing this bulletin will further the scientific aims of this IGCP project. 

September 1977 Robert G. Coleman and William P. Irwin, Editors 
U.S. Geological Survey, Menlo Park, California 

The Oregon Department of Geology and Mineral Industries is pleased to take an active part in the production 

of this ophiolite publication. The term "ophiolite" embodies a relatively new set of earth science concepts and 
requires a worldwide perspective for proper interpretation. This book advances the understanning of Oregon ophi
olites, not only by information presented in the articles on Oregon ophiolites, but also by data and concepts 
developed in the other articles. We are proud to assist in the efforts leading to this publication and are 
certain that this volume will lead to substantial progress in the understanding of ophiolites and, as a result, 
to 'practical benefits for mankind in the future. 

December 1977 John D. Beaulieu, Deputy State Geologist 
Oregon Department of Geology and Mineral Industries 

The Oregon Department of Geology and Mineral Industries has agreed to publish these papers because the sub
ject matter is consistent with the mission of the Department. The usual style and standards for this series have 
been modified to accomodate the style used by the editors of this bulletin. To facilitate timely distribution of 
information, camera-ready copy submitted by the editors has not been edited by the staff of the Oregon Department 
of Geology and Mineral Industries. 
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NORTH AMERICAN OPHIOLITES 

DISTRI BUTION AND TECTON IC SETTING OF OPHIOLITE S  AND OPHIOLITIC MELANGES IN THE APPALACHIAN OROGEN 

Haro ld Wil liams and R.W. Talkington 

Department of Geology 
Memorial Univers ity of Newfound land 

St. John ' s ,  Newfound land , Canada 

ABSTRACT 

Ophio lites of high ly a l l o chthonous character 
and associated ophio l itic me lange occur a l ong the 
western margin of the Appa lach ian Orogen , i.e. the 
anci ent continental margin of eastern North Ameri ca 
(Humber Zone) . The Bay of I s lands Comp l ex is a 
typical examp l e  of a transported ophi o l ite , and 
ophio litic melanges such as th e Milan Arm , Second 
Pond and Coachman's Me langes are a l l  interpreted as 
related to ophi o l ite obduction. The melanges vary 
in structural sty l e  from undeformed thin sheets in 
the west to polydeformed and metamorphosed in the 
east. 

Sma l l  mafic-ultramafic bodies in eastern parts 
of the Humber Zone occur a long the entire l ength of 
the orogen . Some of th ese are b l ocks in ophio l itic 
me lange and others are s ited at major structural 
contacts . They are affected by the ful l  range of 
deformations and metamorphism re lated to the destruc� 
ion of the anci ent cont inental margin of east ern 
North America . Most are probab ly dismembered parts 
of ophio l i t e  suites , and their occurrence from 
Newfound land to Alabama imp l i es  a s imi lar structural 
his tory for western parts of the system . 

In central parts of the Appa lachian Orogen , 
ophiol ites that repres ent vestiges of an ancient 
Iapetus Ocean (Dunnage Zone) occur along the Baie 
Verte- Brompton Line and they form the basement to 
island arc sequences farther eas t. Mafic-u ltramafic 
complexes al ong eastern parts of the Dunnage Zone in 
the north may be b locks in me lang e ,  and some may 
repres ent diapiric intrusions. 

Relationships in the northern Appalachians imp ly 
a maj or suture within the exposed parts of the 
s outhern Appalachians , either at the Brevard Zone or 
somewhere between the Brevard Zone and the Caro lina 
S late Belt . 

Appalachian ophio lites are Late Cambrian and 
Early Ordovician in age , where dat ed, and they were 
emplaced and deformed during the Ordovician Taconic 
Orogeny . Silurian or younger ophio l ites are un
known and the s tratigraphic record for thi s  period 
indicates largely terrestria l conditions without the 
pres ence of important continental margins or maj or 
oceans . 

INTRODUCTION 

The interpretation of the on- land ophiolite suite 
of rock uni t s  as ocean i c  crust and mant l e  has brought 
new and considerable interest to the study of 
ophio litic rocks in orogenic belts . Because the 
ophiolite suite of rock units relate in a total way 
to their place and mode of generation , their pres ence 
provides an important adjunct to the interpretaTion 

of the regi ona l geo logy of the orogen in wh ich they 
are found . In anci ent orogenic belts , ophio lite 
suites occur as highly a l l ochthonous structura l 
s l ices transported across  former continental margins , 
e.g. western Newfound land , Oman , Zagros , Himalayas , 
or as imbricated and deformed s l ices in central parts 
of orogens , e.g . northeastern Newfound land , Ba l lan
trae , Indus Sutur e,  and Pindus Zone. Ophio l itic 
melanges (Gans ser ,  19 74) , or chaotic rocks that 
contain b locks derived from the ophio l ite suite of 
rock units are associated with a l l ochthonous ophio
l ites (obduction) or they are re lated to the des
truction of oceani c crust by its descent at oceanic 
trenches (subduction) . The di stribut ion and struc
tural setting of ophio l i t i c  me langes in orog enic 
be lts are in most cases therefore as important to 
tectonic synthes es as th e presence of the ophio l ite 
suite its elf . 

The common occurrence of mafic-ultramafi c  
rock s i n  the Appa lachian Orogen was first pointed out 
by Hess ( 1939 ;  19 55),  and s ince then there have been 
numerous attempts to exp lain their origin . Most  
occurrences are interpreted now as anci ent oceanic 
crust and mant l e  (Moores ,  19 7 0 ;  Stevens , 1970; 
Church and Stevens , 19 7 1 ;  Dewey and Bi rd , 19 7 1 ) . 
Some are part of we l l -pres erved ophio l i t e  suites , 
e . g .  Bay of I s lands Comp l ex ,  others are di smembered 
ophio l ites , e . g .  Advocate Comp l ex , and sti l l  others 
form b l ock s in oph io l i tic me lange , e.g . Coachman's 
Melange . In a few cases , lo ca l examp les are inter
preted as intrus ions (Chidester and Cady , 1972 ; 
Kennedy and Phi l lips ,  19 7 1 )  or mant l e  diap irs s ituated 
above subduction zones (Stevens and others 19 74 ; Kea� 
19 74) . 

Although Hes s sugges t ed that there were two 
ultramafic belts in the Appa lachian Orogen , new data 
require a revis ion of this view and indi cate a wide 
spectrum of occurrences in a variety of different 
tecton ic settings . Rec ent geo logic syntheses of the 
Appa lachian Orogen are based upon the recognit ion of 
contrasting tectonic- s tratigraphic zones across the 
system. Nine z ones are defined in the Canadian 
Appa lachians (Wi l liams and others 19 72 ; 19 74)  and 
these have been ama lgamated for purposes of broad 
correlation into five zones that are extrapolated 
along the ful l  l ength of the system from Newfoundland 
to A labama (Wil liams , 19 76) . From west to eas t  these 
zones are given local names in the northern Appa lach
ians , vi z :  Humber , Dunnage , Gander , Avalon ,  Meguma 
(plate 1 ) .  Ophio litic rocks  ar e restricted a lmost  
entirely to the Humber and Dunnage Zones. 

The model for the dev e lopment of the Appalach
ian Orogen fo l lows the suggestion of Wi l son ( 1966) 
and invo lves the generation'and destruction of a late 
Precambrian - early Pal eo zo i c  Iapetus Ocean (Dewey, 
1969 , Bird and Dewey , 197 0 ;  Stevens , 1970; McKerrow 
and Cocks , 19 7 7 ;  etc . ) .  The Humber Zone records the 
development and destruction of an At lantic type 
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continental margin of eastern North America (Williams 
and Stevens, 1974). It contains the best examples of 
transported complete ophiolite suites (e.g. Bay of 
Islands Complex; Williams, 1973) as well as a variety 
of ophiolitic melanges in various states of struc
tural complexity. The Dunnage Zone represents the 
former site of the Iapetus Ocean. In places it 
exhibits well-developed ophiolite suites (e.g. Betts 
Cove Complex, Upadhyay and others 1971; Thetford 
Mines ophiolites, Laurent, 1975), commonly overlain 
by thick island arc volcanic sequences. As well, it 
contains melanges that possibly relate to subduction 
(e.g. Dunnage Melange, Kay, 1976; Fournier Complex, 

N. Rast, pers. comm. 1975), and in the northeast a 
belt of mafic-ultramafic complexes that are either 
blocks in melange or mantle diapirs. The Gander and 
Avalon Zones developed upon continental crust and lay 
to the east and southeast of the Iapetus Ocean. 
Neither contains well-preserved examples of a complete 

·ophiolite. The Meguma Zone may represent the eastern 
continental margin of an ancient ocean that lay to 
the east of the Avalon Zone (Schenk, 1971). Like the 
Gander and Avalon Zones, it too is devoid of ophiclite 
suites. 

In the Canadian Appalachians, the boundary be
tween the Humber and Dunnage Zones is marked by the 
occurrence of ophiolites in a steep structural belt. 
These ophiolites can be traced as discontinuous bodies 
from Baie Verte, Newfoundland, to Brompton Lake, 
Quebec. Accordingly, the steep ophiolite zone has 
been termed the Baie Verte-Brompton Line (St. Julien 
and others 1976). It is an important structural 
junction in the Northern Appalachians and its ophio
lites are host to the asbestos deposits that make this 
zone the world's richest asbestos belt. In places 
where the ophioliric rocks are absent, the Humber
Dunnage boundary is marked by faults that separate 
Humber Zone metamorphosed clastics (west) and Dunnage 
Zone less metamorphosed volcanic rocks (east), In 
other places, the boundary is hidden by Silurian and 
younger cover rocks, e.g. Gaspe Peninsula (plate 1). 

South of the Canada-United States border, the 
projection of the Baie Verte-Brompton Line is marked 
by a zone of small isolated ultramafic bodies in 
Vermont that extends all the way southward to Staten 
Island, New York. Farther South, the Baltimore Gabbru 
Complex (Crowley, 1969) of Maryland lies at or near 
the continuation of the same structural zone, and the 
zone may be marked by local occurrences of ophiolitic 
melange in the James River Synclinorium (Brown, 1976). 
From there, it projects between the Grenvillian base
ment rocks of the Blue Ridge and Sauratown Mountains, 
and appears to continue farther south along the Bre
vard Zone (Hatcher, 1972). In the northern Appalach
ians, the Baie Verte-Brompton Line marks an ancient 
continent-ocean interface and it is the most westerly 
possible root zone for allochthonous ophiolites found 
farther west. If this same structural zone continues 
southward, as proposed, the Brevard Zone of the sout� 
ern Appalachians is an important suture marking the 
site of the former Iapetus Ocean. 

The distrubution and tectonic setting of ophio
litic rocks in the Humber and Dunnage Zones form the 
basis of the discussion that follows. No attempt is 
made to describe each individual ophiolite occurrence 
Instead, a description of the regional geology and 
extrapolations along the length of the system for 
each kind of ophiolite occurrence is followed by a 
description of a type example. Most examples are 
taken from the northern Appalachians because of a 
greater familiarity to the authors and because south
erly examples are treated by other contributions to 

this volume (see papers by Laurent and Morgan). 

OPHIOLITES AND OPHIOLITIC MELANGES OF 
THE HUMBER ZONE 

The Humber Zone consists of a crystalline Gren
villian basement overlain by a thick clastic sequence 
with associated volcanic rocks, and a prominent Cambro
Ordovician carbonate sequence. Ophiolites of highly 
allochthonous nature occur in western parts of the 
zone where they overlie relatively undeformed parts 
of the autochthonous carbonate sequence. These 
ophiolites are associated with transported sediment
ary rocks and collectively they constitute alloch
thons emplaced during Middle Ordovician. 

The carbonate sequence of the Humber Zone and 
correlative coarse limestone breccias in overlying 
structural slices are interpreted as bank and bank 
foot deposits, respectively, formed at the ancient 
continental margin of eastern North America (Rodgers, 
1968). Underlying clastics that rest on Grenvillian 
gneisses formed a rise prism at the margin (Williams 
and Stevens, 1974), and transported ophiolites repre
sent oceanic crust and mantle that lay farther east 
(Church and Stevens, 1971). 

Examples of allochthonous ophiolites in westerly 
parts of the Humber Zone include the White Hills 
Peridotite of the Hare Bay Allochthon, the Bay of 
Islands Complex of the Humber Arm Allochthon, and 
the Mount Albert ophiolite of the Shick Shock Mount
ains (Williams, 1975). The Baltimore Gabbro Complex 
of Maryland occurs in a similar structural position 
but lies nearer the east boundary of the zone. 

Ophiolitic melanges occur across the Humber Zone 
and they are particularly well-developed in western 
Newfoundland. Their formation is attributed to the 
transport of ophiolites from their root zone at the 
Baie Verte-Brompton Line, across the rise prism and 
carbonate bank successions, to their present positions. 
The best exposed and most extensive melanges form 
integral parts of the Humber Arm and Hare Bay 
Allochthons, e.g. Companion and Milan Arm Melanges 
(Williams, 1975), and comparable examples, though 

lacking ophiolitic blocks in most places, are assoc
iated with transported sedimentary rocks in Taconic 
klippen all the way southward to Harrisburg, Pennsyl
vania. These melanges are mainly thin subhorizontal 
sheets between other transported rocks that collect
ively lie above the carbonate sequence. Ophiolitic 
melanges occur also at the east margin of the carbon
ate terrane in Maryland and in western White Bay, 
Newfoundland, e.g. Second Pond Melange (Williams, 
1977a). Farther east, ophiolitic melanges are 
associated with clastics of the rise prism at the 
eastern margin of the Humber Zone (e.g. Coachman's 
Melange, Williams, 1977b). 

Deformation and metamorphism increase from west 
to east across the Humber Zone. Melanges associated 
with Taconic-type allochthons above the carbonate 
terrane have been little deformed since formation. 
These near the present easternmost exposures of the 
carbonate sequence vary from polydeformed and meta
morphosed in Maryland to locally deformed and mildly 
metamorphosed in Newfoundland. Ophiolitic melanges 
at the eastern margin of the Humber Zone are every
where polydeformed and metamorphosed and now bear 
little resemblance to occurrences farther west. 

Small mafic-ultramafic bodies are common throug� 
out the full length of the Appalachian Orogen in the 
belt of deformed clastic rocks at the eastern margin 
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of the Humber Zone . Although loca l l y  interpreted as 
intrus ions , some are c l ear ly b l ocks in ophi o l itic 
melange and other i so lated bodies occur at structura l 
contacts . A l l are affected by the ful l range of 
deformation and metamorphi sm that �ccompanied the 
destruction of the anci ent continental margin of 
eastern North Amer ica . Examp l es in easterly parts of 
the F l eur de Lys Supergroup in Newfoundland are 
thought to occur at structural discontinuiti es 
(Wi l l iams and others , 1 9 7 7) ,  the Pennington Dike and 
nearby u l.tramafic bodies of the Eastern Townships of 
Quebec are sited at structural contacts (Pierre St . 
Juli en, pers . comm . 1 97 5) ,  the continuous string of 
sma l l  ultramafic occurrences from Vermont to Staten 
I s land marks a zone of nappes and imbricate s lices 
(Barry Doo lan , pers . comm . 1976) , and many of the 
smal l ultramafic bodies of the eastern B lue Ridge 
from Virginia to Alabama may owe their pres ence to 
structural emp lac·ement . 

I f  these sma l l mafi c-ultramafic occurr ences are 
intrus ions , there is no apparent mechanism or obvious 
reason for their emp lacement into an undeformed ri s e  
prism o f  clastic s ediments. More likely,  they repre
sent b l ocks in me lange and dismembered ophiol ite at 
structural contacts . Their widespread occurrence 
within the deformed and metamorphosed c lastic terrane 
at the eastern margin of the Humber Zone imp l ies a 
simi lar ear ly tectonic hi story for the ful l  l ength of 
the western part of the Appa lachian System . 

The distinction between the Humber and Dunnage 
Zones i s  subt l e  in p laces where deformed ophi o l itic 
melanges , which are incorporated structura l ly within 
the Humber Zone c lastics , are j uxtaposed with ophio
l ite suites along the Bai e  Verte- Brompton Line . The 
latter are a natura l part of the Dunnage Zone , but 
the melanges are grouped in p laces with the Humber 
Zone c lastic rocks and cons idered a natura l part of 
loca l stratigraphic success ions . This s ituation 
exi sts at the Baie Verte- Brompton Line in Newfound
land and it may be a common circumstance e l s ewhere . 
Stratigraphic studies in metamorphic terranes that 
inc lude ophi o l itic melanges or sma l l  ultramafi c bodies 
of possible  ophio l itic parentage shou ld be made with 
extreme caution , as experience has shown that maj or 
structural di sruptions have gone unnoticed in the 
polydeformed and metamorphosed rocks immeidately west 
of the Baie Verte- Brompton Line (Wi l l iams and others 
1977 ; Wi l l iams , 1 9 7 7b ;  P i erre St . Ju l i en ,  pers . comm . 
1 976 ; Barry Doo lan , pers . comm . 1976) . 

Al lochthonous compl ete ophio l ite suites : The Bay of 
I s lands Compl ex 

The Bay of I s lands Comp l ex affords an exce l l ent 
examp l e  of an a l l ochthonous comp l ete ophio l ite suite 
that forms the highest structural s l ice of a compos
ite a l lochthon in the western part of the Humber 
Zone . It i s  repres ented in four separate mas s i fs ,  
which from south to north are Lewis Hi l l s ,  Blow Me 
Down , North Arm Mountain,  and Tab l e  Mountain (p l. I) . 
Al l l i e  in the same structural position and either 
repres ent s eparate transported bodies or erosional 
remnants of a once continuous s l ice . Two of the 
mas s i fs ( B l ow Me Down and North Arm Mountain) d i s 
p lay a comp l etely devel oped ophiolite stratigraphy, 
but a l l  four inc lude the basal ultramafic unit . 

The sequences of ophio l ite units in the three 
northernmost mas s i fs are disposed in syncl ines w ith 
northeast-trending subhori zontal axes and moderately 
to steep ly dipping l imbs . The present tectonic base 
of each mas s i f  i s  subhori zontal so that the ophi o l ite 
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Figure 1: Geo logic s etting of the Bay of I s lands 
Comp l ex ,  Western Newfoundland (after Wi l l iams and 
Smyth , 197 3) . 

units are structura l ly truncated at depth in much 
the same way as they are truncated at their top by 
the pres ent ero siona l surface (se e cros s - s ection AA, 
fig. 1) . A contact between the stratigraph ic base 
of the ophiol ite s equence and a dynamo-therma l 
aureo l e  of supracrustal rocks , now frozen into the 
fo lded ophio l ite s l ices , is interpreted to repres ent 
the actual zone of obduction where the hot oceani c 
p late moved acros s  the continental margin . The 
contacts of latest emp lacement of the structural 
s l i ces are marked now by thin zones of sha l e  me lange 
with sedimentary , vo l cani c ,  and sparse gabbro and 
serpentinite b l ocks . These are the result of mas s  
wastage and tectonic mixing that accompan ied gravity 
s l iding. 

Trondhj emite from the Bay of I s lands Comp l ex 
has been dated is otopica l l y at 5 04 m . y .  � 1 0  (Mattin
son ,  1 9 7 6) and amphibo les  from its dynamo -thermal 
aureo l e  at 460 to 4 7 0  m . y. (Da l lmeyer and Wi l liams , 
1 9 7 5 ; Archiba ld and Farrar , 1976) .  The former gives 
the time of generation of the ophio l ite suite as 
Late Camhrian . The latter indi cates an Ear ly Ordo
vic ian age for initia l disp lacement and agrees with 
the sedimento logic evi dence of ophiol ite detritus in 
Lower Ordovician s edimentary rocks depo sited during 
ophiol ite transport (Stevens , 1970) .  An upper l imit 
to the time of final emp lacement is given by the Mid
dle Ordovic ian age of the neo-autochthonous Long 
Po int Formation (Berg strom and others 1 9 74) . For 
more detai l ed des criptions the reader i s  referred to 
Smith ( 1958) and Malpas (this volume) . 
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Oph i o l itic me langes of the Humber Zone 

The Mi lan Arm Me lange (Wi l l iams , 19 75) of north
ern Newfoundland is the c lear est examp l e  of an ophio
l itic me lange that forms an int egra l part of a Taco
nic-type al lochthon above the Humber Zone carbonate 
s equence. It structural ly over l ies autochthonous 
rocks in some p l aces and intervening transported 
clastics of the rise prism (Maiden Point Formation) 
in other p laces. It is in turn structura l ly over
lain by the ophiolitic  White Hi l l s Peridotite. The 
me l ange is s imi l ar in most  resp ects to a l l  of the 
shal e melanges that separate structural s l ices of 
the west Newfoundland a l lochthons , however , it has a 
much wi der vari ety of exotic b locks ; s ome up to a 
ki lometer or more across and resemb l ing the largest 
s l i ces that make up the west Newfoundland al lochthons. 

I t s  commonest b locks are serpentini zed perido
t i t e ,  mafic volcanic rocks , amphibo l ites , fol iated 
gabbro , greywack e ,  diorite,  and exceptiona l ly coarse 
grained pyroxenite and hornb lendite associated with 
tona l i t e  and hornb l ende-bioti te schist. Nephrite 
b locks are also  known local ly (R.K. Stevens , pers. 
comm. 197 6). Most of the se rock types can be matched 
directly with rocks in nearby structural s l i ces , but 
a few are of unknown orig in. 

Many of the amphibo l i t e ,  gabbro , and diorite 
b locks are encas ed in a re latively thin, hard rind 
of l ight grey calc- s i l i cate a l t eration products 
(rodingi te). The tough and res istant alteration 
halos form coas tal wave-washed outcrop surfaces where 
the matrix shales  are eroded. In some examp les  the 
rodingite a l t erat ion halos are surrounded in turn by 
a thinner s erpentinite coating , imp lying that the 
rodingite repres ents an alteration zone between mafi c 
rocks and serpentinite. Thes e b locks appear there
fore to have been once immersed in s erpentinite or 
s erpentinite me lange ,  so that they are recyc l ed 
where they now occur in a sha l e  matrix. 

Local serpentinite and gabbro b locks in me langes 
at the base of the west Newfoundland a l lochthons 
imp ly that the s equences  of transported s li ces were 
emp l aced as a l ready-assemb led al lochthons (St evens 
and Wi lliams , 197 3). 

The recent ly recogni zed Coachman's Me lange 
(Wi l l iams , 1 9 77b) is an examp l e  of a po lydeformed and 

metamorphosed ophi o l itic me lange that occurs at the 
eas tern margin of the Newfound land Humber Zone. I t  
is cl osely a s s ociated w i t h  psammitic s chists  o f  the 
rise prism ( F l eur de Lys Supergroup) and it has been 
affected by the fu l l  range of deformati ons recogni zed 
in nearby rocks. The me lange occurs in a mul t i tude 
of narrow zones that rare ly exceed more than 50 m in 
structural thicknes s. If a l l occurrences  repres ent 
a comp l exly fo l ded s ing l e  unit , exceedingly t i ght 
iso c l ines of more than 3 km amp l i tude affected east
ernmost local exposures of the rise pri sm. 

The Coachman's Me lange has a b l ack pelitic  matrix 
with conspicuous deformed and recrystal l i zed u l tra
mafic blocks now represented by bright green actino
l ite- fuchsite schi st. Sedimentary blocks with i l l
defined out lines are common everywhere , and in some 
p l aces l arge s erpent ini zed u l tramafic blocks, fo l i ate4 
gabbro b locks, and marb l e  ar.e also known. 

Actinolite-fuchsite schist occurs in l enses from 
10 em to 3 m in length and rarely more than 1 m in 
width. They exhibi t  minor folds and fo l ded s chisto
sities identical to structures in the surrounding 
schistose matrix and nearby psammitic schists. Pale 

green actino l ite crystals are local ly 2-4 em in 
l ength , set in a fine- grained fuchs ite-carbonate 
matr ix. An ultramafic origin for these rocks is in
dicated by their minera logy and becaus e larger near
by ultramafic b locks are recrystal l i zed to s imi lar 
mineral assemb lages at their margins. Interior parts 
of large ultramafic b l ocks are in p laces brecciated , 
and thi s  feature predates both serpentini zati on and 
incorporation into the melange. 

Recognit ion of the Coachman's Melange and an 
appreciation of i t s  comp l ex structural hi story bears 
upon one of the maj or prob l ems of northern Appalach
ian geology,  i.e. the timing of deformation and meta
morphi sm within the rise prism in relation to the 
time of generation of nearby ophiolite suites and 
the time of their transport across an ancient cont in
ental margin. As is the cas e with other wor ldwide 
examp l es of ophi o l itic me lang es , th e Coachman ' s  Me l 
ange imp l ies transport of oceanic crust across  the 
rise  prism repres ented by the local F l eur de Lys 
Supergroup. Thi s  transport is equated mo st reason
ab ly with the emp lacement of highly a l l ochthonous 
ophiol ites in west ern parts of the Humber Zone from 
an initial  position to the east of the Baie Vert e
Brompton Line. Simi lar structural h istories for 
both the Coachman ' s  Me lange and nearby parts of the 
F l eur de Lys Supergroup indi cate that the rise  pri sm 
was undeformed at the time of me lange formation and 
initial ophi o l i t e  disp lacement. This conclusion 
l eads to a simp le model  for the p l ace of origin and 
t ime of transport of ophio l i t i c  comp l exes in western 
Newfound land compared to th e time of deformation and 
metamorphism in the intervening F l eur de Lys t errane 
( fig. 2). As wel l ,  it exp lains the marked structural  
contrasts between the F l eur de Lys Supergroup and 
nearby ophi o l ite suites , wh i l e  imp lying a mechanism 
for deformation and metamorphi sm through ophiol ite 
transport and structural loading at the ancient 
cont inental marg in. 

Ophi o l itic  me l anges comparab l e  to those at 
Coachman's Harbour , Newfound land are unknown e l s e
where in the Appa l achian Humber Zone. Other occur
rences are predicted because of structural simi lar
i t ies along the l ength of the system. 

OPHIOLITES AND OPHIOLITIC MELANGES OF 
THE DUNNAGE ZONE 

Ophiolites and ophi o l itic me l anges are repre
sented in the Dunnage Zone from Newfound land to 
Virg inia. Farther south , rocks typ ica l  of the 
Dunnage Zone are absent and the Humber Zone i s  
bordered eas tward b y  crystal l ine rocks o f  the Inner 
P iedmont (Hatcher , 1972). Relationships in the 
northern Appal achians predict a maj or suture in the 
southern Appalachi ans , either at the Brevard Zone or 
somewhere between this zone and Avalon Zone equiva
l ents of the Caro l ina S l ate Belt. 

The most prominent ophi o l it e  occurrences in the 
Dunnage Zone are found at its western margin along 
the Baie Verte- Brompton Line. In Newfoundland , exam
p l e s  can be traced from Baie Verte of the Burlington 
Peninsu l a ,  e.g. Advocate and Point Rousse Complexes 
(Wi l l iams and others 1977) to  G l over I sland of Grand 
Lake. From there, the Baie Verte -Brompton Line i s  
ill-defined, but i t  i s  probably coincident with the 
Cape Ray Suture ( Brown, 1973) farther south, and 
transported ophiolites at Cape Ray presumab ly root 
in this zone. In mainland Canada, volcanic rocks 
and deformed mafic-ultramafi c rocks of the Fournier 
Complex, New Brunswick may l i e  at or near the Baie 
Verte-Brompton Line Farther west, the line is 
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Figure 2: Model for the development of ophiolitic 
melange and the transport of ophiolites across the 
Humber Zone (after Williams, 1977b). 

covered by Upper Ordovician rocks of the Metapedia 
Belt and Silurian rocks of the Gaspe Synclinorium. 
Where the Baie Verte-Brompton Line reappears in the 
Eastern Townships of Quebec, it is marked by major 
ophiolite occurrences along most of its length. 

The Baie Verte-Brompton Line is a zone of intense 
deformation and ophiolites along its length are in 
most places thrust-imbricated and penetratively de
formed. The ophiolite suites are mainly steeply
dipping to overturned, but their stratigraphic sec
tions face eastwards. In Newfoundland, the Baie 
Verte-Brompton Line is a zone of marked gravity 
gradient with negative anomalies on its western 
continental side, and positive anomalies across oceanic 
rocks to the east (Miller and Deutsch, 1976). 

East of the Baie Verte-Brompton Line, separate 
ophiolite occurrences are common throughout central 
parts of the Dunnage Zone. These form the basement 
to thick yolcanic arc sequences that are locally date� 
as Lower Ordovician, thus defining an upper age limit 
for the underlying ophiolite suites. In Newfoundland, 
the Betts Cove Complex is probably the best known 
example, but sheeted dikes occur throughout the cen.., 
tral volcanic terrane (Strong, 1972) and gabbros and 
ultramafic rocks occur locally at South Pond, Brighton 
and Gull Island of Cape St. John. In Main�mafic-

ultramafic rocks along the southern margin of the 
Chain Lakes massif are interpreted as ophiolites 
(G.M. Boone, pers. comm. 1975). Their occurrence 

and relationships to nearby crystalline rocks are 
still poorly understood. 

Olistostromes that contain ophiolitic blocks 
occur along the east margin of the Thetford Mines 
ophiolite belt, e.g. St. Daniel Formation (St. Julien 
and Hubert, 1975), and megaconglomerates with outcrop 
size gabbro and penetratively deformed and altered 
ultramafic blocks occur along the east margin of the 
Advocate Complex in Newfoundland. The significance 
and time of deposition of these rocks is still poorly 
understood, but in Newfoundland, deposition post
dates earliest deformations .in nearby ophiolites and 
predates Silurian volcanism. Farther south in the 
New England Appalachians, small metamorphosed ultra
mafic bodies in sulphidic schists of the Partridge 
Formation may represent blocks in olistostrome 
rather than small intrusions. 

The Dunnage Melange (Kay, 1976), which lies to 
the east of the central Newfoundland island arc 
terrane, is not itself ophiolitic but a similar 
melange, 20 km eastward at Carmanville, contains 
sparse ultramafic blocks. The Carmanville melange 
may represent a subsurface continuation of the 
Dunnage. The Dunnage Melange has been interpreted 
as an oceanic trench fill (Dewey and Bird, 1971; 
Williams and Hibbard, 1976; Kay, 1976). If so, then 
ophiolitic melange would be expected in this position. 

A prominent belt of mafic-ultramafic complexes 
along the eastern margin of the Dunnage Zone in 
Newfoundland, and east of the Dunnage Melange, 
remains poorly understood in present models for the 
development of the Appalachian Orogen. Some occur
rences contain ultramafic rocks, gabbros and volcanic 
rocks that collectively are reminiscent of an ophio
lite suite, e.g. Pipestone Pond (Kean, 1974). Others 
are mainly clinopyroxenite bodies in structural con
tact with surrounding dark shales, e.g. Gander River 
Belt, and still others may represent differentiated 
intrusions of mantle derivation, e.g. Great Bend of 
Gander River (Stevens and others 1974). At one 
locality on the north shore of Gander Lake, pene
tratively deformed ultramafic rocks are unconformably 
overlain by conglomerates of probable Caradocian age, 
thus defining an upper age limit for some of these 
occurrences. 

Transported ophiolites of the Humber Zone, ophio-
1ites at the Baie Verte-Brompton Line, and ophiolites 
that form the basement to island arc sequences across 
the Dunnage Zone may all relate to a single cycle of 
ophiolite generation (as summarized in Figure 2). 
This simple view is contrasted with an earlier inter
pretation that rel�tes each ophiolite belt to an equal 
number of small ocean basins that formed, at least in 
part, after deformation and metamorphism of the Humber 
Zone continental rise prism (Dewey and Bird, 1971; 
Kennedy, 1975; Kidd, in press). 

Ophiolites at the Baie Verte-Brompton Line 

Ophiolites along the Baie Verte-Brompton Line 
are bounded to the west by polydeformed and meta
morphosed clastic rocks of the Humber Zone, and they 
are bounded to the east by olistostromes and volcanic 
sequences. Several occurrences in Newfoundland and 
Quebec are overlain by thick volcanic sequences, whi� 
are similar to volcanic arc sequences found above 
ophiolites farther east. The Advocate and Point 
Rousse Complexes along the Baie Verte-Brompton Line 
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in northern Newfound land are taken as a type examp l e  
and their distributi on and relat ionships t o  nearby 
groups are summari z ed in F i gure 3 .  

The Advocate Comp l ex can be traced from Bai e  
Vert e 60  km s outhward beyond Mic Mac Lake. I t  has 
a st eep northeast- trend ing fo l iat ion in  mo st places 
and it is cut by numerous st eep northeast- trending 
shear zones that repeat i t s  rock uni t s .  A l arge 
ul tramafi c body at i t s  northwes t  margin near Bai e 
Verte cons i s t s  of inten s e l y  fo l i at ed and fractured 
serpentinites that are hos t  to the Advo cate asbes tos 
depo s it. Its gabbros vary from mas s ive to intens ely 
fo l i at ed and some are d i s t inctive whi te-al tered rocks 
wi th green fuchs i t i c  smears , e . g .  those at Marbl e  
Cove . She eted dikes are best exposed 1 km northeast 
of Baie Vert e and we l l -pres erved p i l l ow lavas occur 
nearby. 

B l ack and green s l ates , bl ack pebbly s l ates and 
chao t i c  bl ack s l aty me l ange are a l s o  pres ent in the 
Advo cate Compl ex. Some of these  rocks occur at 
tectoni c contacts so that they are structural ly co
mingled with the s egmented ophi o l i te. Their chao t i c  
character resul t s , i n  part , from tecton i c  processes 
that accompani ed imbri cat ion of the oph i o l i t e  sui tes . 
Others may be depo s i t ional breccias . Some of thes e  
chaotic  sha l e  zones in the Advocate Comp l ex resemble 
nearby chaot i c  rocks and b l ack s chi s t s  of the Coach
man ' s  Me l ange ,  so  that a l l  appear to  mark s igni fi cant 
structura l d i s l ocat ions . 

The Point Rous s e  Comp l ex is made up of severa l 
distinct structural b locks w i th their tectonic  bound
ari es marked by fo l i at ed s erpentinite or fo liat ed 
carbonat e-tal c - fuchs i t e  a l t erat ions of ul tramafi c 
rocks (Norman and Strong , 1975) .  Three separate 
bl ocks on Point Rousse Peninsula cont ain southeast
facing, overturned sections of gabbro , sheeted dikes 
and pi l l ow l ava. The mos t  comp l ete sect ion o ccurs 
south of Red Point where a northwest- dipping , south
eas t- facing s equence of gabbro , sheeted dikes and 
p i l l ow l ava i s  fo l l owed by l ocal  chert beds and a 
thick section of vo l can i c l as t i c  rocks , al l southeast
facing. Loca l l y ,  on the western s i de of the Point 
Rous s e  Peninsu l a ,  p i l l ow lavas of the comp l ex are 
intens ely deformed and converted to greenschists. 
Southward thrust ing of gabbros above the greenschi s t s  
po s tdates t h e  deve lopment of a s t eep fo l i at ion in  the 
mafi c vo l canic  rocks. 

The Point Rous s e  Comp l ex is l e s s  a l tered and 
deformed than the Advocate Comp l ex , except in local 
zones o f  intense de format ion. F arther eas t ,  the 
Betts Cove Comp l ex is even l e s s  deformed. The region
al distr ibut ion o f  ophiol i te comp l exes across the 
Bur l i ngton Peninsula and the pattern o f  their de
format ion suggest wes tward imbr icat ion o f  east 
facing ophio l i t i c  suites with pervasive intense 
deformat ion in  l ower l eve l s  (C oachman ' s  Me lange , 
Advocate Compl ex) and l e s s  inten s e  deformat ion and 
fewe� deformed zones higher in the structural p i l e  
(Point Rous s e  Comp l ex ,  Betts Cove Compl ex) . 

Ophi o l i t es beneath vo lcan i c  arc s equences 

The Betts Cove Comp l ex (fig. 4) i s  the c l earest  
examp l e  of an ophio l i te suit e  that forms the bas e
ment to a vo l can i c  arc s equence. It cons i s t s  of a 
bas al ul tramafi c member overlain trans i t i onal ly by a 
poor ly deve l oped gabbro i c  member , in turn over lain 
by a sheeted dike comp l ex that cons i s t s  of prac t i cal ly 
1 00% mafic dikes (Upadhyay and others 1 971) . The 
sheet ed dike comp l ex i s  faulted against nearby mafic 
vo l can i c  rocks , but local ly the contact i s  gradati onal 

F igure 4: Geo logy of the Betts Cove Comp l ex and 
i t s  comparison to mode l s  of oceanic crust and mant l e  
(after Upadhyay and others 1 9 7 1) . 

across a narrow zone that s hows a l arge decrea�e in 
the percentage of dikes over a short d i s t ance. Over
lying Lower Ordov i c ian rocks of the Snooks Arm Group 
are near ly 4 km thick and compri s e  a conformab l e  
s equence of p i l l ow l avas , chert s ,  argil l i tes , 
ande s i t i c  pyro c l a s t i c  rocks and immature vo lcan i c  
s ed iments. A lowermos t  pi l l ow l ava un it constitutes 
the upper part of the Bet t s  Cove Comp l ex so that a 
comp l et e ly conformabl e  trans i t ion exi s t s  from the 
ul tramafi c  member of the ophio l i t e  comp l ex to the 
top of the thick over lying mainly vo l can i c  success i on. 

Nearby correlat ives of the Snooks Arm Group show 
a l i tho l ogical  evo lut i on from lowermos t  p i l low l avas 
upward through marine chert s and turbidi tes  into 
pyro c l a s t i c  rocks and vo l can i c l as t i c  s ediment ary 
rocks capped by l imes tone and subarea! tuffs. The 
overal l deep to sha l l ow water l ithi c change i s  
accompani ed b y  geochemi cal changes in t h e  vo l c an i c  
s trat igraphy from l ow potas s ium tho l e i i tes at the 
bas e  to calc-alkal ine l ow- s i l i ca andes i t es toward 
the top that show progress ive enri chment in Al 2 03 and K2o and a decrease in CaO and MgO (Kean ana 
S trong , 1 975) .  According ly ,  the Dunnage Zone 
vol can i c  s equences are int erpreted as ana l ogues t o  
modern i s l and arcs and the relat ionships a t  Betts 
Cove l eave l it t l e  doubt that vo l can i c  rocks of the 
Dunnage Zone , at l east in westerly exposures , direct ly 
over l i e  ocean i c  crust. 
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The prominent i s l and arc vo l canism of the Dunnage 
Zone continued into the Midd l e  Ordovi cian ,  indi cat ing 
that i s l and arcs were evo lv ing in the Dunnage Zone 
during the emp lacement of a l lochthonous ophiol ites 
across  the Humber Zone. A cessat ion to Ordovician 
vo lcanism and the depo sition of Carado cian b l ack 
shales acros s  the entire Dunnage Zone coincides 
exactly with the t ime of final emp l acement of a l l och
thonous ophi o l i tes such as the Bay of I s lands Comp l ex 
in the Humber Zone . 

Me langes , o l i s tos tromes and megacong lomerates of the 
Dunnage Zone 

The Dunnage Me lange , though devoid of ophi o l itic 
component s ,  is  inc luded in th is analysis b ecause of 
i t s  s imi larity and po s s ib l e  subsurface continuity 
with me l ange at Carmanvi l l e  that loca l ly contains 
u l tramafic and gabbroic b locks. As we l l ,  it  i s  a 
prominent feature of the Dunnage Zone and i t s  int er
pretation as an oc eanic trench depo sit bears heavi ly 
upon mode ls  propos ed for the development of the 
northern Appalachians. 

The me lange is a s trik ing ly heterogen eous depos it 
composed of b locks of mainly c l as t i c  sedimentary and 
mafic vo l cani c  rocks enve loped in a dark scaly shale 
matrix. I t  i s  w e l l - exposed a l ong the rugged coas t 
and c lusters of i s l ands of the Bay of Exp loits , 
where it extends for 4 0  km a l ong s trike w i th a 
maximum outcrop wi dth of 1 0  km (fig. 5) . I ts  c lasts  
vary in s i z e from granu l es and cobb l es to  bou lders 
and huge b l ocks up to a k i lometre in diameter , thus 
producing a chaotic mo saic that contrasts sharp ly 
with nearby s tratifi ed vo lcanic and sedimentary 
rocks. Mos t  b locks are indigeneous to nearby vo lcanic 
arc s equences and they can be matched with format ions 
of the Exp l o i t s  and SummeYford Groups (Wi l l iams and 
Hibbard , 1 976) . Sha l e  i s  much more important in the 
melange than in nearby terranes. 

The Dunnage Me l ange overl ies and interdigitates 
with the New Bay Format ion of the Exp l o i t s  Group in 
the s outhwes t ,  and it has an apparent ghos t  strat i 
graphy comparab l e  t o  that o f  the Exp lo i t s  Group. I t s  
matrix i s  Tremadocian (Hibbard and others 1 9 7 7) and 
the me l ange is over lain by Caradocian b l ack sha les 
toward the northwest. These are succeeded by grey
wackes and S i lurian conglomerates that are coarser 
and of shal lower wat er deposit ion higher in �he 
s trat igraphic sect ion. The sequence of uni t s  above 
the me l ange can be viewed therefore as represent ing 
the gradual s edimentary infi l l ing of a marine trough , 
or an upward shoal ing sequence bui l t  upon a me l ange 
basement. 

A variety of sma l l intrusions that are locali zed 
within the me lange terrane are rare or abs ent in 
surrounding country rocks. These are mainly quart z 
fe ldspar porphyries and re l ated rocks , which in 
p l aces contain numerous sma l l  mafic and ultramafic 
inc lus i ons. Dated isotopica l ly as Ear ly to Middl e  
)rdovician and exhibit ing relation ships sugg esting 
contemporane i ty with me l ange formation (Wi l l i ams 
and Hibbard , 1 976) , the intrus ions imply a direct 
magmatic linkage with deeper parts of the crust. 
Mafic and ultramafic inc lus ion s  in the porphlries 
indicate that the me l ange is underlain by a mafic
ultramafic substrate. 

West  of the Dunnage Me lange , the main vo lcan i c  
sequences of Notre Dame Bay are interpreted as is l and 
arc accumulation s  bui l t  upon oceanic crust. Thes e  
are bordered t o  the southeast by mixed sedimentary 
awl val canj c mck.s CJf the ExpJ.oits Gr.oup., that: i..nt.er-

digitate farther southeas tward with the Dunnage 
Me l ange. The me l ange is int erpreted therefore to 
occupy a fore arc area , bas ed on the geo graphical 
dis tribut ion of thes e  ancient e l ements and their 
s imi larity to that out l ined for modern vol canic arcs 
(Dickinson , 1 974 ; Karig , 1974) . There is no evidence 
that the Dunnage Me l ange was ever buri ed in an actual 
subduct ion zone. It is mos t  reasonab ly considered 
therefore as a trench - s l ope depo s i t  that overl ies an 
accret ionary pri sm,  ana logous to the po s i tioning of 
s ome modern me l anges with respect to the arc and 
oceanic trench (Seely and others 1974 ; Kar ig and 
Sharman , 1975) . 

A zone of megacong lomerates and o l i s tostroma l 
me lange with iocal oph io l it i c  b locks occurs along 
the east margin of the Thetford Mines ophi o l ite 
belt of Quebec. These rocks are known as the St. 
Daniel  Formation and they rest conformab ly on bas ic  
vo l canic rock s of the ophio l i t e  sui te. The uns orted 
rocks contain fragments of greywacke ,  quart z arenit e ,  
sha l e ,  s i l ts tone , vo l canic rocks , and out s i z e ser
pent ini te b locks , a l l  set in a dark grey to red and 
green s ha l e  matrix. The age of the St. Daniel For
mat ion is unknown , more than that it is overl ain by 
the Midd le Ordovician Beaucevi l l e  Formati on. 

The St. Daniel sha le-me l ange facies  has been 
interpreted as an offshore oceanic depos i t equivalent 
to c l astics  of the Humber Zone rise  pri sm , i.e. 
Ros aire and Caldwe l l  Groups of Quebec (St. Jul i en and 
Httb ert , 1 9 7 5 ) . I t  has been interpreted also  as a 
subduct ion related me lange (Laurent , 1 9 7 5 ) . 

In Newfoundland , unsorted sha l e  matrix mega
cong lomerat es occupy a s imi lar pos i t ion to the St . 
Dan i e l  Format ion where they l i e  to the east of the 
Advocate Comp l ex (inc luded in F l atwat er Group of 
F igure 3) . These loca l ly contain gabbro b locks up 
to tens of metres in diameter , a variety of sedimen
tary and vol canic c lasts , granodiorite pebb l es , 
alt ered and deformed u l tramafi c b lock s ,  and rare 
semip e l i t i c  s chist  b l ocks. Depo s i tion of the New
foundl and examp l es fo l lowed deformation in nearby 
ophio l ites and deformat ion in s edimentary rocks of 
the rise  prism to the wes t , i.e. F l eur de Lys Super
group. These examp l es are int erpreted therefore as 
coarse s lump cong lomerates derived mainly from 
deformed ophiol itic  rocks at a destroyed cont inental  
margin. They are therefore not thought to be cor
relative with s ediments of the rise pri sm or connect · 
ed with subducti on ,  as has been suggested for the 
Quebec examp l es . 

Di smembered ophi o l ites or mant l e  diapirs  at  the 
east ern margin of the Dunnage Zone 

Mafic-ultramafic bodies along the east s ide of 
the Dunnage Zone in Newfound l and (Gander River Belt)  
have been interpreted as b locks in me lange or as 
man t l e  diap irs re lated to subduct ion and intruded 
into the country rocks. One occurrence on the north 
shore of Gander Lake is over lain by cong l omerat e of 
presumed Middle Ordovician age , indicat ing an upper 
time l imit for the age of some of thes e bodies. 

The l argest body at Pipestone Pond is approx
imate ly 16 km long and 5 km wide , and it is compos ed 
main ly of pyroxenite,  gabbro , diorite and s erpen
t ini zed equival ents. It is fau l t ed against meta
sediments to the east and i t  i s  fo l lowed westward by 
volcanic rocks that may be an int egral part of the 
plutonic complex. 
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Figure 5 :  Int ernal charact erist ics and regional 
sett ing of the Dunnage Mel ange (after Wi l l iams and 
Hibbard , 1976) . 

• 

River is composed of dunite and peridot i t e  with an 
outer zone of gabbro , anorthosite and minor ser
pent inite. It i s  c ircular in shape and surrounded 
by hornfe l s  of probab l e  Si lurian age . This body is  
most l ikely an intrus ion ( Kean ,  1974) . 

Numerous circular, oval and elongate ul tramafi c 
bodies occur a long the shores of Gander Lake and 
extend northward a l ong the east s ide of Gander River. 
These range in s i z e  from a k i l ometre to l es s  than a 
metre in diameter and extend over a distance of 60 
km . They are main ly pyroxenites and gabbros with 
minor amounts of peridot ite . Al though descr ibed as 
intrus ions , most contacts are t ectonic .  

MAF IC-ULTRAMAF IC ROCKS OF THE 
SOUTHERN APPALACHIANS 

In the Southern Appal achians (p late I ) ,  the 
greatest concentration of sma l l  mafic-ul tramafic 
bodies l ies  to the west of the Brevard Zone .. These 
occurrences are equated with s imi l ar occurrences 
farther north throughout the eastern parts of the 
Humber Zone . East o f  the Brevard Zone , smal l  ul tra
mafic bodies within the crystal l ine t errane of the 
Inner Pi edmont are of unknown s iKnificance and have 

- N -

� 
M i l e s  

no northern counterpart s ,  except perhaps for occur
rences in metamorphosed easterly parts of the Dunnage 
Zone in .Newfoundl and . Farther east , in metamor,phosed 
part s of the Caro l ina Slate Be l t ,  smal l ultramafi c 
bodies oc cur near the Georg ia- South Carol ina state 
l ine and in the Ral eigh Belt of east ern North Caro 
l ina . Al l of these occurrences are of unknown 
s i gnificance and many of them may repres ent metamor
phos ed sma l l  intrus ions rather than oceanic ophio
l i tes . 

APPALACHIAN OPHIOLITES AND THE AGE OF IAPETUS 

Strat igraphic ana lys i s  of the Humber Zone 
(Wi l l i ams and Stevens , 1974) indi cates rifting and 
the development of an anci ent continental  margin of 
East ern North Amer ica in the late Precambrian with a 
stab l e  margin exi st ing we l l  into the Ordovi cian . 
Destruct i on of this margin began in the Lower Ordo
vician and it was comp l et ed by Midd l e  Ordovician .  
Ophio l ite  suites o f  the Appa lachian Orog en are a l l  
o f  Late Cambrian to Early Ordovician age ,  where 
dated. Whether or not the pres erved ophio l i t es 
represent the crust of a wide I apetus Ocean ,  or a 
samp l ing of the floor of a r e l ated smal l ocean 
basin, remains debatab l e. 

The Si lurian and l at er deve lopment o f  the 
Appal achian Orogen pres ent s a picture ent irely 

_ _4i fferel_l:t ___ f.!'<?!l! _ !_hat_ -�11��11- P!...�Y�. U e_Q_ __ during its  
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Cambrian and Ordov i c i an deve l opment . Ophi o l i t es of 
S i lurian or younger age are unknown in  the Appal ach
ian Orogen and it i s  imp o s s ib l e  to  restore the stra
t igraphy of pos s ib l e  oceans and margins for the S i l 
ur ian and l at er periods . An unconformi ty beneath 
Si lurian rocks across the Humb er Zone and wes terly 
parts of the Dunnage Zone ind i cates the destruct i on 
of an ear l i er Ordov i c i an cont inental marg in and oc ean 
bas in . E l s ewhere in centra l areas of the Dunnage 
Zon e ,  where the s t rat igraphi c  record is comp l et e ,  
mar ine Ordovician shales  pass upward into Si lurian 
cong l omerates and cont inental vo lc ani cs and red beds . 

The common view that a Si lurian or D evon i an 
Iapetus Oc ean c l o s ed in the Devonian to produce the 
Acadian orogeny (Dewey , 1 9 69 ; McKerrow and Z i eg l er ,  
1 97 1 ; Schenk , 1 9 7 1 ; McKerrow and Cox , 1 9 7 7) i s  bas ed 
more on the premise  that orogeny is the resu l t  of 
moving p l ates and c l os ing oceans , rather than on the 
strati graphic record . 
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ABSTRACT 

Ophio l it i c  rocks of early Palaeo zoic  age occur 
at several local i t i e s in Newfound l and , Canada . The se  
ophi o l i t es have been interpreted as remnant s of  
ocean i c  l i thosphere wh ich were preserved either a s  
aut ochthonous o r  a l l ochthonous t errane s during oro
genic ep i s odes that led to the format ion of the 
Appal achi an Mountains . 

The Bay of I s l ands is the best preserved of  
these ophio l it e  suites  and can be compared with pre
sent day mode l s  of oceanic crust and upper mant le 
constructed from geophysical  data and dredge haul s .  
Comp l ete sections t hrough the suite are present and 
indicate a gene t i c  dist inct ion between rocks formed 
in the mant l e  and tho se formed in the crust . The 
horizon separat ing t he s e  rocks is recogni zed on the 
bas i s  of textures  and mineral ogy and chemi s try , and 
i s  here cal l ed the ' petro logical  Moho ' to dist ingui sh 
it from t he ' s e i smic Moho ' wh ich occurs above i t . It 
is  sugge sted that the format i on of oceani c crust at 
spreading centres is at t ained by the intrus ion of 
bodies of tho l eiitic  magma which are derived from 
par ti al mel t ing of upwell ing man tle ma t er ial and 

which f o rms s t rat iform intrusive b o d i es and a s s o c ia t ed 
vol cani cs . The intrus ions have a dunitic basa l por
t ion that grades downwards into te ctonised res i dual 
har zburg i t i c  mant le and upwards into layered gabbros . 
Pi l low l avas and associated diabases repre sent 
part ial ly di fferentiated port i ons of  the magma , 
suggest ing that modern abyssal  tho l e i i t e s  cannot be 
considered unfract ionated pr imary magma . 

Emp l acement of the oph i o l i t e  suit es took p l ace 
in d i s t inct stages invo lving thrust ing and gravity 
s l iding . During the early stages of  emp l acement a 
dynamothermal aureo l e  was formed . Temperature con
dit ions during the format ion of t hi s  aureo l e  suggest s 
that not al l the heat was derived by frac t ional heat
ing but t hat the ophj ol i t i c  rocks thems e lves were hot 
dur ing the ear l y  stages of obduct ion . The geotherma l 
gradient rea l i s ed i s  we l l  above pre sent day average 
oceanic geotherms , sugge s t ing that ei ther ent i re ly 
different therma l cond i t i ons were pres ent in the 
ear ly Palaeozoi c ,  or more reasonab ly that t he ophi o
l i tes were obduct e d  in a special  tectonic environment . 
The mod e l  proposed i s  probab ly app l i cab l e  to other 
oph io l i te comp l exes . 

INTRODUCTION 

Ophi o l i t e  suit e s  composed of the assoc i at ion of 
ult ramafi c ,  gabbroic and bas a l t i c  rocks have been the 
source of cont roversy and di scussion among s t  geolo
gists  for several decades . Ear l y  workers ( Bens on , 
1 9 2 6 ; S t e inmann , 1 9 0 5 , 1 9 2 7  [ e t c . ] ) ,  who f ir s t  def ined 

the ophio l i t e  s u i t e  on t he basis of their wo rk in the 

Alps sugg e s t e d  t ha t  the s e  rocks represented the in
trusive and vo lcanic produc t s  of a eugeosyncl inal 

environment that l at e r  became invo lved in the moun
tain bui l ding ep i s ode of the orogenic cyc l e . With 
recent theories of p l ate tectoni cs and seafloor 
spreading , ophio l i t e s  have assumed perhaps a more 
s ignificant ro l e  in that they have been int erpreted 
by a number of  geo log i s t s  as cros s sect i ons of 
anc i ent ocean i c  li thosphere (Diet z ,  1 9 6 3 ;  He s s , 1 9 6 4 ;  
Gass , 1 9 68 ; Reinhardt , 1 9 6 9 ) . Wi l l iams and Smyth 
( 1 9 7 3 )  summar i sed the evidence to support such a view . 
The i r  mos t  important point s were : 

1 .  Simi l ari t i e s  exi s t  in the gro s s  phys ical  char
acter i s t i c s  of ophio l i te  suites  with geophysical  
mode l s  of ocean ic l i tho sphere . 

2 .  The presence of ' on l and ophi o l ite ' rooted in 
ocean i c  l it ho sphere in Papua and New Guine a .  

3 .  Lithologic  s imi l arities  exi st between ophi o l i t e  
sui tes  and rocks of the Macquar i e  Ridge where 
they are exposed on Macquarie I s l and . (This in
c ludes the pre sence of diabase dikes . )  

4 .  Litho l ogic and chemi cal  s imi lari t i e s  exi st 
be tween ocean i c  tho l e i i tes and pi l low l avas of 
the ophi o l i t e  sui t e s . 

5 .  Simi l ar metamorphi c minera l assemb l ages occur in 
oceanic rocks at mid-oceanic r i dges when compared 
with ophiol ites . 

Ophi o l i t ic rocks are thus thought of as pieces of 
ocean i c  crust and mant l e  trapped during the col l i s i on 
of cont inents and / or i s l and arcs a l ong consuming p late 
margins . Thi s  account s for the ir associat i on with 
t he te ctoni cal ly active part s of the earth,  both past 
and pre sent . 

Ophi o l ites of ear l y  Palaeozoic age occur in the 
Appal achian mount ains of the east ern United Stat e s  
and Canada , and a r e  espec i a l l y we l l  pres erved in  
Newfoundl and ( fig . 1 ) . Of these  Newfoundland occur
rence s ,  those of t he Bay of I s l ands and Bet t s  Cove 
are the mo s t  comp l ete sequences (Wi l l iams , 1 9 7 1 ;  
Wi l l iams and Malpas , 1 9 7 2 ;  Upadhyay et a l . ,  1 9 7 1 ) . 
In the others only part i a l  sequences-remain (Norman 
and Strong , 1 9 75 ; Ma lpas and St rong , 1 9 7 5 ) . 

A number of mode l s  for the p l ate te ctonic 
development of the Newfound land Appalachians have 
been proposed (fig . 2) and e ach tries to indicate 
the origin of the ophi o l i t i c  rocks (Church and 
S t evens , 1 9 7 1 ; Dewey and Bird , 1 9 7 1 ;  Kennedy , 1 9 73) . 
A recent mod e l  and the one that is preferred here i s  
that o f  St rong et al . ( 1 9 74 )  and i s  based upon 
s tructura l ,  chemical and met a l logenic considerat ions . 
Thi s  model depicts  the c l o s ing of the ear ly Pal aeo zoic  
proto At l an t i c  Ocean a l ong an eas tward dipping sub
duction zone that led  t o  the co l l i s ion of i s l and arc 
and cont i nent in Ordovi c i an - S i lurian t ime s and the 
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simul taneous obduction o f  the Newfound l and ophio
lites onto the western continent al p l atform (fig . 3) . 

The writ er has carried out regional studies on 
the Bay of I s l ands region over the l ast four years 
involving the remapping and reinterpretation of the 
ophio l it es and a considerab l e  amount of petro logica l 
and minera log i c al analysis . Ob se rvat ion of the 
regional setting ' of these rocks and other rock types 
associated with them suggests that if corre l ation is 
to be made between the ophio l ites and oceanic crust , 
then special consideration must be given to their 
mode of formation and their later emp l acement under 
the fo l l owing headings :  

1 .  Regiona l Geol ogy 
2 .  Stratigraphy and chemistry o f  the ophio litic 

rocks 
3 .  Origin o f  the metamorphic ro cks associated with 

the ophio lites 
4 .  Origin of the c l astic sediments associated with 

the ophio l ites 

Regional Geo logy 

Fig . 1 .  Ophio litic rocks in Newfound l and 

In Western Newfoundl and a Precambrian cryst a l 
line basement i s  uncon formab ly overl ain b y  severa l 
transported rock assemb l ages , a l l  essentia l l y  coeval 
and comprising a number of separate and distinct sub
horiz ont al slices emp l aced during the Midd l e  Ordo 
v 1 c 1 an .  The Bay of I s l ands area itse l f  (fig . 4) is 
under l ain by a succession of transported sl ices that 
can be broad l y  subdivided into two main groups : a 
group of structural l y  l ower slices that are composed 

A 
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Island Arc volcanics 
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Sediments 
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t--........ � Zones of deformation 
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Fig . 2 .  P l ate t ectonic mode ls app licab le t o  Newfoundl and . A .  after Dewey and Bird ( 1 97 1 )  and Kennedy ( 1 973) 
B .  after Church and Stevens ( 1 9 7 1 )  
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o f  C ambrian and l ower Ordov i c i an c l as t i c  sediment ary 
rocks and a group of higher s l i ces t hat are for the 
mo st part composed of i gne ous r o cks . The s e  higher 
s l i ces can be subdiv ided into at l e ast four d i s t i nct 
rock groups , each group being represented in one or 
more superposed s l i ces . In mo s t  p l a ces , a l l  of the se 
s t ructura l l y higher s l i c e s  direct l y  over l i e  tran s 
port ed c l as t i c  se dimentary rocks , but l o ca l l y they 
ove r l ap and part i a l ly over l i e  one another . When t he 
l atter is the case , the rock groups maint ain a con
s i s t ent order of s tructural st acking . 

One of t he mo s t  e xt ens ive rock groups amongst 
� the hi gher s l i c e s  con s i st of fo l i at ed gabbro , amph i 

b o l ite and fo l i ated gran i t e  with comp l ex int erna l 
re l at ionships that are cut by poor l y  deve l oped 
sheeted d ykes t hat are themselves ins eparab l e  from 
undeformed p i l l owed l avas t hat a l s o  form part of the 
s ame s l i ce . The fo l i at e d gabbro s ,  amphibo l i tes and 
gran i t i c  rocks have no d i rect c orre l at ive s in the 
main ophi o l ite ma s s  whi ch l i es in t he s l i c e  ab ove , 
and are referred to as the L i t t l e  Po rt Comp l ex 
(Wi l l i ams and Ma lpas , 1 9 7 2 ) . The main ophi o l i t e  
s l ice h a s  b e e n  c a l l e d  t he Bay o f  I s l ands Comp l ex .  
However , the rocks o f  the L i t t l e  Port Comp l ex and 
t he Bay of I s l ands C omp l ex a l l res emb_le rocks a s s o c i 
at ed wit h t h e  Troodos Mas s i f  o f  Cyprus in almost 
every important feature i nc luding the comp l i cat ed 
t e cton i c  hi st ory and t he same pr imary ophi o l i t e  
strat igraphy . They a l s o  i n c l ude s imi l ar mas s ive 
s ulphide depo s i t s  (Duke and Hut chinson , 1 9 73) . I t  
has a l s o  been ob served that in the ophi o l i t e s  o f  the 
Bay o f  I s l ands Comp l ex t here is a downward change of 
character i s t i c  minera l s  from c e l adon i t e  through 
ch l orite in t he p i l l ow l avas to act ino l i t e  i n  t he 
sheeted dikes and green hornb l ende in the gabbro 
(Wi l l iams and Ma lpas , 1 9 7 2 )  as des cribed by Gas s and 
Smewing ( 1 9 7 3 )  for the Troodos Comp l ex . The third 
s l i c e in the hi gher i gne ous seri e s , the Sk i nner Cove 
S l i ce , cons i s t s  o f  a l k a l ine vo l canics and as s o c i ated 
dikes t hat have been int erpreted by Strong ( 1 97 4) as 
o ff-ridge vo l can i c  rocks a s s o c i ated w i th the op hio
l i tes and dire c t l y  comparab l e  t o  the Upper P i l l ow 
Lava s e r i e s  of the Troodos Comp l ex .  

Thus , according t o  the Lower Pal aeo z o i c  and 
Precambrian strat i graphy the evo lut i on of we s t ern 
Newfound l and is interpreted as r e l at ing t o  t he 
deve l opment of an ear l y  P a l aeo z o i c  c ont i nent a l  margin 
(Wi l l i ams and Steven s , 1974) . 

Strat igraphy and Chemi s try of Ophi o l i t e  Rocks 

The ophi o l it e  sui t e  o f  the Bay of I s l ands Com
p l ex ( fig . 5) is repr esented in four s eparate mas s i fs , 
whi ch from north to s outh are , Tab l e  Mount ain , North 
Arm Mountai n ,  B l ow Me Down Mountain and Lewi s Hi l l s .  
A l l l i e i n  the same s tructural pos i t i on and repre s ent 
e ither separat e transported bod i e s  or the ero s i onal 
remnant s o f  a once c ont inuous s l i ce . Two of t he 
mas si fs ( B l ow Me Down and North Arm Mountain) di s 
p l ay a comp l e t e l y  deve l oped oph i o l i t e  sui t e , but a l l  
four i n c l ude a basal u l tramafi c uni t  and at t ached 
dynamothermal amphibo l i t i c  aureo l e .  The sequences of 
ophio l i te units i n  the t hree northernmost mas s i fs are 
d i sposed in syncl ines with northeast trending , sub 
hor i z ontal axes and moderat e l y  to s t eep ly dipp ing 
l imbs . The tectonic base of e ach mas s i f  i s  subhori 
z ontal s ince the thrust fau l t s  de l ineat ing the base 
o f  the s l i c e s  truncate the ophi o l i t e s  at dep t h . 

Lher z o l ite : 

Lherzo l it e s . con s i st ing of the mineral assem-

b l age o l ivine , c l inopyroxene , orthopyroxene , ceylonite 
and minor corundum , with me t amorph i c  hornb l ende and 
Ti -ph l ogop i t e , form the basal member of the ul tra
mafic s equence and are exposed immedia t e l y  above t he 
amphibo l i t i c  aure o l e of Tab l e Mount ain . Tecton i c  
fabri c s  in t h e  form o f  s t retched and a l i gned , a l t ered 
o r thopyroxene phen ocrys ts and t r ip l e  po int j unct ions 
between ground mas s o l ivi nes , are exhibited through
out , a l though t he la tter are genera l l y masked by 
s erpent i n i s at i on . Veins of b a s t i t e - en s t at i t e both 
d i sp l ay t he fab r i c s  and cut the fabr i c s , and they are 
t hought t o  represent the produc t s  of fi l t er p re s s ing 
me chan i sms dur ing tecton i sm and are part of the 
o r i g i n a l  magmat i c  a c t i v i t y  of the ultramafi c s . Thus 
there is an indi cat i on of cont i nuous deformat i on and 
i gneous activi ty , proce s s e s  that wou l d  result during 
t he upwe l l i ng of mant l e  ma ter i a l  b e l ow a spreading 
c entre . The fabr i c s  are cons equent l y  i nt erpreted as 
mant l e  tectonite fabr i c s . 

The equi l ibrium coex i s t ence of c l inopyroxene , 
or thopyroxene and o l iv i ne with an alumin ous phas e , 
in thi s case spine l , can be used to define the 
pres sure and temperatur e cond i t i ons under wh i ch 
the se minera l s  crys ta l l i s ed (O ' Hara , 1 9 6 7 ) . The 
pres sures and temp eratures ind i cated are o f  the 
order of 20 kb and 1 2 0 0°C ,  sugg e s t i ng a depth of 
format i on o f  approximat e l y  60 km or p o s s i b l y  l e s s  i f  
tect onic overpre s sur e s  were act ive (Malpas , 1 9 7 7 ) . 
The spine l lher z o l i t e  may therefore repre s ent 
part i a l l y dep l e t e d  upper mant l e ,  in agreement with 
mode l s  of upper mant l e  compo s i t i on sugge sted by 
O ' Hara ( 1 9 6 8 )  and Ringwood ( 1 9 6 9 ) . 

Har zburg ite : 

Har zburg i t i c  rocks , with minor amount s  of dunite 
and en s t at o l i te , make up the maj or part of the u l tra
mafi c rocks , to a maximum of 4 km on Tab l e  Mount ain . 
The miner a l  assemb lage of the s e  rocks is o l iv ine , 
orthopyroxene and chrome spine l .  Very l i t t l e  c l ino
pyroxene has been recogni zed in this zone , the lower 
contact with the lherzo l i t e s  b e ing marked by the 
vi rtual d i s appearance of t h i s  pha se . Mant l e  tecton
ite fabr i c s  are present throughout the har zburg i t e s , 
toge ther with pyroxen ite ( c l i nopyroxene and ortho 
pyroxene) veins which are more common toward the 
base of the z one . Dunite ve ins and l ayers in crease 
i n  abundance t owards the top of the harzbur g i t e s , 
where they exhi b i t  bran ching and cros s - cutt ing re l a 
t i onshi ps . The dun i t e  veins a r e  common ly as s o c i at e d  
w i th t r a c e s  of chromi t e . 

Duni t e : 

A l though dun i t e s  are pre s en t  to some extent 
throughout t he u l t ramafic p i l e ,  a z one of a lmo s t  
pure dunite reaching a n  approximate thi ckne s s  o f  
3 5 0 m i s  present above t h e  har zburgite z one . How
ever , an exact thi ckne s s  o f  thi s z one cannot be 
defined s ince both upper and l ower cont a c t s  are 
gradat i ona l .  The l ower cont act is i n  some p l aces 
marked by l en s e s  of c l inopyroxeni t e  and podi form 
chromi t e ,  both of whi ch are minor mine ral s in the 
dunit e .  P l ag i o c l ase increase s in abundance as an 
intercumu l us phase higher in the z one . Cumu l at e  
t extures a r e  d i s cernib l e  throughout t h e  dunite z one , 
in contrast w i th the mant l e  t e ctoni t e s  in the ro cks 
b e l ow . A l t hough var i ab l y  s erpent inised often to as 
much as 65% , the o l ivines s t i l l  exhi b i t  we l l  deve l 
oped cumul at e  growth with both cumu lus and inter
cumulus chromi t e .  In hand spec imen both the chromite 
and the p l ag i o c l ase show di s t inct grading of miner a l  
pr oport ions where they o ccur as cumulus phase s . The 
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Fig . 5 .  Diagrammatic vertical section o f  Bay o f  Islands 
Compl ex ophiolite suite . 

transition between the dunites with cumulus textures 
and harzburgites with tectonic fabrics occur over a 
thickness of several metres . These textural features 
suggest a genetic distinction between these rock 
types, which is supported by further evidence cited 
below. 

folds. The dip of the layers may be much steeper 
than in adj acent ultramafic rocks and reversals of 
dip are not uncommon. The layers are lenses of 
individual rock types with limited extent rather than 
laterally continuous units. Mineral alignment can be 
attributed to primary igneous flow lineation and is 
comparable to similar features noticed by the writer 
in the tectonically undeformed alli valites of Rhum, 
Inner Hebrides . The environment of formation seems 
to have been one of rapid deposition, possibly by 
similar turbidity currents to those envisaged by 
Wager ( 1939) for the Skaergaard Intrusion . 

Critical Zone (Transitional Rocks) : 

Dunite becomes more feldspathic higher in the 
zone and is interbanded with norite, troctolite, and 
anorthosite over a thickness of 100-200  metres which 
Smith ( 1 958) termed the Criti cal Zone . This zone 
forms a transition between the ultrabasic and over
lying basic rocks . Layers range from centimetres to 
several metre·s thick and many also show distinct 
settling features. ' In some places there has been 
some post-accumulat ion de formation, but its re
stricted nature and the. fact that the affected rocks 
are surrounded by undeformed rocks suggest that it 
may have taken place as a result of slumping of a 
crystal mush . The strike of the layering is quite 
variable and is in places interrupted by such s lump 

Smith ( 1 958) has classified the rocks of the 
cr itical , zone on the basis of re lative proportions of 
plagi oclase (bytownite An 75) , cl inopyroxene (diop
sidic augite) and ol ivine (Fo 85) . Chemical varia
tions within the minerals of the zone seem re lative l y  
limited and n o  cryptic layering has yet been c l earl y  
defined . Where fe ldspar i s  more abundant, harrisites 
and allivalites are found . Hydrogarnet has replaced 
plagiocl ase in, most cases, its composition lying towa�s 
the tri -calcium hexahydrate and member in composi tion 
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Ve in l e t s  o f  coarse c l inopyroxenite , both con
cordant with and cro s s - cutt ing the l ayering are found 
in some are as , general l y toward the base of the cri t 
ical zone . The c l inopyroxene i s  almo st pure diopside , 
ca4 7Mg49 Fe4 , in composi �i ?n and � s

.
associated with a 

sma l l  amount o f  serpent1n1sed o l 1v1ne . 

Gabbro : 

Rocks of gabbroic  compos it ion are equal in abun
dan ce to the ul tramafic rocks in the Bay of I s l ands 
Comp l e x .  The gabbros are l ayered throughout and sedi 
mentary features such as graded bedding and cross 
bedding have been noted . I n  some p l aces the direct ion 
of grading rever ses rap i d l y  which suggests  that i n  
these c a s e s  it re su l t s  from "flow different iat i on" . 
In other p l aces a pseudo- cros s  bedding ari s es by 
es sential ly s o l i d state shear d i s locations . Anortho
s i t i c  gabbro is the mos t  common and it grades into 
met agabbro by an increas e i n  the c l inopyroxene con
tent and into anort hosi tes by an increase in the 
p l agioclase . Hornb l ende gabbro , common l y  showing a 
l ineati on of the amphibo l e s , a l s o  occurs in areas of 
Nort h Arm Mountain and Tab l e  Mountain towards the top 
of the gabbro p i l e  (Ma lpas et a l . ,  1 9 7 3 ) . Ol ivine 
rare l y  oc curs in the gabbro�but where it is  present 
it appears to be a re l at ively ear ly formed mineral , 
being enc l osed in p l agioc lase . General l y it is ser
pent ini sed but fre sh crys t a l s  are fai r ly iron-rich 
(Fo 7 7 ) . 

Actinol i t e  and green hornb l ende are deve l oped 
also as secondary miner al s ,  pre sumab l y  as a result  
of burial metamorphi sm ,  and prehnite a l s o  oc curs as 
l ate cro s s - cutt ing vein l et s .  

Diorite : 

Soda-ri ch diorit ic  rocks or quart z -diorit e s  
approaching trondhj emit e s  in compos it ion cut coarse
grained gabbroic rocks and occur as part of the dia
base dike sequence on both North Arm Mountain and on 
B l ow Me Down Mountain . Thes e  smal l bodies are 
associat ed with the higher gabbros and have a l s o  
been found a s  veins and dikes near the Mount St . 
Gregory Copper depos i t s . No intrus ions of diorite 
have been found in the ultramafic rocks . The diorites 
are genera l l y pink t o  grey in colour and medium to  
fine grained . P l agioc lase which i s  oft en al tered , i s  
general l y  albite or o l i goc l ase , and forms zoned eu
hedral phenocrys t s . There may be as much as S O% 
quart z in the rocks and acces s ory mineral s  inc lude 
ep idote , apat i t e , zircon and rare pyrite . These 
quart z diorites are interpreted as l ate stage di ffer
ent i at e s  of tho l e i i t i c  magma . 

Diabase : 

Sheeted diabase dikes are mo st extens ive on 
B l ow Me Down Mountain and they have also  been recog
ni zed on North Arm Mountain . The dikes and associated 
brecciat ed dike rocks from both areas were previ ous l y  
interpreted a s  metavo l can i c  rocks that formed the 
roof of an int rus ion and s eparated gabbros be l ow from 
pi l l ow l avas above ( Smith , 1 95 8 ) . 

The sheeted dikes are dark grey to greenish , 
medium grained mass i ve rocks , in most case s  equi 
granu l ar . Some are pl agi o c l ase -phyric , especi a l l y  in 
the cent res of  wide sheets . Chi l l ed cont acts are 
found in many exposures .  Mas sive dike rocks from the 
comp l ex general l y  cons i s t  of p l ag i oc l ase and act ino
l ite in equal proportions . In some cases  the act ino
l ite surrounds colour l e s s  remnant cores of c l ino
pyroxene . 

Breccias , consisting of c l ose -packed angu l ar 
dike rock fragment s of varying si zes  in a fine ly 
comminuted matr ix of s imi l ar materi al , are at l east 
as extensive as sheeted dikes within the comp l ex . 
They represent fragmented dikes no longer exhibiti ng 
a p l anar dispos i t i on . Some fragment s ,  al though by no 
means the maj or ity , are rounded and indi cate some 
degree of abras ion . Movement between fragment s cannot , 
however , have been too great s ince the di str ibut ion of 
coarse and finer grained fragments wi thin mos t  breccias 
preserves the or iginal pos it ion of pre -exist ing 
chi l l ed margins . The brecciation is restri cted almost 
entire l y  to the diabase and does not affect the over
l ying p i l l ow l avas or the underlying gabbro to any 
extent (Wi l l i ams and Ma lpas , 1 9 7 2 ) . Brecciated dikes 
have been found cut ting fre sh,  mas s ive gabbro . Thes e  
d i k e s  had chi l led against the gabbro before being 
brecciated , as shown by the dis tribution of fragment s .  
The mechanism by which such cold brecciation was 
produced , without affe ct ing the host rocks , is not 
ye t ful l y unders tood , but was probab ly a result of 
fluid , pos s i b ly se a-water ,  migrati on (Wi l l i ams and 
Malpas , 1 9 7 2 ) . 

Al l dikes are metamorphosed to l ow amphibo l i t e  
o r  greenschist facies , a result of burial  rather than 
reg i onal metamorphism as soc i ated with deformation . 
Actinol ite , chlorite , ep idote and zo i s i t e  are the 
maj or metamorphic minera l s . Prehnite and pumpe l l yite 
have a l so been noted . 

Pi l l ow Lavas : 

Pi l low l avas are exposed on B l ow 
and North Arm Mount ain . The l avas are 
underlying dikes , are i nt erbedded with 
higher up , and are sulphide bearing at 
the p i l e . Thus they are comparab l e  to 
p i l l ow l avas of Cyprus (Sear l e , 1 9 7 2 ) . 
300 metres of pi l l ow l avas are exposed 
the igneous section of the ophio l i te . 

Sediment s :  

Me Down Mountain 
fed by the 
s i l tstones 
t he bottom of 
the Troodos 

Approximat e l y  
and compl ete 

Sediment s reaching a maximum thicknes s  of 200 
metres over l ie the p i l l ow l avas in a number of p l aces . 
They are general ly  red-brown sands tone s ,  red sha l e s , 
and s i l tstone s ,  a l though rare pebb l e  cong l omerates 
have been recorded . 

The sediment s are genera l l y we l l  bedded and 
sorted and tops are determinab l e  from minor ripp l e  
drift l amination and load st ructure s .  The pre sence 
of vo lc anic fragments and the l ack of potash fe l dspar 
makes these  s ediments l i tho logic a l l y d i s t inct from 
sands tones under lying the thrust s l i ce s . The sedi 
ment s do not resemb l e  c l os e l y  any l i thologies found 
in the present day deep ocean basins or in troughs 
associated with oc eanic ridges . Likewi se , al though 
manganese rich sediments are known to be as sociat ed 
with other Newfoundl and ophi o l ites (Upadhyay , 1 9 7 3 )  
and are recorded from t h e  ocean fl oor (Scott et al . ,  
1 9 7 4) , no comparab le l itho l ogies have been found

-

asso ciated with the Bay of I s lands oph iol i t e s . The 
presence of detrital quar t z  and the fe l dspars and the 
coars enes s  of some sediment hori zons suggest  a 
re l ati ve ly proxima l source of pos s i b l y  granodi ori t i c  
nature . 

Geochemistry : 

Chemi cal ana l yses  for both maj or and trace e l e
ments have been made using atomoc absorption spectro
photometry �nd X-ray fluorescence spect rophotometry . 
A l l  rock types are represented except for the sediments .  
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The analyt ical method s , preci s i on and accuracy are as 
described by Strong ( 1 973) . The re sults are presented 
here on ly in diagrammat ic form but can be obtained 
from the author upon request . Before the calcu l ation 
of norms and p l ott ing of d iagrams , tot a l s  were recal 
cul ated to 1 00% vo lat i l e  free and adj usted for oxi 
dation (calculate Fe ' ' '  with Fe ' '  fo l l owing the 
procedure out l ined by Irvine and Baragar , 1 9 7 1 ) . 

Fig . 6 .  F . M . A .  p lot for e Dunites 0 Gabbros 
A Pyroxeni tes • Dykes • Lavas O Diorites 

of Bay of I s lands . Other recognised trends 
(Skaergaard , Hawaiian tho l ei i tic and alkal in� 
and ophi o l i t i c  rocks are shown . 

On the FMA diagram (fig . 6) the Bay of I s lands 
ul tramafic -mafi c fract ionation trend is  comparab l e  to 
that for the Papuan and Oman ophi o l ites , and is 
s imi lar to the general ophiolite trend given by 
Thayer ( 1 967) . However , the ul tramafi c-mafic trend 
is a l it t l e  more comp l icated than it appears . There 
is a tendency for the gabbros l ower in the sequence 
to plot acro s s  the diagram, i . e .  away from the FeO 
apex . Thi s  trend cou l d  be produced by increased 
Na 0 and K2 o but these rocks do not show any apprec
ia5l e  enrichment in alkalies . Therefore ,  the di ffer
ent iation trend is produced by fractionat ion so that 
Fe2 o3 decreases with MgO in the ultramafic and l ower 
gaobro , but sharp ly increases in the higher - leve l 
gabbro , dikes and p i l l ow lavas . Fract ionat ion of 
o l ivine was fo l lowed by crystal li zation of c l ino
pyroxene . P l agioclase crystal l i zation enriched the 
later l iquids in iron as evidenced by the �udden 
rise in Fe 03 . The re sul t  of this iron enrichment 
was cryst at l �z ation of magnetite and titani ferous 
magnetite in the l at er stages . Norman and Strong 
(1975) have point ed out simi l ar features in other 

Newfoundl and ophiolite sui te s , and have noted the 
c lose resemb l ance between the mafic rocks of these 
suites and oceanic tho l e i ites . 

Figure 7 shows Cr 0 and NiO values plot ted for 
ul tramafi c alpine periao�ites and ultramafi c portions 
of tho l eiitic  strati form intrus ions represent ed by 
the Muskox intrusion , Northwest Terr itories , Canada . 
The l ine effective ly separat es o l ivine peridotites 
from ul tramafic and mafi c rocks of strat iform in
trus ions . S imi lar p lot s for the Bay of I s lands 
(addi tional dat a from Irvine and Findlay , 1 9 72) , show 
that a dist inction can also be made between rocks 
above and below the harzburg ite -dunite boundary , the 
l �tter corre l ating with r9cks of stratiform comp lexes 
and the former with alpine peri doti te s .  
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Fig . 7 .  Cr 2o3 vs NiO for O gabbros • cumul at e  
ultramafi cs � t ectonite ul tramafi cs . 

Roc k Type 

O l i v i ne Ga bbro 
Du n i te 
Dun i te CU�ULATES 

Dun i te 

Harzbu r g i te 
H a rz burg i te TECTONITES 
Harzburg i te 
Lherzo 1 i te 
L herzo l i te 

Fo content of o l i v i ne s  

7 5 . 1 
81 . 1  
87 . 5  
89. 1 

91 . 6  
91 . 4  
93. 0 
89. 7 
89 . 8  

Tab l e  1 .  Fo cont ent s of o l ivines from Bay of I s lands 
Comp l ex 

Una ltered cores of o l ivine crys tals have been 
ana lyzed from most  parts of the sect ions by el ectron 
microprobe , Tab l e  1 .  Sharp decreases in the for
sterite content are obs erved at the harzburg ite
dunite boundary on both Tab le Mountain and North Arm 
Mountain . The o livines in the lherzol ites and har z 
burgites have composit ions o f  the order of Fo92 , 
whi le  a l ower average composition of Fo 88 occurs in 
the dunite and higher rocks . 

Chromi tes a l so differ across thi s boundary . A 
red chrome - spine l is the maj or chrome bearing phase 
in the harzburgites , but opaque b l ack chromite 
appears in the dunites . Maj or concentrations of 
this l atter type occur in podi form bodies and as a 
maj or cumulate phase at the base of the dunite z one . 
Chromite uni t  ce l l  dimensions may also show signifi 
cant differences due to the amount of Fe+ 3 s o l i d  
solution (Malpas and Strong , 1975) . 
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Cl inopyroxenes become a maj or phase i n  the dunite 
zone , so much so as to often form d i s t inct bodies of 
c l inopyroxene . The introduct ion of this phase also  
make s the boundary between the har zburgite and dunite . 

The signifi cance of the contact between the 
har zburgite and over lying dunite is that it must 
represent the j unct ion between rocks of mant le origin 
and rocks formed by crystal sett l ing under crustal 
condit ions in re lat ive ly high level strati form in
trus ions ( I rvine and Find l ay ,  197 2 ,  have suggested 
such a mode l for the Bay of I s l ands but did not in
c lude the dunites as part of the crustal rock) . The 
horizon can therefore be cal l ed the ' petro logical 
moho ' or the genetic dist inction between crust and 
mant le  (Malpas , 197 3) . Such a dist inction has been 
ant icipated by Greenbaum ( 1972)  for the Troodo s 
comp l ex . The Critical Zone , some 1 25 - 5 0 0  metres 
hi gher in the success ion ,  represent s the moho as 
de fined seismical ly s ince it i s  here that maj or den
sity changes t ake p l ace . There is some indicat ion 
that the petro l ogical moho may a l s o  be defined 
seismical ly since weak dis continuities have been 
noted below the pre sent oceanic moho to a depth of 
about 600 metres (M . J. Keen , R.  Mober ly , pers . comm . , 
197 2 ) . 

Metamorphi c Rocks As soc iated with the Ophi o l i t e  Suites 

Metamorphic aureo l e s  that underlie  alpine 
peri dotites or ophio lite  suites are common in many 
part s of the world (Chal l i s ,  1965 ; D ickey, 197 0 ;  
Green , 1964 ; Karamat a ,  1968 ; Loomi s ,  1972 ; MacGregor , 
1964 ; MacKenzie , 196 0 ;  Smi th , 195 8 ) . The absence of 
aureo le rocks in many other examp l e s  can be considered 
as a result of structural omi s s ion rather than a 
primary ab sence , for mos t  ophi o l i t e  suites and alpine 
peridot ites are faul t  bounded .  

Me tamorphic rocks occur at the base of a l l  of 
the ophiolite  mas ses forming the Bay of I s lands com
p l ex .  The se metamorphic rocks are considered part 
of the Bay of I s l ands s l ice assemb l age and are com
monl y  re ferred to as the "basal aureole" (Malpas et 
al . ,  197 3 ;  Wi l l i ams and Smyth ,  1973) . Aureo l e  rocks 
occupy a constant l evel at the strat igraphi c  base of 
the exposed ophio l ite  sequence and are not related 
to the present structural base of the s l ice which i s  
marked b y  serpent init e me l anges . Where the aureo le 
is best deve l oped it has an overal l structural thick
ne ss of approximate l y  130 metres and grades downwards 
from a fo l iated pyroxene amphibolite  at the contact 
through garne tiferous amphibolite , greenschi st , 
garneti ferous phyl l ite into an arg i l l ite . Roding itic 
rocks , deve l oped during later calcium me tasomat ism 
are found in p l aces . 

Recent di scus s i ons by MacTaggart ( 197 2 ) and 
Moores and Raymond (1972) contrast ear l i er and more 
recent views on the or igin of alpine peridot ites 
which need reconc i l iat ion . On the one hand , the 
peridot ites are interpreted as orthodox crus tal in
trusions as evidenced by the surrounding aureo l e s  
(MacTaggart , 1972 ) , and o n  the other they are int er
preted as mant l e  and dismembered parts of ophio l ite 
suite s ,  based for the most part on the ana logy 
between the ophio l it ic suite and oceanic crust and 
mant l e  (Moores and Raymond , 1972) . The firs t  inter
pretation negates the second , and the se cond makes 
no attempt to recons ider the field evidence upon 
which the first is based . Thi s  fai lure of recent 
p late tectonic mode l s  to account for the metamorphic 
aureol e  rocks has the effect of reducing the other
wise c le ar anal ogy between ophioli tes and oceani c 

crust and mant l e . I f  alpine peridotites are mant l e  
derived and are i n  most cases simp ly the ultramafic 
fraction of ophio l ite suites (now di smembered ) ,  then 
the ir surrounding me tamorphic rocks cannot represent 
convent ional thermal aureo l e s . Rather they must have 
a signifi cance that re l ates to obduct ion or later 
tectonism and met amorphism . Such a hypothe s i s , 
re lat ing the gene sis  of the Bay of I s lands comp l ex 
aureo le rocks to empl acement of the thrus t s l ices , 
has been proposed by Malpas et al . ( 1973) and 
Wi l l iams and Smyth ( 1973) . The-con stant sett ing of 
the aureo l e ,  its  narrow uniform width , its constant 
l ithologies and its  structural and met amorphic char
acteristics  can be exp l ained by a p l ate tectonic mode l 
that envisages the aureo le  as a result of obduction 
of oc eanic crust and mant le onto a cont inent al marg in . 
According to thi s mode l ,  supracru stal rocks are over
ridden by a subhori zontal she et of forceful ly expe l led 
oceanic crust and mant le that is  everywhere det ached 
at approximate l y  the same leve l ( 3 - 6  km within the 
mant l e  or the thi ckne ss of the ophio li tes ' ultramafi c 
uni t) . The aureole thus evo lves as a contact dynamo
thermal aureole and acquires its structural sty le  and 
metamorphic mineralogy during early st ages  of expul 
s ion . Having estab l i shed such a mode l , several points 
arise . The first is that the direction of strike of 
the ridge or spreading centre at wh ich the ophi o l ites 
were presumab ly origina l ly produced can be g l e aned 
from the at ti tude of the sheeted dikes in the trans 
ported complexes which were pre sumab ly para l l e l  to 
the ridge when emp l aced (Wi l l iams and Malpas , 197 2 ) .  
Furthermore the direction of ear l iest transport 
(presumab ly at an ang le to the cont inent al marg in) , 
with respect to the direction of strike of the ridge , 
can be as certained by comparing the atti tude of the 
sheeted dikes with the direction of transport indi
cated by the vergence and facing directions of early 
recumbent structures in the aureole rocks . It 
app ears that these direct ions are at a high ang l e  to 
one another , suggest ing that the ridge possibly 
int ers ected the continental marg in . 

The second prob l em i s  that the mechanics of 
disp l acing oceanic crust and mant le onto a cont in
ent al margin are either comp l e tely unknown , or at 
the most , poorly underst ood (Co l eman , 197 1 ;  Mo ores 
and MacGregor , 197 2 ; Malpas and Stevens , in prep . ) . 
The heat for metamorphi sm of the aure o l e  proto l i ths 
could be derived from two maj or source s .  Firs t l y ,  
he at in the mant le rocks , and second ly,  heat derived 
during obduction . Calcul �tions of part ition co
efficients of Fe 2+ and Mg + between coexisting gar
nets and pyroxenes in the pyroxen5 amphigo l ite 
suggests that temperatures of 800 - 850 C were 
at tained at the thrust cont act . Cal culati ons of the 
amount of heat that could be produced by frict ion 
during thrusting sugge sts that maximum t emperature 
incre ases of 2 00°C might be expected in ideal con
ditions . Thus , the remaining heat must have been 
derived from the ultramafic rocks , sugges ting that 
they were at a temperature in the order of 1 1 0 0°C -
1 2 00°C .  Such temperatures could on ly occur at depths 
of 3 km in the mant le in two oceanic environments 
today . The first is on or close to a spre ading 
centre , anG the se cond and less  l ikely is in a mar
ginal basin where high heat flow exists as a re sult 
of igneous act ivity above subduct ion zone s . Natural l y ,  

. the heat source , the factors contro l l ing heat dis
tribut ion , and the att itude of geoisotherms are a l l  
recurring prob l ems in most analyses o f  regional met a
morphic terranes ,  and whether or not such a mode l is 
valid rests large ly upon these poor ly understood 
conditions . However , it can be general ly conc luded 
that the ophiol ites were obducted not too l ong after 
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the ir format ion wh i l st they st i l l  ret ained a high 
heat content . They are un l ikely to have been ab
ducted on the edge of a large ocean basin at a d i s 
tance from t he spreading centre . 

Sedimen t s  Assoc iated with the Oph i o l i t e  Sui te 

Sedimen t s  pene trat ed by dr i l l  ho l e s  during t he 
JOIDES deep - s e a  dr i l l ing proj ect are typ i ca l l y cal 
c areous oo ze , partial ly chert ified turbidites or 
deep sea muds . The radiol arian r ibbon chert s com
mon ly overlying bas a l t s  of ophi o l i t e  sequences are 
not found . In a few local i t i e s t h i s  over lying radio
l arian chert may be t hin or represented by chlori t i c 
sha l e s  and may often be over lain by either l ime stones 
or turbidi t i c  sandstones . Where fos s i l  dat ing is 
po s s i b l e  the age s o f  the chert s and l i mes tones 
associated with the uppermo st basal t s  are the same 
or on ly s l ig ht ly greater than t hat of the o l de s t  
flysch depos i t s  of t h e  orogen i n  which t h e  ophio l i te 
has been inc orporat ed . Furthermo re , in Newfoundland 
and e l sewhere , the ophi o l i t e s  are emp l aced dir ect ly 
onto thi s fl ysch . Th is sugge s t s  a s ing le ep i s ode of 
generat ion and init i a l  emp l ac ement of ophi o l i t e s ,  
which wou ld on ly b e  predi cted by the p l at e  te cton i c s  
mode l when the s i t e  of format ion w a s  ext reme l y  c l ose 
to the s i t e  o f  obduct ion ,  as is the case for instance 
where a r idge system st rikes direct ly into a con
t inent al margin to form a trip l e  point j unct ion , or 
in a marginal basin set ting . 

Conclus i ons 

From this survey of wes tern Newfound l and 
ophi o l i te s t rat i graphy and petrol ogy cert ain con
c l usions may be drawn : 

I . The ophi o l i t e  suites repre s ent cros s - s ect ions 
o f  oc e an i c  crus t and upper mant l e .  

2 .  The genet i c  d i st inct ion between tho se rocks 
formed in the mant l e  and those formed under 
crustal cond i t i ons is marked by textural and 
chemi cal changes and can be cal l ed the "petro
l og i cal moho " . 

3 .  D i fferent i at i on trends sugge s t  that the basal t i c  
proport ions o f  the oph io lite are a r e s u l t  o f  
frac t i onat ion and are n o t  primary magmas . Thi s  
may we l l  ho l d  true for oceanic tho l e i i t e s . 
The ir con s t ancy of compos it ion i s  due to their 
shal low ,  l ow pres sure eutect i c  crys t a l l i zat i on . 

4 .  The ophi o l i t e s  were hot when emp l aced , and not 
very o l d . Th e at t i tude of the spreading centre 
with regard to direct ion of obduction ,  the 
temperature required for production of the meta
morphic aure ol e , and the presence of orogeni c 
flysch dep o s i t s  of the same age as the ophi o
l it e s  a l l  evidence thi s .  The on l y  feas ib l e  
p l ate te ctonic mode l s  that can exp l ain these 
phenomena suggest that the oph i o l i t e s  were pro 
duced in a marginal basin and almost imme diat e l y  
abducted onto t h e  cont inent a l  margin or , l e s s  
l ik e l y ,  produced a t  a spreading centre c l o s e  t o  
a ridge/ conti nent al margin trip l e  point j unct ion 
and obducted a lmos t  immediat e l y .  

Such a mode l explains why : 

(I )  ophiolites are formed on ly once , ear l y  in 
orogenic development . 

(2) they are about the same age as the o lde st 
flys ch in the orogen . 

( 3 )  cont act metamorphi c aure o l e s  exi st a t  the 
bas e s  of the ophi o l i t e  s l ices . 

(4)  assoc iated se diment ary rocks may not be of 
the ' typ ical ' deep ocean basin type . 
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OPHIOLITES FROM THE NORTHERN APPALACHIANS OF QUEBEC 

Roger Laurent 

Departement de Geo l og ie et Mineralog i e ,  Univers ite Laval , Ste Foy , Quebec , Canada GlK 7P4 

ABSTRACT 

In s outhern Quebec the ophio l ites mark a maj or 

su ture connec ted to the Early Paleo zoic so utheas tern 
boundary of the Canadian shield . They are regarded 

as fragments of the lapetus (Proto-At lan t i c )  oc eanic 

l i thosphere emp l aced by thru s t ing upon the pre-Ordo

vic ian No tre Dame s ch i s ts in Early Ordov ician time . 

U l tramafic and gabbro ic cumulates overly ing 

harzburg i te tec tonite are s imi lar to the cumul ates 
of the Me s o zoic Vourinos ophio l i te (Greece ) .  Cumu

la te , shallow intrus ive and ex trus ive rocks o f  the 
Quebec oph io l i te s  derive from a low-Ti and low-K 

thol eiitic magma of the type common to the mid-ocean 
ri dg es . Lavas and immature vol canic s ed iments o f  as

sumed Early Ordovician age and vo l canic i s l and arc 

orig in overlap s tratigraphica l ly the oph i o l i t ic 

suite . 

INTRODUCTION 

The Cambro-Ordovician rocks of the Quebec Ap

palachians form three no rthea s terly trend ing zone s 

para l l el to the Early Pal eo zoic margin of the Cana

dian shield . They are bel ieved to repres ent the s edi

mentary and vo l canic record of the shel f ,  cont inental 

s lope and rise depos its of an Atlantic- type continen

tal margin ( B ird and Dewey , 1 9 7 0 ; Wi l l iams and S t e
vens , 1 9 7 4 ; S t . Jul ien and Huber t ,  1 9 7 5 ) . From the 
nor thwes t to the sou theas t the three zones are , res

pec tive ly , the S t .  Lawrence autochthonous doma in, 

the Appalachian all ochthon and the internal No tre 

Dame zone ( f ig . 1 ) . 

The Precambrian cry s tall ine basement of the 

Grenv i l l e  province ( average iso topic dates of 9 50 my) 

and its s edimentary cover c on s t i tute the foreland o f  

the Appalach ian orogen . The s edimentary rocks over
lapp ing the P recamb rian are mainly a Cambro-Ordovi
c ian sands tone- l imes tone assemb l age and a late Middle 
Ordovician f lysch . They have been depo s i ted in shal

low marine wa ters on the S t . Lawrence plat form 
( C lark , 1 9 7 2 ) . 
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F igure 1 .  Map of the Appalachians of southeas tern 

Quebec showing the main s truct ural zones and the ma

j o r ophiol ite local i t i es : (A) Precamb rian crystall ine 

bas ement . ( B )  s ed imentary cover of the S t .  Lawrence 

pl atform ,  (C) external domain or Appalachian a l l och
thon , (D)  internal domain inc lud ing No tre Dame 

sch i s ts and oph io l i t ic bel t ,  (E)  Sil uro-Devonian 
rocks of the Gaspe-Connec ticu t  Val l ey sync linor ium ; 

( 1 )  Orford , ( 2 )  Asbe s to s , (3)  The t ford Mine s , ( 4 )  
Eas t Brough ton , ( 5 )  S t .  Fab ien , ( 6 )  S t . Orne r ,  ( 7 )  

Mount Alber t ,  ( 8 )  P o r t  Dani e l  Rive r . 

The external domain , or Appalach ian a l l ochthon , 

cons i s t s  of a Cambro-Ordovician s and s tone - shale -

l ime s tone conglomerate assemblage and a calcareous 

early Midd l e  Ordovic ian wildflysch ( Osborne , 1 9 5 6 ; 

Riva , 1 9 7 2 ; S t .  Jul ien , 1 9 7 2 ) . These marine rocks 

have presumab ly b een depo s ited on the continental 

s lope o f  the ancient cont inental marg in . They s tar

ted s l id ing nor thwes twards in early Midd le Ordovi

c i an t ime forming imbri cated thrus t  s l ices and nap

pes wh ich progre s s ively moved towards the con t inent 

unt i l  they came to res t  on the S t . Lawrence platform 

by the b eg inning of the Upper Ordovic ian (Riva , 1 9 7 2 ; 

S t .  Jul ien and Huber t ,  1 9 7 5 ) . 
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The Appalachian allochthon grades southeastwards 
into the metamorphic and complexly deformed internal 
zone of Notre Dame (schist bel t ) , which cons ists of 
metaclastic and metavolcanic rocks of greens ch ist 
facies that have accumulated in Late Precambrian and 
Cambrian t ime along the southeastern margin of the 
Canadian shiel d .  Today these rocks cons ti tute the 
Sut ton and Notre Dame anticl inori a .  They are under
lain by a rej uvenated gneissic , Grenville-like base
ment which crops out towards the southwes t in the 
Green Mountains o f  Vermont (Cady , 1969) , and are 
faulted agains t the ophioli tic comp lexes to the 
southeas t .  

The ophiolitic complexes are regarded a s  tec
tonically emplaced fragments of the Proto-Atlantic 
( Iapetus ) oceanic lithosphere (Lauren t ,  1973 ) , or the 
remnants of the crus t and mantle of small marginal 
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or inter-arc bas ins . They were emplaced by thrusting 
upon the ancient continental margin where they oc
cupy a constant s tructural pos i tion, between the 
underlying pre-Ordovician Notre Dame schists to the 
northwes t  and the overlying Ordovic ian St . Daniel 
breccia and Magog flysch to the southeast (fig . 2 ) . 
The S t .  Daniel Formation is an important s tratigra
phic and s tructural marker of probable late Early 
Ordovician age occurring to the southeast of and 
within the ophiol itic bel t .  I t  is  a chaotic deposit 
containing blocks of pre-Ordovician schists and , lo
cally , ophiolitic rocks all in a black shaly matrix 
(St . Julien, 1968) . The S t .  Daniel Formation is un
conformab ly overlain by the basal beds of the well 
dated Magog flysch (Lamarche , 1972) , which contains 
Middle Ordovician grap tolites of the Nemagraptus 

gracilis and Dipl ograptus multidens Zones (Riva , 
1974 ) .  
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Figure 2 .  Sketch map of the Appalachians of Southeastern Quebec ,  modif ied from St. Julien ( 1967) . 
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Field evidence shows that the polygenic St.  
Daniel Formation postdates the emp lacement of the 
ophiol i tes as well as the main deformation and meta
morph ism of the pre-Ordovician Notre Dame schists , 
but predates the sedimentation of the Middle Ordo
vician Magog flysch . Hence , the S t .  Daniel Formation 
indicates that the ophiolitic complexes were emplaced 
by the end of the Lower Ordovician ,  and also sug
gests , s ince blocks of pre-Ordovician schists are 
associated with blocks of ophiolitic rocks , that the 
tectonic emplacement of the ophiolitic complexes is 
correlatable with the main deformation and metamor
phism of the pre-Ordovician Notre Dame rocks . The 
orogenic episode is referred to as the Burl ingtonian 
orogeny in western Newfoundland (Kennedy , 1975) , 
where s imilar tectonic and s tratigraphic relations 
are observed within the Fleur de Lys zone C between 
the Baie Verte ophiolites and the pre-Ordovician 
Fleur de Lys rocks (Will iams et al . ,  1974) . 

OCCURRENCES 

The ophiolitic belt can be best described as a 
zone of tectonic mel ange whose backb one is formed by 
the large ophiolitic complexes of The tford Mines , 
Asbestos and Orford . Many smaller bodies of ophio
l i tic rocks as wel l  are scattered along the complex 
boundary zone separating the pre-Ordovician Notre 
Dame schists from the Ordovician St . Daniel breccia 
and Magog flysch . Also lenses and s creens of peri
dotite , such as the Pennington sheet of Eas t Brough
ton ( f i g .  2 and 4 ) , are found near the b oundary with 
the ophiol itic belt but in thrust faults within the 
pre-Ordovician schists ( S t .  Julien, 1972 ; Laurent ,  
1975a) . 
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Figure 3 .  Map o f  the Thetford Mines ophioli tic 

complex : ( 1 )  pre-Ordovician Notre Dame s chis ts , (2)  
" amphibolite,  ( 3 )  harzburgi te tectonite , ( 4 )  dunite 
and wehrlite , (5) pyroxenite, (6) gabbro , ( 7 )  pillow 
lava, (8)  chert and argillite,  (9)  St . Daniel For

mation, ( 10 )  Middle Ordovician Magog f lysch . See fig . 
4 for cross section .  
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Figure 4 .  Cross section through the central and 
thickes t  part of the Thetford Mines ophiolitic com
plex . See fig . 3 for key to numbers . 

The large ophioli tic comp lexes occur as s trati
fied sheets bounded by faul ts , and they appear to 
have been tectonically emplaced into their present 
setting as solid masses . They are also internally de
formed and are folded together with the underlying 
pre-Ordovician schis ts . Ophiolite suites vary from 
complete to extensively dismembered . When suites are 
complete , for example at Thetford Mines ( fig . 3 and 
4 ) , the s tratif ied sheet is  divisible into lower and 
upper structural and lithologic uni ts . The lower unit 
cons ists of harzburg i te tectonite underlain by a thin 
sole of serpentinite and amphibol ite.  The upper unit 
is s tratiform and cons ists  of ul tramafic and layered 
gabbroic cumulates followed by metagabbro which , in 
turn , is capped by metadiabase , tholeiitic metavol
canics and red chert and argi llite .  The basal peri
dotite contains a group of rootless grani tic dikes 
which have yielded Early Ordovician K-Ar ages (Poole 
et al . ,  1963) . Lower Ordovician ( ? )  lavas and imma
ture volcanic sediments overlap s tratigraphically the 
ophiolitic suite (Laurent and Heber t ,  1977) . A s imi
lar success ion is dated as Lower Ordovician in the 
Betts Cove ophiolitic complex of Newfoundland (Up
adhyay et al . ,  1971 ) . Other ophiol itic suites are 
dismembered at various extents . The Asbes tos complex 
lacks mos t  of the upper sequence of metagabbro , dia
base and volcanics (fig . 5 and 6) . At Orford , the 
ophiol itic suite is complete but the upper uni t ,  from 
the ul tramafic cumulates to the volcanic top , is de
tached from its basal peridotite tectonite and sepa
rated from it by a zone of tectonic melange ( fig . 7 ) .  
The Mt . Albert body in the Shickshock Mountains of 
Gaspe Peninsula ( fig . 1) cons ists only of perido tite 
tectonit e .  

Evidence regarding the allochthonous character 
of the ophiolites of southern Quebec is provided by 
their relationship with the pre-Ordovician country 
rock , their structural context and geophys ical data . 
Data from gravity surveys indicate that even the lar
gest peridotite bodies of the ophiolitic bel t ,  such 
as those of the Thetford Mines area, extend to depths 
of not more than 5 to 10 kilometers . Figure Sa shows 
a gravimetric profile across the Thetford Mines ophi
olitic complex and its geophys ical interpretation 
(M . K .  Seguin, unpubl .  data, 1976) which compares 

reasonab ly wel l  with the geological interpretation 
( fig . 4) and the aeromagnetic data ( Seguin, 1977) . The 
local gravimetric anomaly caused by the occurrence of 
the Thetford Mines ophioli tic complex is superimposed 
on the broader regional gravimetric anomaly caused by 
the Sutton and Notre Dame anticlinoria. 

\ 
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Figure 5 .  Map of the Asbestos ophiolitic comp lex 
c omp i l e d  by R. Hebert from Lamarche (1973) : ( 1 )  

pre-Ordovician Notre Dame metagreywacke (A) and 
phyllite (B) ; (2)  amphibol i te layered (A) and s chis
tose (B) ; (3) ophioli tic complex with serpentinite 
(A) , harzburg ite (B) , dunite (C) , pyroxenite (D) , 
gabbro (E) , metagabbro and metadiabase (e) , pil low 
lava and volcanic breccia (F) , and red chert and ar
gillite (G) ; ( 4 )  breccias and shales of the S t .  Da
niel Format ion . 
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Figure 6 .  Cross section through the Asbestos 
ophiolitic complex at Jeffrey Mine , Johns-Manville 
Co. Ltd . See fig. 5 for key to numbers . 
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The extraction of the residual anomaly of Thetford 
Mines was obtained by M . K .  Seguin through the use 
of a second regional trend . In the Quebec Appala
chians there is no evidence that any peridotite is  
directly rooted in the mant le . The Mt . Albert body 
which s t i l l  recently was regarded as an in situ 
ul tramafic intrusion (MacGregor, 196 2 ;  MacGregor and 
Smi th , 1963)  appears to be a thrust sheet somewhat 
similar to the White Hills peridotite sheet of 
western Newfoundland . S .  Biron and A. Vallieres ( in 
St . Julien and Huber t ,  19 7 5 ,  p .  343) and s tructural 
s tudies in progress ( J .  Beaudin and S t .  Julien, 
pers . comm . ,  1976)  are showing that the Mt. Albert 
peridotite is tectonically emplaced on top of the 
Shickshock allochthon . This geological interpre
tation is confirmed by the geophys ical interpretation 
(M . K .  Seguin,  unpubl . data , 1976) of gravimetric pro
files acro s s  Mt . Albert ( f ig .  8b) . 

A sys tem of eas t-wes t  faults marks the contact 
between the basal peridotites of Thetford Mines and 
Asbestos and the pre-Ordovician Notre Dame schi s t s . 
At Thetford Mines the fault planes dip at high ang le 
northwards (because the northern part of the comp lex 
is overturned to the south) , and they dip southwards 
at Asbestos and southeas twards at Orford ( f ig .  4 ,  6 
and 7) . In the contact zone chlorite , talc , quartz 
and carbonates have been formed at low temperature, 
after the emplacement of the ophioli tes , through 
hydrothermal metasomatic exchange w i th the country 
rock . The frontal peridotite or northwes tern flank of 
the large ophiol itic complexes is severely shattered 
�nd cut by shear zone s ,  which are highly serpenti
nized and of ten rich in asbes tos ore (Riordon, 1953 ) . 
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Figure 7 .  Map of the Mount Chagnon ; part of the 
Orford oph ioli tic complex .  Geology and cross-section 
modified from De Romer (1963) : ( 1 )  pre-Ordovician 
Notre Dame schis ts , (2)  harzburg i te , (3)  duni te and 
wehrlite,  ( 4 )  pyroxenite , (5)  layered gabbro, (6) 
metagabbro , quartz dior i te and plagiogranite , ( 7 )  
pillow lava and volcanic brecci a .  

The floo r ,  o r  basal plane limiting the peridot i te 
body at depth is formed by a sole of schis tose ser
pent inite . Some foliated hornblende amphibol i tes are 
locally associated with the basal serpentinite sole 
at Thetford Mines , East Broughton, Asbes tos and Mt . 
Albert . Al though discont inuous and no t extens ive , 
the occurrence of these rocks is s ignificant . They 
are locali zed in the same posi tion as the fol iated 
ophiolitic amphiboli tes of western Newfoundland 
which are viewed by Church and Stevens (1971) , and 
Williams and Smyth ( 19 7 3) as contact dynamothermal 
aureoles related to the transport of the ophiol ites . 

Unlike many Alpine ophio l i te s ,  the ophiolites 
of the Quebec Appalachians are not overprinted by 
blueschis t or o ther high pressure metamorphism . The 
rocks have partly recrys talli zed in the upper green
schis t  regime of low pressure and moderate tempe
rature which suggests that they have not been sub
ducted into a trench but were directly emplaced onto 
the continental margin by obduct ion . Doolan et al . 
(1973)  and Trzcienski ( 1976)  have reported the pre
sence of metamorphic sodic amphibole s ,  mainly of 
magnesioriebeckite and crossite compos i t ion within 
a greenschist mineral assemblage of pre-Ordovician 
volcanics from northern Vermont and southern Quebec . 
It seems likely that these metabasaltic volcanics , 
which occur at or near the base of the pre-Ordovi
cian schists underly ing the ophiolitic complexes , 
have recrystal l i zed at rather high pressures in a 
regime representing a possible transition from green
schis t  to bluesch i s t  facies . The conditions may be 
due to overpressure related to thrusting of the 
ophiol i tes . In areas where they are not overlain by 
the ophioli tes the Caldwell metabasal t s ,  which occur 
at the top of the pre-Ordovician schis t s ,  are meta
morphosed in the epidote-pumpel ly i te facies and their 
s tructures and textures are wel l  preserved . On the 
o ther hand the Caldwel l  metabasalts are metamorphosed 
in the greenschi s t  facies and s trongly de formed and 
recrys tall i zed in areas where they have been tectoni
cally overlain by the ophio l i tes . This is for example 
the case of the Caldwell metabasalts bordering the 
front of the Thetford Mines ophiolitic complex ·bet
ween the local i ties of Thet ford Mines and Black Lake 
( f ig . 3 ) . 

Diori tic rocks and a younger group of quartz 
monzonite (De ,  1972) were emplaced as s tocks and 
dikes within the peridotites of Thetford Mines , As
bestos and Orford . These granitic intrusions appear 
to have no roots and no granitic analogs are known 
to intrude the underlying pre-Ordovician schis ts in 
the vicinity of the ophiol ites . This shows that these 
intrusive rocks have been emplaced within the peri
doti tes before the oph ioli tic complexes had reached 
their present position. 
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Figure 8 .  Gravity data and geophysical interpre tation of the The tford Mines ophiolite and Mount Albert 
peridotite body according to unpub l ished work of M . K .  Seguin (1976 ) . 

The ophiolitic belt parallels the regional 
northeast trending s tructures of the Cambro-Ordo
vician belts for about 300 kilometers in southern 
Quebec marking a maj or suture connected to plate 
boundary , here the Early Paleozoic southeastern 
boundary of the Canadian shield ( f i g .  2 ) . To the 
northeast the suture is bel ieved to extend through 
Newfoundland . Recently St . Julien et al . (1976) and 
H .  Williams (pers . comm. , 1976) have emphasi zed the 

regional continuity of this tectonic f eature which 
they have termed the "Baie Verte - Brompton l ine" 
(Baie Verte in western Newfoundland, B rompton in 
southern Quebec ) .  To the southeast ,  towards the 
United States the ophiolitic belt is covered un
conformably by the younger Middle Ordovician Magog 
flysch and the Siluro-Devonian l imestones and sand
s tones of the Gaspe - Connecticut Valley syncl i
norium. 
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LI THOLOGY 

Tab l e  I s ummar i z e s  the s t rat igraph i c  s equence 
of the oph i o l i t e s  o f  the Queb e c  Appalach i ans . Next a 
d e s c r ip t i on o f  the rock uni t s  and a sho r t  interpre
tat ion o f  the i r  p e t r o l ogy are g iven . 

Perido t i te t e c t on i t e  

The l ower un i t  i s  u l trama f i c  in c omp o s 1 t 1 on and 
cons i s t s  mainly of har zburg i te grad ing l o c a l l y  to 
duni t e ;  c ons t i tuen t minerals are : o l ivine Fos9-9 2 
( 6 5 - 9 5  % ) , o r thopy roxene En9 2-9 4 w i th exs o l u t ion 
l am e l l ae o f  c l inopyroxene , and l e s s  than 1 % chro
mian s p inel (MacGreg o r , 1 9 6 2 ; MacGreg o r  and Smi th , 
1 9 6 3 ;  Kac i r a , 1 9 7 1 ;  Laurent , 1 9 7 5b ) . Mo s t  harzbur
g i t e i s  homogeneous and s t rong ly f o l i ated , but s ome 
is l ayered wi th a l ternat ing o r thopyroxeni t i c  and du
n i t i c  b ands on the s c a l e  of em or dm . Dun i t e  and 
o r thopy roxeni te a l s o  form veins , dykes and irregu l ar 
b o d i e s  intru s ive into the main harzburg i t i c b ody . 
The layer ing i s  rap i d l y  anas tomo s e d  and reve a l s  tha t  
the perido t i tes a r e  comp l exly f o l ded . Th e i r  tec tonic 
f o l i a t ion i s  paral l e l  o r  s l ightly ob l i que to the 
l ayer ing . The l a t ter , p o s s ib ly ,  i s the re l i c  o f  a 
s t ruc ture orig inated by one or s everal ep i s odes of 
part i al me l t ing and h igh grade metamorph i c  d i f f eren
t i a t ion that mu s t  have o c curred wi th in the man t l e  
before the perido t i t e  h a d  acqu i red i t s  main tec ton ic 
f o l ia t i on . 

The mo s t  s ign i f i cant fea ture of the harzburg i t e 
is i t s  tectonite fab r i c  whi ch is expres s ed on the 
ou tcrops by a f o l i ation def ined as the p l ane of pre
feren t i a l  o r ientat ion of the o r thopyroxenes and re
cry s t a l l i z a t i on mo s a i c s  o f  o l ivine . Under the m i c ro
s cope the texture is b l as tomy l on i t i c  wi th or thopy ro
xene pheno c l a s ts 1 t o  30 mm l ong s e t  in a f o l i a ted 
mi c rob l a s t i c  matr ix o f  o l iv ine g r ains o f  two d i s tinct 
s i zes . Orthopyroxenes are b ent and e l ongated , and 
present d e f o rmat i on l ame l lae para l l e l  to ( 1 0 0 )  and 
kink b ands . Large ol ivine g r a ins , up to 5 mm in s i ze , 
are s trained and granu l ated . Mo s a i c s  of much f iner
gra ined po lyg onal o l iv ine grains , wi th many tr ip l e
grain j unc t ions , are obs erved enc l o s ing or thopyro
xene pheno c l a s t s  and sp ine l s  ( s ee i l lus trations in 
Lau rent , 1 9 7 5b ) . In s ome oc currences the perido t i t e  
i s s o  s trong ly f o l iated tha t i t s  fabr i c i s  nemato
b l as t i c ,  w i th e l ong ated o l ivine grains 8 t ime s l ong e r  
than the i r wi d th and or thopyroxene pheno c l a s t s  u p  to 
1 2  t imes longer than the i r  width , b o th cons t i tuen t s  
present ing sharp deforma t ion l ame l l ae . An exc� l l ent 
examp l e  o f  th i s  typ e of f o l iated and l ineated tec
ton i t e  i s the fresh Mt . Alb e r t  har zburg i ti c dun i t e  
of the Lac d u  Di ab le area . I n  o ther occurrences , a t  
or near the b a s e  o f  per id o t i te b o d i e s , my lon i tes are 
deve loped in whi ch mos t  of the ol ivine has recry s tal
l ized . Ave ' La l l emant and Carter ( 1 9 70 ) , Ni c o l a s  e t  
al . ( 1 9 7 2 ) , G reen and Radc l i f fe ( 1 9 7 2 ) , and o thers 
have shown tha t  tec toni te fab r i c s  of per i d o t i tes are 
l ike ly to re s u l t  from an ep i s ode o f  s low and exten
s ive plas t i c deforma t i on and recrys ta l l i zat ion under 
lower crus t o r  upper mantle p r e s sure and temperature 
condi t ions . It i s b e l ieved that f o l i at i on , b l as to
mylon i ti c f ab r i c and mineral textures charac ter i s t i c 
of s o l id s tate deformat ion and anneal ing have f o rmed 
during the as cent of the p er idot i t e  from the man t l e  
and i t s  accret i on wi thin the oc e an i c l i tho s phere . 

The p e r id o t i t e  contains a var i ed a s s emb l age of 
roo t l e s s  intrus ive rocks . Th ree g roup s can be d i s 
t ing ui shed o n  t h e  b a s e  o f  d i f fe rences in compo s i t ion , 
s t ag e of a l tera t i on and deforma t i on .  Th e o l de s t  group 
cons i s t s of i s o l ated l ens e s  o f  mas s ive roding i t e pro
b ab ly der iving from an as tomo sed dikes o f  g abbro me ta
s oma t i c a l ly rep laced by c a l c ium- r i ch s i l icates dur ing 
the s erpen t i n i s a t ion of the perido t i te .  The s e c ond 
group cons i s t s of sma l l  bodies of ho rnb l ende-b i o t i te 
d i o r i t e  s t rong ly d e f o rme d ,  a l tered and partly rod in
g i t i z ed (De , 1 9 7 2 ) . Th e s e  two f i r s t  g roups are gene
t i c a l l y  a s s o c i ated wi th the oph i o l i t ic sui te . The 
th ird g roup cons i s t s of a younger c omp lex of quar t z  
monzon i t e  d ike s s t i l l  r e l a t ively fresh and mas s ive , 
al though the i r  marg ins are roding i t i z e d  (De , 1 9 7 2 ) . 
Th e p e r i do t i te was already s erpen t ini zed at the t ime 
of the mon z on i t e  intru s i on s ince the s e rp en t i n i t e  at 
the contact w i th monz on i t e  was dehyd rated and con
verted into ch l o r i t e , d i ops ide , talc and antho
phyl l i t e ( Cooke , 1 9 3 7 ; De , 1 9 7 2 ) . 

Fresh harzburg i te i s  rare and mo s t  of the peri
do t i tes are partly or comp l etely s e rpent ini zed . Two 
main ep i s odes of se rpent ini z a t i on are recogn i zed : a 
f i r s t  one resul t ing from the par t i a l  or c omp l e t e  re
p l acemen t of the ferr omagne s i an s i l i c a t e s  by the 
l i zardi te-bas t i te (± magne t i t e- awaru i t e )  as s emb l ag e ; 
and a s e cond one l e ad ing to the forma t i on of asbes
tos veins ( chry s o t i l e-b ru c i te-magne ti t e )  wh i ch oc
cupy l a t e  s tage d i l a t i on fractures cu t t ing acro s s  
a l l  o ther p e r i d o t i te s t ructures and tak ing various 
orientat ions ( Cooke , 1 9 3 7 ; Riordan , 1 9 5 3 ) . Fur ther
more , s everal g ener a t i ons o f  ant igor i t i c  s erpent ine , 
p ic r o l i t e , b ruc i t e  and chry s o t i l e  s l ip f ib e r s  man t l e  
t h e  fracture and f au l t  surface s , and a r e  of dynamo
me tamorph i c  o r ig in . I have assumed that the perido
t i te was f i r s t  hydrated and perva s ively s e rpen t ini zed 
in reduc ing cond i t i ons af ter having c o o l e d  to a tem
perature l ower than 4 0 0 ° C  in the ocean i c  envi ronment 
( Lau rent , 1 9 7 5b ) . A l t e rnative ly , s e rpent i n i z a t ion 

may have taken p l ac e  during low g rade reg ional meta
morph ism at the t ime of tran s p o r t  and f o l d ing o f  the 
oph i o l i tes . Th i s , however ,  is un l ikely s ince the 
g r an i t i c  dikes predate the tectoni c emp lacement of 
the oph iol i tes and have intruded a peridot i t e  al re ady 
s e rpent ini zed . Du ring the f inal s tage of the tec ton ic 
emp l acement and f o l d ing o f  the oph i o l i t e s , asb e s t o s  
ve ins s tarted growing i n  d i l a t ion f r ac tures throug
hou t the perido t i t e , and through the act ion of oxy
gen- r i ch waters . Cond i t ions were d i f ferent in the 
Mt . Alb e r t  b ody . Th i s  peridot i te was prob ab ly no t 
serpent ini zed at the t ime of i t s  tectonic emp l ac ement 
but was l a t e r  par t ly a l tered to a t a l c - t r emo l i te
magnes i an ch l o r i te-s e rpent ine as s emb l ag e  ( s ee Au
menta ,  1 9 7 0 ) , an ep i s ode perhap s  related w i th the 
thermal me t amo rphi sm cau s e d  by the intrus i on of De
von i an gran i t e s  wi thin the Shickshocks . 

The amph ibol i t e s  a t t ached to the s e rp ent in i te 
s o l e  at the f l o o r

-
o f  the pe r i d o t i te may repre s ent a 

me taigneous memb er of the ophio l i t ic s u i te or a me t a
mo rph i c fac i e s  deve loped in the coun try rock at the 
contact w i th the per i do t i te . Analy zed amphib ol i te s  
have a comp o s i t i on near that of the gabb ros and o l i
vine me ta tho l e i i t ic l avas of the ophi o l i t i c  s u i te ; 
in part i cu lar they are much too r i ch in Mg ,  Cr and 
Ni to der ive from the metavo lcani c and me tas ed imen
tary country rocks ( t ab le 2 ) . X-ray di f f ract ion s tudy 



TABLE 1 

ROCK UN I T S  OF THE AP PALAC H I AN O P H I OL I T I C  BELT OF SOUTH E RN QUEBEC 

Arc i s l and ( ? )  

a s s emb l age 

UPPE R UN I T  

( up t o  2 8 0 0  m thick ) 

LOWE R UN I T  

( up t o  5 0 0 0  m th i c k ) 

( up to 6 0 0  m thi c k ) 

Extrus i ve s  

and cove r 

( up to 6 0 0  m th i c k ) 

S h a l l ow 

intrus i ve s  

( up t o  7 0 0  m th i c k )  

C umu l ates 

( up to 1 5 0 0  m t h i c k ) 

Main body 

B a s a l  s o l e  

P i l lowed me tabas a l t s , me ta- ande s i te s , 

vo l c an i c l a s t i c  t u f f s , b r e c c i a s  and muds tones 

B .  Re d chert and argi l l i te 
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p i c r i t i c  c ompo s i t i on 

No n - c umu late me t agabb ro , ove r l a i n  by me ta

d i ab a s e  and i n t r uded by swarms of aph an i t i c  

d i ab a s e  d i k e s  and s to c k s  o f  qua r t z d i o r i t e 

C .  G abbr o i c  Z one : Laye r e d  g abb ro 

B .  Pyroxe n i t i c  Z one : O l i vi n e  pyroxen i te s , 

py roxe n i t e s  and p l a g i o c l a s e  pyroxe n i t e s  

A .  Dun i t i c  Z one : Dun i t e  w i th wehr l i t e  and 

chromi t i t e  

P e r i do t i t e  t e c t on i te ( h ar zbur g i te + d un i te ) 

S e rpen t i n i te and amph ib o l i t e  
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ind icates that the amphibole i s  a n  hornb l ende whose 
compos i t i on and s truc ture are identical in all  loca
l i ties , an ob s e rvation diff icu l t  to exp l ain by con
tact me tamorph ism.  I prefer to b e l i eve these amphi
b o l i tes are of igneous origin and , al ike amph ibol ites  
found in  oceanic frac ture zones , were formed in re
l ati on w i th the proce s s e s  of oceanic  l i thosphere 
fragmentation that mu s t  have neces s arily occurred 
before the ophiol i tes were thrus t onto the continen
tal margin . I t  is evident , however ,  that the amphi
bol i tes  have been affec ted by deformation and retro
grade me tamorph i sm during and after their emp l ace
ment with the oph io l i tes , as ob served in the field  
and shown by fab r i c  analy s i s  (Wi l l i ams and Smy th ,  
1 9 7 3 ;  Atkins on , 1 9 7 6 )  and Argon i s o topic data . In 
spite  of the identi ty of the amphib ole analyzed 
the ir K-Ar ages vary along the belt in prob ab l e  re
l a tion wi th the intens i ty and dura tion of  the me ta
morphi c  overprints ( Laurent and Val lerand , 1 9 7 4 ) . 
Due to the comp lex h i s tory o f  the rock and i t s  very 
low potas s ium con ten t ,  ages  ob tained are s c a t tered 
from the Middle Camb r i an to the Upper Ordovi c i an and 
are not re l iab l e . 

Cumulates 

Cumulate rocks are bedded and s t ratigraphical ly 
ordered from b o t tom to top in three zones , respec
tively of dun i t i c , pyroxen i t i c  and g abb roic compo
s i t ion . Cumu late dunites at the f loor of the cumu
late s e quence are in sharp con tact wi th the har z
burg i te tec toni te . Th i s  contact i s  always faul ted , 
serpentinized and al tered . The magne tic  suscepti
b i l i ty of cumulate duni te averages 4 · 1 0- 3 cg s emu cm- 3 

and tha t  o f  underly ing har zburg i te 8 · 1 0-4 cgs emu cm-3 
( Seguin , 1 9 7 6 ) . The much h igher susceptib i l i ty of 
dunite is  c aused by i ts higher content o f  chromi te 
and magne t i t e , the ol ivine b e ing always ent i rely 
s erpentin i zed . The se two rocks having dis t inct sus
cep t ib i l i ty ranges , the ir contac t can b e  ascertained 
by the magne t i c  me th od s . 

Cumulate rocks have granob l as t ic textures and 
are no t fol iated in s p i te of the fact that they are 
of ten t ightl y f olded around axes parallel  to the bed
ding . Dikes , wi thout ch i l led edges , of cl inopyroxe
nite in the lower part of the cumulate se quence and 
of gabbro in the upper one cut acro s s  the folds and 
are not affected by the fol ding . Magmat i c  b reccias 
are f requently a s s o c i ated wi th dis turbed beds . Since 
cumulate textures of the folded rocks are not ob li
terated , the  folding mus t  have occurred p l a s t i cally, 
at relatively h i gh temp erature . Th i s  sugge s ts that 
the env i ronment of the magma chamb er was tec tonical
ly act ive during the sedimentation of the cumulates . 
Early formation of f rac ture s , qu i ckly cemented by 
pyroxen ite or g abbro , shows pro longat ion of the tec
tonic activ i ty after the cumulates had coo l ed enough 
to underg o  b r i t t l e  fai lure . Local ly , numerous dikes 
of diabase cut through all s tructures . Becau s e  of 
f requent folding actual th icknes s  of the cumu l a tes  is  
diff icu l t  to e s t imate and i s  always smal ler than that 
of the measured section s . Furthermore the s ame s tra
tigraph ic succes s ion extends for short dis tanc e s  
only , and i n  places parts o f  the suc c e s s ion are 
fau l ted out . 

The lower part of the duni t i c  zone cons i s ts o f  
cumu l ate c y c l e s  b eg inning wi th dun i te and termina
t ing wi th wehrl ite . Beds of o l iv ine adcumulate are 

f ine-grained and i s omodal , several tens of me ters 
th ick , wh i l e  o l iv ine cumu l a tes w i th intercumulus 
cl inopyroxene are thin and l ayered . In the upper 
part o f  the duni tic  zone , chromi te b ecomes a maj or 
cumulus phase at the end of duni tic cycles forming 
chromi te-r ich r ibbons and , locally , chrom i t i te l ay
ers or lenses ( s ee Irvine and Find l ay , 1 9 7 2 ,  p .  1 1 3 ) . 
Compo s i t ion of ol ivine is not known becaus e i t  is 
rep l aced by l i zard i te and chry s o t i l e  in mesh and 
hour-g las s textures . The c l inopyroxene is d iops idic 
and partly repl aced by tremo l i te , tal c ,  chlorite , 
c l ino zoi s i te and iron ox ides . In chromi te-rich cumu
lates , chromite e i ther occurs between the ol iv ine 
grains as rudely o c tahedral g rains , or as smaller in
clus ions restric ted to o l iv ine marg ins showing tha t 
crys tal shapes o f  serpentini zed ol ivine gr ains are 
disguised by p o s t cumulus o l ivine overgrowth . Kac ira 
( 1 9 7 1 )  has sh own that chromi te in the dun i te cumu
lates of Thetf ord Mines is richer in iron and chro
mium ( 3 3 to 41 % Cr) , and poorer in magne s ium and 
aluminium than the chr omian spinels  ( 1 0  to 34 % Cr ) 
in the har zburg i te tecton i t e . Apparent thi cknes s  o f  
the dun i t i c  zone may re ach 4 8 0  m a t  Asb es tos , 2 0 0  m 
at Orford and abou t 250 m at The t ford Mines in the 
Lake Caribou area . 

Ab ove the duni t i c  zone the character of cycl ic 
uni t s  changes . They become much thinner and bet ter 
deve loped . In the pyroxen i t i c  zone , beds vary in 
th i ckne s s  from a few cen t ime ters to a maximum of 
abou t 20 m .  Cumu late cycles  are formed by dun i te or 
wehr l i te fol lowed , at a phase contac t ,  by ol ivine 
webs teri te and webs terite wh ich grade to c l inopyro
xeni t e .  The or thopyroxene hyp ers thene En70-90 l ar
gely rep laced by l i zard i te , j o ins ol iv ine as a cumu
lus phas e in ol ivine webs teri tes where the cl ino
pyroxene occurs as intercumulus . In webs terites , 
cumulate or thopyroxene can form up to 50 % of the 
rock w i th cumu lus and po s t cumulus c l inopyroxene for
ming the res t .  Higher in the pyroxen i t i c  zone , o l i
vine and or thopyroxene progr e s s ively d i s appear as 
cumulus phases wh i l e  pos tcumulus p l ag ioclase appears . 
Cycles  are formed by thick beds of adcumulate c l ine
pyroxenite and th inner l ayers of orthocumulate p l a
g ioclase  cl inopyroxeni te , the calcic p l ag i oclase 
being roding i t i zed that is  to s ay repl aced by hydro
garnet or  prehni te and c l inozoi s i te .  Apparent thi ck
nes s of the pyroxen i t i c  zone reaches up to 500 m at 
Thet ford Mine s in the Red Hi l l s  are a ,  but only 70 m 
at Asbes tos and abou t 200 m .  at Orford . 

Cyc les of the g abbroic zone comb ine three maj or 
cumulus phas es : diop s i d i c  aug ite (partly ural i t i z ed ) , 
hornb lende , and l ab rador (partly prehn i t i zed or 
s aus sur i t i zed ) . Ol ivine w i th or thopyroxene re-appear 
in rare occurrences . Cumulate gabbros form l ayered 
beds o f  10 em to 1 m th i ck cons i s t ing o f  f ine-grained 
maf i c  g abbro at the base grading upwards into a 
s l ightly coarser g rained gabbro or hornb l ende gabbro ; 
tops of beds are leu cogabbroic . They are invaded by 
patches of ho rnb lende gabbro pegmat i te and o ther 
gabb ro ic rocks h ighly var iab l e , on the s cale of dm 

and m, in compo s i t ion ( from maf i c  to f e l s i c )  and 
g rain- s i ze ( from pegma t i t i c  to f inely grained ) . The s e  
later phas es mus t  have s o l i d i f ied i n  an envi ronment 
where temperature , conf ining pres sure and gaz fuga
c i ty were undergo ing rapid chang e s . Evidence of 
p l a s t i c  folding i s  generally l acking in the g abbroic 
zone . Ins tead , beds o f  cumulate gabbro which not 
rarely are fresh and unme tamorphosed may locally be 
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gabbro sequence in the Asbestos ophi o l i t i c  complex . S e c t i on s tud ied and 
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cataclased and recrys tal l i zed d i s p l aying the dynamo
me tamorph ic s tructure o f  " f l as e r "  gabbros . Th ickne s s  
of  the cumulate gabbro ic zone is 2 5 0  m .  at Asb e s t o s  
(Burbank Hi l l ) , and u p  t o  5 0 0  m at Orford and a t  
The t ford Mine s i n  the Mount Ad s tock and Eas t Lake 
areas . 

He s s  ( 1 9 60 ) , Wager et al . ( 1 960) , Jackson ( 1 9 6 1 , 
1 9 7 1 ) , Irvine ( 1 9 7 0 , 1 9 74 ) , and o thers have shown 
that cumul ate ul tramafic and maf i c  rocks from l ayered 
intrus ions , l ike the S t i l lwater , Skaergaard , Muskox 
and Duke I s l and intrus i ons , are pre c i p i tates from 
bas al tic magmas . The s tratig raph ic order ing of the 
cyc l i c  uni ts  reveal s the o rder of cry s t a l l i zat ion 
and the trend of gradu al d i f ferent iat ion o f  the mag
ma . In cumul ates of  the oph io l i tes  of  southern Que
bec , the order of  c rys tal l i z at ion appears to be o l i
vine (plus chromi te ) , o l ivine p l us c l inopyroxene , 
ol ivine plus chromi t e ,  ol ivine plus o r thopyroxene 
plus cl inopyroxene , or thopyroxene plus c l inopyroxene , 
cl inopyroxene plus p l ag ioclase plus hornb lende . The 
late appearanc e of plagioclase in the sequence in 
contras t w i th i t s  early appearance toge ther wi th o l i
vine in the Bay o f  I s lands c omp l ex of we s tern New
foundl and ( I rvine and Findl ay , 1 9 7 2 )  is notewor thy . 
The cumul ate succe s s ion described and i l lus trated by 
the compos ite s e c t ion from Asb es tos ( f ig . 9 )  is very 
s imil ar to the cumulate units  o f  the Vourinos oph io
l i te descr ibed and i l lus trated by Jackson et al . 
( 1 9 7 5 ) . Th is  ag rees we l l  wi th my earl ier sugges ti on 
( Lauren t ,  1 9 7 5 a ,  p .  4 5 0 )  that the ophiol i tes of  
s outh ern Quebec are c l o s e  to the Vour inos type , an 
idea tha t  I was recent ly ab le to conf i rm in v i s i t ing 
the Vour inos are a . 

Shal l ow intrus ives 

S tratig raph i c a l ly above the cumul ates comes a 
comp lex zone cons is ting o f  me tamorpho sed g abbro and 
diabase intruded by swarms of maf ic dikes and by s i 
l i c ic rocks . 

Me tag abb ros form sheet-l ike bodies ; they are 
mediumgrained w i th subophi tic and oph i t i c  tex ture s  
and recry s t a l l i zed i n  the greens chi s t  facies wi th the 
ac tino l i te-ch l o r i te-clinozois i te-calci te-alb i te
quar tz  as s emb l ag e . Al though re l ics o f  labradorite and 
aug i t i c  cl inopyroxene are not uncommon,  they do not 
contain iden t i f iab l e  o l ivine or or thopyroxene and 
are over lain by f ine-grained rocks of diabas ic tex
ture and ident ical greens ch i s t mineralogy . Thi s  com
plex cons t itu tes the roof of the phaneritic  rocks of 
our oph io l i tes . I t  is intruded firs tly by a large 
numb er of dikes of  aphani t i c  diabase bearing in pla
ces Cu-su l f ide mineral i zation,  and by a smal ler num
ber of dikes o f  keratophyre ; and then by s tocks and 
s i l l s  of quart z  diori te and quartzrich granophyric 
rocks ( p l ag i ogranites ) .  The s e  latter s i l ic i c  rocks 
intrude , engulf and as s imi late the me tag abbroic and , 
to a lesser ex tent , the meta di abas i c  rocks . At i t s  
contact with the me tagabb ro s , the b a s e  of the dia
bas i c  uni t  i s  locally recrys tal l i zed in the amph i
boi i te f ac i e s . Diabases grade upwards into p i l l owed 
f l ows of  metatho l e i i te . The relat ions described are 
we l l  displayed at the top of Mount Ham , near Ham Sud 
in the Thetford Mine s are a ,  and are i l lus trated here 
in f igur e 10 . Shallow intrus ives are up to 500 m 
th ick at Thetford Mines , and up to 700 m thick at Or
ford wh ere they have been des cribed by De ROmer 
( 1963) . 

The me tad i ab as e s  forming the floo r  of the ophio
l i tic  ex tru s ive sequence are interpreted as the f i r s t  
formed crus t .  I imagine that the non-cumulate gabbro 
shee ts were emp laced under the f i r s t  ex tru s ive rocks 
and caus ed the ir recrys tal l i zation through contact 
me tamorphism.  Later , after the f i r s t  formed crus t had 
thi ckened , a magma chamber enclosed be tween a roof o f  
g abbro , d i abase and vo lcanics and a f loor of man t l e  
perido t i te s l owly f i l led i t s e l f  with ul tramafic and 
maf ic cumu l a tes . I t  i s  l ikely that the late s i l ic i c  
intrus ions repres ent magma t i c  d i f ferentiates of  the 
cumulate succe s s i on as it appears to be the case for 
Vourinos ( Jackson et  al . ,  1 9 7 5 ) . And it i s  a l s o  l ike
ly that b r i t t l e  deformation and intrus ions of diabase 
dike swarms , later f o l l owed by s i l i c i c  d i f ferent iates 
are respons ib le for the main metamorph ism o f  the non
cumulate g abb ros . 

Extru s ives 

Th is  succe s s i on is  divided into two groups : 
a) a lower group cons i s t ing of p i l lowed me tabas a l t s  
wi th a sed iment ary cover of r e d  chert and arg i l l i te ,  
and b )  an upper g roup of Early Ordovician age ( ? ) 
cons i s t ing of me tab a s a l t i c  and me ta-andes i t i c  lavas , 
breccias , s i l iceous vo lcan i c l as tic tuf f s , and mud
s tones . The ag e of the lower vo l can ic group should 
indicate the t ime of format ion o f  the ophiol i tes  but 
is  unknown . However ,  s tratigraph ic relat ions and 
paleomagne t i sm sugge s t  a pre-Early Ordovi c i an age . 
Prel iminary pal eomagnet i c  tes ts have yielded an un
certain Camb r i an paleopole pos i t ion at 1 4 6 °  E - 1 3 °  N,  
reverse polarity ( S eguin , 1 9 7 6 ) . The total th ickne s s  
of the two vo l c anic groups and their s ed imentary 
cover is about 1000 to 1200 me ters . As the petrology 
and mag ne t i c  s ignatures of thes e  vo l c anic rocks have 
already been described in de t a i l s  ( Seguin and Lau
rent , 1 9 7 5 ; Laurent and Heber t ,  1 9 7 7 ) , only a summary 
of the ir fe atures wii l be g iven here . 

The lower group is composed of me tabasaltic  pil
low lava s and au to c l as tic  b recc ias o f  upper g reen
s chi s t  metamorphic  g rade derived f rom tho l e i i tes and 
o l ivine thol e i i tes . The two types of lava are inter
b edded and grade upwards into reddish , hema t i t i c  p i l
lows interf ingering and interbedded wi th hema t i te
rich rad io l ar i an arg i l l ite s eparat ing the lower vol
canic group from the upper group . S t ruc tures of p i l
lows and l ava tube s , the ir concentric textural zoning 
from a var i o l i t i c  marg in to the core , as we l l  as 
quenched ol ivine and p l ag i oc lase  mic rophenocrys ts  are 
locally we l l  preserved . The mineral a s s emb lag e  is 
ac t inol ite-chlori te-epido te-alb i te-quar t z-cal c i te 
(± magnet i t e ) . The firs t type of l ava i s  r i ch in 
chl o r i t e  and thol e i i t i c  in comp o s i tion ; the s econd 
type is rich in actinol ite and contains abundan t 
ch lorite pseudomorphs after o l ivine microphenoc ry s t s  
and pheno crys ts , i t s  compos i tion be ing o l ivine tho
l e i i t i c . Chemical data show that the o l ivine me ta
tho l e i i te i s  r e l a t ively h igh in Mg ,  Cr and Ni com
pared to the me tatho l e i i te , and that both types of 
l ava are very poor in K, Ti and P and me tasomatically 
enr iched in s i l ic a ,  soda and water ( tab le 2 ) . I t  was 
found that radial var iations of magnetic properties 
in these p i l l ow l avas are s imilar to the o ceanic H
type pil lows des cribed by Marshal l and Cox ( 1 9 7 1 ) , 
the intens i ty of the i r  remanent magnet i zat ion as 
wel l  as the i r  Koenigsb erger ratio decreas ing from 
the margin to the center . 
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Figure 10 . Cross section through the top of Mount Ham showing the relations between the upper gabbros and 
the lava of the ex trusive sequence of the Thetford Mines ophiolitic complex .  Geology according to detailed map
ping by R. Hebert (Ph . D .  thesis in preparation, Laval University) : ( 1 )  metagabbro , (2)  metadiabase,  ( 3 )  amphibo
lit ic metadiabase ,  (4) pillow lava, ( S )  aphanitic diabase dikes , (6)  quartz diorite and plag iogranites . 

Since radial variations of magne tic properties in 
pillows appear to be dependent upon the s ize and 
dis tribution of the NRM carriers , a function of the 
cool ing rate of lavas , similar patterns may indicate 
similar physical environments . Therefore, I have as
sumed that this group of lavas and sediments has for 
analogs the oceanic layers 1 and 2 of present day 
oceanic crust (Fox et al . ,  1973) . According to plate 
tectonic model s  showing ophiol ite as oceanic crust 
generated in oceanic ridges (Coleman and Irwin, 19 74), 
it can be postulated that the metabasalts of the lo
wer volcanic group were extruded along the rift val
ley of an active ridge of the past Proto-Atlantic 
ocean. Composition of the sedimentary cover of this 
group is typical of deep-sea conditions , which agrees 
well with an oceanic ridge environment . This , fea
tures of the ophiolites and other paleotectonic and 
paleogeographic characteristics of the Quebec Appa
lachians do not speak in favor of an origin in small 

marginal or inter-arc basins as proposed by Dewey 
(1974) and Kennedy (1975)  for the Newfoundl and ophio
l ites . 

The upper volcanic group is characterized by a 
suite of metabasal tic and meta-andesi tic vesicular 
pillowed l avas , pyroclastic agglomerates , polygenic 
breccias , acidic volcaniclastic tuffs and muds tones 
which were bui l t  and depos i ted on the oceanic crust 
or · ophiolite . Ophiol i tic rocks and red cherts are re
worked in breccias interbedded within the group . Cli
nopyroxene and more rarely plagioclase are locally 

well preserved al though the rocks have recrystallized 
in a regime of low pressure and moderate temperature , 
at the limits of the prehnite-pumpellyite - upper 
greenschist  facies , and are spilitized . They contain 
numerous veins of carbonates , quart z ,  chlorite, epi
dote, prehnite, pumpellyite , axinite and disseminated 
sulfides , mainly pyrite and pyrrho tite . The upper 
volcanic group may result from a volcanic activity in 
off-ridge oceanic environment ,  for example in an is
land-arc where brief periods of intens ive volcanism 
were followed by structural uplift and eros ion and 
then by subs idence and depos i tion of sediments .  Ana
logs are found today in young volcanic island arcs 
such as the Tonga is lands and the New Hebrides is
lands in the Pacific,  where Ewart and Bryan ( 1972 , 
1973) , and Mitchel l  and Warden (1971)  have described 
s imilar rock assemblages . 

The original chemical compos ition of the vol
canic rocks forming the cap of the ophiol ites has 
been significantly modified through metasomatic hy�ur 
thermal alterations and metamorphic recrystallization 
(Laurent and Hebert , 1977 ) . Hence , a direct compa
rison between the chemistry of fresh volcanic rocks 
from the oceans and the chemis try of the ophiol itic 
lavas may wel l  turn out to be meaning less . The same 
remark can be formulated for most of the phaneritic 
rocks . 
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TABLE 2 SELECTED ANALY SES FROM THE THETFORD MINES OPHIOLITIC COMPLEX 

A. Lower un i t  

Ave rage compos i t ion o f  harzb urgi te (norma l i zed to 100% w i thout H2 0 ;  see Laurent , 1 9 7 5b ) : H 

Wt . % 

S i 02 4 4 . 2 2  CaO 0 . 53 Mode : 

Al 2 o3 0 . 6 5 Na 2o 0 . 1 3 OL 85 % ;  OPX 1 3 . 5 % ;  CPX ( in OPX ) 1 . 0 % ;  SP 0 . 5 % .  

FeO 9 . 0 6  K2 0 0 . 0 5 Norm : 

MgO 4 4 . 5 7  NiO 0 . 2 3 Ol ivine Fo 9 0  7 4 . 9 5 % ;  Orthopyroxene En9 0  2 1 . 84 % ;  

MnO 0 . 1 4 cr 2 o3 0 . 4 2 C l inopyroxene d i o p s i de 1 .  8 0 % ; Chr om i an s p inel 0 . 5 % .  

Garne t-b earing amph ib o l i t e ( in Wt . % ) : A 

S i o2 4 2 . 5 2 FeO 8 . 3 5 Na2 o 
-

1 . 0 5 H2 0 0 . 0 2 

Tio2 1 . 1 2 Mg O 1 1 . 1 5 K2o 0 . 1 9 To tal 9 9 . 4 7 

Al 2 o3 1 6 . 3 3 MnO 0 . 1 9 P 2o5 0 . 1 1 Cr ( ppm) 5 6 3  

Fe 2o3 2 . 65 CaO 1 3 . 2 2 H2o+ 2 . 5 0  Ni ( ppm) 2 0 8  

B .  Upper Uni t  

Extru s ive s Sha l l ow In t rus ives Cumu l ates 

In Wt . % 1 2 3 4 5 6 7 8 9 1 0  

S i 02 5 1 . 0 8 5 3 . 35 4 8 . 7 5 4 8 . 0 7  7 1 . 4 5 50 . 9 3 4 7 . 9 7  5 0 . 1 1 4 3 . 0 5 3 4 . 3 3  

T i 02 0 . 0 7 1 . 0 9 2 . 0 6  0 . 1 5 0 . 1 8 0 . 0 3 0 . 0 4 0 . 2 9 0 . 0 2  0 . 0 0 

Al 2o3 1 1 . 6 0 1 4 . 50 1 5 . 9 8 1 7 . 5 7 1 5 . 6 6 1 2 . 9 4 1 1 . 2 1 1 . 6 0 1 . 2 3 1 . 04 

Fe 2 o3 1 . 9 1  3 . 84 4 . 5 2 2 . 4 8  0 . 6 0 1 . 3 2 1 . 5 4 2 . 3 6 6 . 2 4 5 . 3 8  

FeO 6 . 7 0 6 . 86 7 .  7 7  6 . 0 5  0 . 9 5  4 . 6 1 4 . 8 1 3 . 5 2  3 . 3 6  3 . 0 3 

MgO 1 3 . 9 8 5 . 4 9  5 . 9 1  9 . 9 4  0 . 8 3 1 5 . 0 8 1 6 . 2 7 24 . 1 2 2 9 . 8 6 40 . 0 4 

MnO 0 . 1 5 0 . 1 7 0 . 2 1 0 . 1 4 0 . 0 3 0 . 1 2 0 . 1 3 0 . 1 1 0 . 1 5 0 . 1 3 

CaO 6 . 9 1  4 . 2 3 7 . 2 7 6 . 5 5  1 . 2 9 1 0 . 3 9 1 3 . 1 8 1 4 . 84 6 . 9 5  0 . 0 0 

Na 2o 2 . 2 1  5 . 1 2 3 . 6 0 2 . 9 9  3 . 3 9  1 . 9 2 0 . 3 0  0 . 2 0 0 . 0 9 0 . 0 2 

K2 o 0 . 20 0 . 1 6 0 . 5 8 0 . 9 6 3 . 7 8 0 . 8 4 0 . 0 9 0 . 0 1 0 . 0 1  0 . 0 0 

P 2 os 0 . 0 2 0 . 0 7  0 . 0 8 0 . 00 0 . 2 3 0 . 0 1 0 . 0 0 0 . 0 1 0 . 0 1  0 . 0 0 

H o
+ 

2 3 . 9 1  3 . 8 2 2 . 5 4 4 . 1 7 1 . 3 7  2 . 1 2 3 . 8 6  2 . 8 2 8 . 6 3 1 3 . 9 1  

-
H20 0 . 3 0 0 . 20 0 . 3 5  0 . 2 6 0 . 1 0 0 . 1 3 0 . 0 9 0 . 1 8 0 . 0 5  0 . 5 2 

c o2 0 . 4 2  0 . 6 3  nd 0 . 3 2  0 . 0 6  nd nd nd nd nd 

To tal 9 9 . 4 6 9 9 . 5 3 9 9 . 6 2  9 9 . 6 5 9 9 . 9 2 1 0 0 . 4 4 9 9 . 4 9 100 . 1 7 9 9 . 6 5 9 8 . 4 0 

Cr ( in ppm) 1 0 6 1  1 1 9  8 0  < 200 nd 4 1 4  6 8 3  2 3 0 0  3 3 0 0  cr 2o3 ( % )  1 .  2 0  

Ni ( in ppm )  2 7 7  2 8  5 0 2 5  nd 1 80 20 3  3 0 6  6 5 0  1 9 2 0  

Key t o  numbers : 

1 ,  Ol ivin� me t a tho l e i i te ( average of 5 analys e s ) ; 2 ,  Me tatho l e i i te ( average of 7 ana lys e s ) ; 3 ,  M e t ad i ab as e ; 

4 ,  Me tag abb ro ; 5 ,  Quar tz d i o r i t e ; 6 ,  Hornb l ende g abbro ; 7 ,  Gabb ro ; 8 ,  C l inopy roxen i t e ; 9 ,  Ol iv ine pyroxeni te ; 
10 , C h romi te-b ear ing duni te . 
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F 

O m an 
d olerites 

Figure 1 1 .  MFA diagram. See table 2 for key to 
numbers and letters . 

Our chemical data ( table 2 ,  fig . 1 1 )  indicate 
that the ophiolitic suite is chemically characterized 
by high Mg and very low K,  Ti and P contents , which 
is similar to the chemical features of the Bay of 
Is lands and Baie Verte ophiolites of Newfoundland . 
As shown by the works of Irvine and Findlay (1972)  
and of Norman and Strong ( 1975) the parental magma 
in both cases was a low-Ti and low-K tholeiitic magma 
of the type common to the mid-ocean ridges . 

OPHIOLITE EMPLACEMENT 

The Caldwel l  Group ends the pre-Ordovician Notre 
Dame sequence.  It cons ists of great thicknesses of 
metagreywackes , s lates and pillowed metabasalts . The 
deposition of this group may have marked the begin
ning of subduction at the northwestern margin of the 
Proto-Atlantic ocean . To the northeas t  of Thetford 
Mines the Caldwel l  rocks are overturned to the south
eas t and form the lower flank of a large recumbent 
fold which has originally s lid in a southeasterly di
rec tion ( S t .  Julien and Hubert, 1975 , fig . 1 and 3 ) . 
This movement directed towards the oceanic basin is 
believed to have been caused by the subs idence of 
the continental margin of southeastern Canada . Hence,  
as  recorded by the geology of Notre Dame zone , em
placement o f  the ophiolites was preceded by subsi
dence of the continental marg in, by basaltic sub
marine volcanism and by folding . Intrusive and ex
trus ive calc-alkal ine rocks of Late Cambrian and 
Early Ordovician age are absent from the Canadian 
continental margin; in contras t ,  Early Ordovician 
granitic intrusives and upper calc-alkaline volcanics 
are present in ophiolitic complexes .  This suggests 
that the subduction zone dipped oceanwards at the 
t ime o f  the Burl ingtonian orogeny . Kennedy _ ( l975)  in 
Newfoundland has ascribed this orogeny to the clo
s ing of a marginal basin. I prefer to postulate that 
the Canadian continental margin during the accumu
lation of the Caldwell g reywackes and submarine ba
salts was part of a downgoing slab which reached the 

vicinity of the subduction zone . Deformation and 
metamorphism of the pre-Ordovician Notre Dame rocks 
are understood as resulting from the attempted sub
duction of the buoyant continental margin. According 
to Coleman (19 7 1 ) , Dewey and Bird (19 7 1 ) , and others 
the model involves obduction of ophiolite sheets 
from the leading edge of the overriding oceanic 
plate . Is land arcs at various s tages of evolution 
may be bui l t  on this leading edge, the association 
of oceanic crust and is land arc sequences being ac
tually similar to the s tratigraphic suite of the 
Northern Appalachian ophiol ites . Elliott (1976)  has 
shown that ophiolite thrust sheets are mechanically 
and geometrically alike thrust s l ices made of sedi
ment s , and that they must be emplaced onto continen
tal margins by gravi tational downsurface slope stres
ses . This implies that gravitational forces are do
minant and that a paleos lope is required to produce 
ophiolite obduc tion ,  while continent-cont inent and 
continent- island arc col lis ions , or other compres
s ive processes , are not .  

Following the Burl ingtonian orogeny , the sub
duction zone may have undergone a "flip" in direction 
and dipped towards the Canadian continental margin 
at the t ime of the Taconian orogeny (St . Julien and 
Hubert , 1975 ) , and o f  the building of the late Lower 
Ordovician and Middle Ordovician island arc volcanic 
sequences of southern Quebec and northern Maine 
(Hynes ,  1976) . 
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THE BALTIMORE COMP LE X ,  MARYLAND , PENNSYLVAN IA,  AND VIRGINIA 

Benj amin A.  Morgan 
9 5 1  Nat ional Cent e r ,  U . S .  G e o l o g i c a l  Survey , Re ston ,  Virginia 2 2 0 9 2  

ABSTRACT 

The a s s emb l age of mafic and ul trama fic rocks , 
herein cal led the Bal t imore Compl ex (not to be con 
fused with Bal t imore Gne i s s  of Precambr ian age and in 
the same area) , is one o f  the l argest a s s o c i at ions o f  
such rocks i n  the Appal achians wit hin the Un ited 
Stat e s . Recent work on the comp l ex has l ed the 
author and others to conclude that these ro cks are 
part of an ophiol i t e  s equenc e that was disrupted 
during emplacement and sub s e quent l y  s evere l y  de formed 
and met amorpho sed . In terms of an ophio l i te strat i g 
raphy , t h e  comp l ex includes t h e  fol lowing un it s :  
(A) Serpent inized perido t i t e  including dunite with 

pediform chromitite and pyroxenite . (B)  Gabbro , 
commonl y nor i t e ,  cont aining ult ramafic cumu lus l ayers 
of " l herzo l i te" and "web s t erit e "  and at many p l ac e s  
met amorpho s ed to a n  epido t e - amphibo l it e  containing 
s erpent in ite l ayers . (C ) Quart z gabbro and diorite 
cont aining hornb l ende and rel ict pyroxene . Un i t s  A ,  
B ,  and C can al l be con s i dered as part s o f  a cumulus 
sequence characteri z ed by the d i s appearance o f  ol i 
vine before the crystal l i zat ion o f  cumulus p l agio 
clase and c l inopyroxene and by the appearance o f  
postcumul us hornbl ende i n  t h e  more di fferent iated 
rocks . (D) Vo l c anic rocks which include an a s s o c i a 
t ion o f  pil l ow basal t ,  kerat ophyre , and minor 
intrus ions into the under lying gabbro in the form o f  
p l agiogranite dike l et s . She e t ed dike comp l exes have 
not been des cribed in the se rocks . The Ba l t imore 
Compl ex wa s thrust we stward with a broken format ion 
o f  diami c t i t e  and boulder gne i s s ,  memb ers of the 
Wi s s ahickon Format ion . The ge o l ogic evidence 
sugge s t s  that the min imum age for emp l ac ement was 
Ordovician ,  but confl i c t ing dat a from U/Pb z ircon 
age s suggest that the t ime of emp lacement could have 
been as o l d  as Early Cambrian or l atest Pre cambrian . 

INTRODUCT I ON 

The Bal t imore Comp l ex extends 1 5 0  km southeast 
from southea stern Pennsyl vania acro s s  Maryl and to 
northern Virginia and c onst i tut e s  one o f  the l argest 
assemb l ages of mafic and ultramafic rocks in the 
Appal ach i an system within the United Stat e s . Plate I I  
(in po cket ) is a general i z ed geo logic map o f  t h i s  
comp l e x ,  various parts o f  whi ch have been studied 
for many years . The l arge gabbro . mas s unde rl ying 
much of the c ity of Bal t imore was the subj ect o f  
class ic papers i n  petrol ogy pub l i shed near l y  a 
century ago (Wi l l iams , 1 8 8 6 ,  1 8 9 0 ) . The ul tramafic 
rocks al ong the Pennsylvania -Maryl and State l ine are 
wel l known for their chromit e  depos its , wh i ch were 
mined during much of the 1 9th century ( Pearre and 
Heyl , 1 96 0 ) . Throughout the history o f  the inve s t i 
gat ion of these rocks , the empha s i s  has usual l y  been 
on spe c i fic unit s or districts within : the compl ex .  
�Modi ficat ion o f  the ophio l ite concept in the past 
decade has l ed to a more integrat ed approach for the 
:study of peridot ite- gabbro -vol canic compl exes . The 
'Balt imore Compl ex is now being restud i ed and reint er
preted (Crowl ey, 1 97 6 ;  th i s  paper) as an ophio l i t e ,  
albeit one that has been s evere l y  batt ered by the 
ordeal of emp l acement and subsequent de format ion and 
�et amorEh ism in the Appal achian orogen . 

The general ge o l o gy of the Maryl and Piedmont 
has b e en summar i z ed in the many count y report s and 
map s pub l i shed by the Maryl and and U . S .  G eo l o gical 
Surveys . By count y ,  starting in the northeast , 
these include : C e c i l  County ( Bas com , 1 9 02 ; M . W .  
Higgins , unpub . dat a ,  1 9 7 7 ) ; Harfo rd County 
(Southwic k , 1 96 9 ; Southwick and Owens , 1 9 6 8 ) ; 
Ba l t imore County and C ity ( Knopf and Jonas , 1 9 2 5 , 
1 9 2 9 ; Crow l e y ,  1 9 7 6 ) ; Howard County ( C l o o s  and 
Bro ede l ,  1 94 0) ; Montgomery County (C l o o s  and Cooke , 
1 95 3 ;  Hop son , 1 964 ; Fro e l ich , 1 9 7 5 ) ; and in northern 
Virginia Fairfax County (A . A .  Drake , unpub . data , 
1 9 7 7 ) . An out standing r eport in this series wh ich 
summar i z e s  much of the regional geology i s  the 
st imul at ing paper by C . A .  Hop son ( 1 9 6 4 )  on the 
crys t a l l ine rocks o f  Howard and Mont gomery count ies . 
Hop son has pre s ented a coherent synthe s i s  o f  the 
Maryl and P i edmont and provi des a logical starting 
p l ace for a cons ideration of the geol ogic s e t t ing 
for the Bal t imore Comp l ex . Fo l l owing many others , 
Hop s on ' s  regional strat igraphy includes a basement 
gne i s s  (the Bal t imore Gnei s s )  having an age in exc e s s  
o f  1 b i l l ion years (Wether i l l  and others , 1 96 8 )  
unconformabl y  over l ain b y  the G l enarm Group ( Knopf 
and Jonas , 1 9 2 3 ;  Southwick and F i sher , 1 9 6 7 ; Higgins , 
1 9 7 2 ) . The lowermost format ion in the group is a 
she l f- type sequence of quart z i te (Setters Format ion) , 
fo l l owed by a carbonate sequence (Cockeysv i l l e  
Marb l e )  and an arg i l l ite (the l ower p art o f  the 
Wissahickon Formation) . Upward in the sect ion , the 
G l enarm Group includes a sequence depo s ited dur ing 
tectonical ly ac t ive cond it ions and con s i s t ing of 
graywacke , boul der gne i s s  and diamict i t e , and vol 
canic rocks (the upper part o f  the Wis sahickon and 
Jame s Run Format ions ) .  Hop son care ful ly descr ibed 
the chao t i c  nature of boulder gne i s s  or d i ami ctite 
units o f  the upper part o f  the Wi s s ahickon and he 
correlated s everal un i t s  (the so -c a l l ed "Sykesvi l l e" 
and " Laure l " )  of the Wis sahickon Format ion . The se 
units were thought to de fine a maj or structure , the 
Bal t imore -Washington ant i c l inor ium in the Maryl and 
Piedmont . Th i s  structure ext ends from Washington , 
D . C . , north and east to the Sus quehanna River in 
northern Maryl and . Hopson used this st rat i graphy 
and structure to work out a broad regional corre la
t ion showing a deep trough fi l l ed with G l enarm sedi
ment s , the thinner she l f  sediments b e ing fac i e s  
equiva l ents o f  format ions to the we s t . Inherent in 
his treatment of the regional ge ol ogy is the princip l e  
of s ed iment ary fac i e s  corre lations . Spat ial relat ion 
ship s o f  a l l  unit s ,  wh i l e  s i gn i fi cant l y  short ened by 
l ater deformat ion , are pre s erved more or l e s s  intact 
according to the ir original s i t e  of depos it ion . 
Hop son ' s  interpretations have found wide acceptanc e ,  
and the State geo logic map o f  Maryl and (Cl eaves and 
others , 1 9 6 8 )  pr esents his synthe s i s  in a strat i 
graphic and sedimentary fac i e s  s e c t ion . Regional 
deformat ion , metamorphism,  and upward mob il i zation of 
the bas ement to form mant l ed gne i s s  dome s a l ong the 
crest o f  the Ba l t imore-Washington ant i c l inorium 
comp l et e  this general view of the Maryland Piedmont . 
The peridotite and gabbroi c  rocks of the Bal t imore 
Comp l ex were deformed and met amorphosed and were 
thought to have intruded the Wi s s ahi ckon Format ion 
late in the history of the trough sedimentation but 
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genera l l y  b e fore the onset o f  t ectoni sm . 
Since the pub l icat ion of Hops on ' s  studies in 

1 964 , Ceci l ,  Harford , Mont gomery , Bal t imore , and 
Fairfax Counties have b e en remapped , and aeromagnetic 
surv eys of the ent ire region have b e en comp l e t ed . 
The new dat a have re sul ted in a con s i derab l e  mo d i f i 
cat ion o f  Hopson ' s  synthe s i s ,  a l though unan imity 
among later workers by no means has been achi eved . 
L en s e s  o f  d i amict i t e  within the W i s sahi ckon F o rmat ion 
were found to be much more wide l y  d i s tributed than 
Hopson in 1 9 64 b e l i eved them to b e ,  and it is diffi 
cul t  now to us e the pat t ern of such l en s e s  to d efine 
a un i que st rat igraphic hori zon to out l in e  the 
Ba l t imore- Wa shington ant i c l inor ium . Diamic t i t e  is 
wide spread in northern Fairfax Count y ,  Virgin i a ,  
and i n  C ec i l  and Harford Count ies , Maryl and . Much 
of the Wi s s ahi ckon cons i s t s  of l en s e s  of incoherent 
unst rat ified mat erial o r  "broken format ion . "  
Excavat ions for the Washington subway system ind icat e 
that many ar eas thought to be underlain by plutonic 
rocks are in fact Wi s s ahickon diami ctite cont aining 
l arge fl oat ing b l o cks or raft s of igneous - l ook ing 
rock without any orig inal cont act s  pres erved 
(A . A .  Drake , oral communicat ion , 1 9 7 6 ) . The author 
is l ed to conc lude that the Wi s s ahi ckon is a t e rrane 
that may be b l ocked into l arge segment s o f  coherent 
strat a  and broken strat a ,  but that much of it may 
have l i t t l e  internal st rat i graphi c  order . It i s  
within t h i s  terrane that t h e  Ba l t imore Comp l ex i s  
empl ac ed . Th e d i s t ribut ion , petro l ogy , and s t ructure 
o f  each of the maj o r  unit s o f  the comp l ex w i l l  be 
described in the fo l l owing paragraphs . 

PETROLOGY 

In t erms of oph io l i te "strat igraphy , "  the 
Balt imore Comp l e x  cons i s t s  o f  s erpent ini z ed perido
tite and chrom i t it e ,  several b e l t s  of gabbro , quart z 
gabbro and diori t e ,  and metavol can i c  rocks inc lud ing 
basal t i c  p i l low l ava and keratophyre . P l agiogranite 
dikes and anastomo s ing d i k e l e t s  are common in parts 
o f  the comp l e x ,  but sheeted dike swarms have not 
been described . 

U l tramafic Rocks 

U l trama fic rocks o f  the Bal t imore Comp l ex may 
be divided into two groups : tho s e  con s t i tut ing a 
s erpent inite b e l t  which con s i s t s  of a l t ered dunite 
assoc i at ed with podi form chromit i t e  as we l l  as 
pyroxenite , and tho s e  that are part i a l l y  s erpent in
i z ed l ayers o f  cumul at e o l ivine and pyroxene within 
the gabbro part of the compl ex . It should be pointed 
out , that mo s t  map s o f  the comp l ex ,  especial l y  in 
Bal t imore County (Knop f and Jonas , 1 9 2 5 ;  Crowl e y ,  
1 9 76) d o  no t d i ffe rentiate between the s e  very d i ffer
ent rocks . Strat igraphic corre l at ions between 
d i s s imi l ar ul tramafic rocks most certainly have l ed to 
errors in the interpretat ions o f  the structure . 
Serpent inized ul trama fic l ayer s within the gabbro 
are no t as soc iated with podi form chromi t i t e  and many 
pre serve cumulate textures . 

Serpent inized ultrama fic roc k s  derived from 
dunite and pyroxeni t e  form a cont inuous uni t  at the 
structural base of a gabbro mas s  for about 30 krn from 
the northeast end o f  the complex,  across tho, 
Sus quehanna River , to Scarboro , Maryland , in Harford 
County (Plate I_!) . Farther to the south , the s e  rocks 
are not in contact with the main ma s s  of gabbro , but 
form a l ong narrow s eptum 1 2  krn l ong , s triking away 
from the gabbro and surrounded by diamictite of the 
Wissahickon Format ion . St i l l  farther to the south , 
phys ical continuity in the serpent inite belt is lost , 

and ul trama fic rock s form smal l i s o l at ed l en s e s  and 
pods in the Wis sahickon Format ion . The more impor

tant of the s e  det ached s e rpent in ites are at 
Jarrettsvi l l e ,  So l d i ers D e l i ght , Bare Hi l l s , 
Hunt ing H i l l ,  and Gaithersburg ; the Jarrettsvi l l e ,  
So l d i ers De l i ght , and Bare Hi l l s  mas s es contain 
podi form chrom i t i t e  depo s i t s . The northeas t ern 
part o f  the b e l t  near the Susquehanna River i s  
referred to as t h e  State Line area (Mc Kague , 1 964 ; 
Lapham and McKague , 1 964 ; Pearre and Heyl e ,  1 9 6 0 )  
and i s  t h e  s i t e  o f  many chromite depo s i t s  having a 
l ong history of exp l o itation during the 1 9th 
c entury . The pod i form depo s i t  forming the Woo ds 
mine produc ed approximat e l y  96 , 0 0 0  tons of ore be
tween 1 8 2 8  and 1 8 8 0  and i s  the l arge s t  chromite 
depo s i t ever mined in the United States . 

Dun i t e  i s  the parent rock for much of the s er
pent inite belt in the State Line area as wel l as in 
i s o l ated ul tramafic b l ocks inc luding the northern 
part of the So l d i ers D e l ight mas s ,  and a l so the 
b l o ck s  at Bare Hi l l s  and Hunt ing Hi l l . Desp i t e  
ext ens ive s erpent in i z at ion o f  dun it e ,  much res idual 
o l ivine and accesso ry chromite surv ive and const itute 
ab out 5 to 15 vo lume percent of mo s t  hand spec imens 
o f  s erpent ini t e . No bas t i t e  p s eudomorphs after orth� 
pyroxene have been report ed and the author has s e en 
no other rel ict pha s e  in the a l t ered dunites of 
the Stat e  Line area . Chemical ana lyses of the s e  
rocks ( s e e  Tab l e  1 )  indi cate a uni form compo s i t ion 
and a high degree o f  s erpent in i z at ion . 

Pyroxen i t e s , mo st o ft en web s t er i tes , but occa
s i onal ly enstat ol ite , are pres ent as a nearly con
t i nuous l ayer between dun i t e  and gabbro in the State 
Line area , and are prominant in many parts o f  the 
Laur e l  B e l t  and in the southern part o f  the So l d i ers 
D e l i ght ma s s . The s e  rocks are derived from cumulate 
orthopyroxene with post cumulate orthopyro xene and 
c l inopyroxene .  Ro cks with r e l ict o l ivine and with 
post- cumulate p l agioc l a s e  have been described both 
from the Laur e l  Be l t , and in the State Line area , 
but the s e  rocks are r e l at ively uncommon . Chemical 
ana lyses o f  repres entat ive pyroxenites are given in 
Tab l e  1 .  

Composit ions o f  relict o l ivine have been reported 
by Pearre and Heyl ( 1 960) , Mc Kague ( 1 964) , and by 
Southwi ck ( 1 9 7 0 ) . Ol ivine from chromitite and 
serpent ini t e  near the Sus quehanna River is highly 
forsteri t i c  (McKague , 1 964 ) , havi ng Po of 94 to 97 
mo l e  percent . Although this Po cont ent is higher 
than that for o l ivine in mo st alpine- type comp l exes 
(Green , 1 964) , it is typical of o l ivine composit ions 
coexist ing with chromi te in podi fo rm depo s i t s  
( I rv ine , 1 96 7 ) . In Harford County, Southwick ( 1 970)  
reported a more iron -rich o l ivine having Fo o f  86 to 
92 percent . Bo th Mc Kague and Southwick used X-ray 
and l i ght opt i cs for comp o s i t ion det erminat ions . 
Average grain s i z e  of o l ivine appears to be about 
3 . 6  mm, maximum l ength , a l though much l arger grains 
infrequent l y  occur (McKague , 1 96 4 ) . The author has 
seen o l ivine grains S O  mm l ong in dri l l  core from 
the Woods mine . Extens ive deformat ion and s erpent in i 
zation have contribut ed to a decrease i n  t h e  average 
grain s i z e . 

Very l i t t l e  data on the composit ion of pyroxenes 
from pyroxenites are avai l ab l e . Southwick ( 1 970) has 
reported the X- ray and opt ic properties of s even 
orthopyroxenes from pyroxenites from Harford County . 
En cont ent s of orthopyroxene ranges from 74 to 83 

percent ; some s amp l e s  show zoning with a core o f  
E n  8 3  and a rim o f  E n  78 . Herz (1951 ) reported a 



BA LTI MO R E  C O M P LEX - MO R GAN 

TABLE ONE - SE LECTED CHEM ICAL ANALYSE S FROM THE BALTIMORE COMPLE X 

Ro ck Typ e Serpent in i z ed Dun i t e  Pyroxeni t e  
Samp l e  No . 1 2 3 4 5 6 7 8 

Si0 2 4 0 . 06 4 0 . 7  4 0 . 0 0  43 . 8 7 5 3 . 2 1 5 5 . 3  4 8 . 9 1 44 . 76 
Al 20 3 1 . 3 7 0 . 8 0 1 . 5 0 1 . 64 1 .  94 2 . 7  8 . 8 1 1 8 . 8 2 
Fe 203 3 . 0 2 7 . 8  4 . 90 8 . 94 1 . 4 4 1 . 0  1 . 04 2 . 1 9 
FeO 3 . 4 3 1 . 2  2 . 5 0 2 . 60 7 . 9 2 1 1 . 2  9 . 5 2 4 . 7 3 
MgO 3 9 . 0 2 3 6 . 4  37 . 6 0 2 7 . 3 2 2 0 . 7 8 24 . 8  1 5 . 1 9 1 1 . 3 2 
CaO - - - 0 . 09 0 . 3 1 6 . 2 9 1 3 . 1 2 2 . 8  1 4 . 6 9 1 4 . 5 8 
Na20 - - - 0 . 0 3 0 . 1 0 } o .  s o  

0 . 1 1 0 . 2 0 0 . 64 0 . 8 9 
K20 - - - n i l  n i l  0 . 0 7 0 . 3 2 0 . 1 0 0 . 1 1 
H2o+ 1 2 . 1 0 1 1 . 2  1 2 . 2 0 } 8 .  n 

0 . 8 7 0 . 36 0 . 5 9 2 . 5 3 
H2o -

- - - 0 . 74 0 . 4 7 0 . 1 4 0 . 0 7 - - - - - -
Ti02 - - - 0 . 0 2 0 . 0 6 0 . 1 2 0 . 2 6 0 . 26 0 . 3 7 0 . 1 3 
P205 - - - 0 . 0 1 0 . 0 2 - - - t r  n i l  tr - - -
MnO 0 . 0 9 0 . 0 8 0 . 1 2 0 . 1 9 0 . 2 2 0 . 1 5 0 . 1 6 0 . 1 5 
C02 - - - 0 . 0 1 0 . 1 1 - - - 0 . 1 0 0 . 0 9 - - - - - -
Cr 20 3 0 . 2 0 - - - - - - 0 . 44 0 . 2 0 - - - 0 . 1 5 0 . 0 8 
NiO 0 .  7 1  - - - - - - - - - 0 . 0 3 - - - - - - - - -

Sum 1 0 0 . 0 0 99 . 1  99 . 8 9 1 0 0 . 6 3 1 0 0 . 4 1 9 9 . 3  1 0 0 . 1 7 1 0 0 . 2 9 

Rock Type Gabbro (cont . )  Diorite Vol canic Ro cks 
Samp l e  No . 1 2  1 3  1 4  1 5  1 6  1 7  1 8  1 9  

Si0 2 45 . 4 1 4 8 . 0 2 5 0 . 1  5 5 . 1 6 5 9 . 7  4 9 . 7  5 3 . 4  6 1 . 6  
Al 203 23 . 05 2 0 . 0 1  1 7 . 0  1 7 . 5 1 1 5 . 0  1 5 . 6  1 5 . 6  1 5 . 0  
Fe 203 1 . 5 2 1 . 1 3 0 . 3 3 2 . 6 2 2 . 3  2 . 7  3 . 1  4 . 2  
FeO 8 . 35 7 . 29 6 . 7  5 . 8 3 7 . 0  6 . 5  7 . 8  6 . 0  
MgO 5 . 8 9 1 0 . 05 1 1 . 1  4 . 35 2 . 6  8 . 9  5 . 1  2 . 0  
CaO 1 2 . 5 2 1 1 . 4 2 1 2 . 5  8 . 5 0 6 . 7  1 0 . 4  7 . 8  4 . 0  
Na20 0 . 76 0 . 5 1 0 . 9 3 1 . 8 3 2 . 4  3 . 0  4 . 4  4 . 8  
K20 0 . 32 0 . 0 5 0 . 1 2 1 . 0 8 0 . 64 0 . 2 9 0 . 32 0 . 1 2 
H2o+ 1 . 5 2 0 . 5 7 0 . 33 2 . 0 1 1 . 2  0 . 8 9 0 . 7 8 0 . 5 3 
H2o-

- - - 0 . 1 0 0 . 1 2 0 . 1 8 0 . 0 7 0 . 3 1 0 . 0 2 0 . 08 
Ti02 0 . 6 2 0 . 2 3 0 . 2 7 0 . 64 1 . 7  0 . 7 3 0 . 7 3 0 . 9 5 
P 2o5 0 . 1 3  t r  0 . 0 7 0 . 2 1 0 . 5 3 0 . 1 2 0 . 04 0 . 2 7 
MnO 0 . 0 9 0 . 1 8 0 . 1 5 0 . 1 5 0 . 2 4 0 . 1 0 0 . 0 3 0 . 1 8 
C02 - - - 0 . 2 5 0 . 1 5 n i l  n i l  0 . 0 5 0 . 05 0 . 0 9 
Cr20 3 - - - 0 . 0 3 - - - tr - - - - - - - - - - - -
NiO - - - 0 . 0 1 - - - 0 . 0 1 - - - - - - - - - - - -
Sum 1 0 0 . 1 8 99 . 8 5  9 9 . 9  1 00 . 08 1 0 0 . 1  9 9 . 3  9 9 . 2  9 9 . 8  

DATA SOURCES FOR TABLE I 

1 .  Serpent ini t e ;  Broad Brook , Harfo rd County ; Leonard , 1 9 01 ; analys i s  V I , p .  1 64 

G abbro 
9 1 0  1 1  

4 3 . 6 9 4 8 . 3  44 . 08 
1 4 . 7 0 1 8 . 7  2 0 . 0 1 

5 . 5 9 1 . 3  4 . 2 2 
1 1 . 6 3 3 . 7  8 . 6 1 

7 . 4 2 9 . 4  5 . 0 1 
9 . 34 1 6 . 6  1 1 . 6 8 
1 . 94 0 . 6 2 1 .  24 
0 . 3 2 0 . 0 6 0 . 1 5 
1 . 7 1 0 . 7 3 1 . 9 0 
0 . 1 1  0 . 1 0 0 . 1 1  
3 . 2 6 0 . 1 7 2 . 2 4 
tr 0 . 0 2 0 . 5 2 
0 . 2 2 0 . 1 0 0 . 2 8 
0 . 1 9 0 . 1 6 - - -
- - - - - - - - -

- - - - - - 0 . 0 1 
1 0 0 . 1 2 1 0 0 . 0  1 0 0 . 06 

P l agiogran i t e  
2 0  2 1  2 2  

7 5 . 6 7 76 . 3 6 7 7 . 94 
1 2 . 28 1 7 . 1 4 1 1 . 75 

0 . 8 5 } 1 . 4 2 1 . 6 5 
2 . 5 9 0 . 9 3 
0 . 3 7 n i l  0 . 2 5 
2 . 6 5  3 . 65 1 .  28 
3 . 6 3 1 . 8 9 4 . 66 
0 . 7 8 0 . 0 7 0 . 7 6 
0 . 2 9 - - - 0 . 39 
0 . 1 2  - - - 0 . 0 7 
0 . 2 9 0 . 1 1 0 . 1 3 
0 . 05 - - - 0 . 0 3 
0 . 1 8 0 . 0 2 0 . 0 5 
tr - - - tr 
- - - - - - - - -
- - - - - - - - -

99 . 7 5 1 0 0 . 6 6 99 . 8 9 
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2 .  S erpent ini t e ;  Oct oraro Creek , Cec i l  Count y ;  Higgins , 1 9 7 5 ; unpub . ana l ys i s ,  Samp l e  S- 1 - 4  (USGS chem i c a l  
analys is W- 1 8 2 7 7 3 ) . 

3 .  Serpent ini t e ; Hunt ing Hi l l  quarry , Mont gomery Count y ;  Larabee , 1 96 9 ; Tab l e  1 ,  no . 3 ,  p .  1 0 .  
4 .  Serpent ini zed lherzo l i t e ;  Johnnycake Road , Ba l t imore County ; Wi l l i ams , 1 8 9 5 ; WS4 , p .  6 7 4 . 
5 .  Web s t erit e ;  Oakwood ,  Ce c i l  Count y ;  Leonard , 1 9 0 1 ; an al ys i s  V ,  p .  1 5 9 .  
6 .  Bron z i t e  PY!Oxen it e ;  Sus quehanna River , C e c i l  Coun t y ;  Southwi c k ,  1 9 7 0 ;  Tab l e  5 ,  no . 1 s amp l e  WD - 2 ,  p . 4 1 2 .  
7 .  F e l dspath i c  pyroxeni t e ;  Orange Grove , Balt imore Coun t y ;  Wi l l i ams , 1 8 95 ; samp l e  W- 6 9 . 
8 .  Gabbro ; Wetheredv i l l e ,  Ba l t imore Coun t y ;  Wi l l i ams , 1 8 9 5 ;  s amp l e  W- 1 7 0 .  
9 .  �thene- augit e gabbro ; Patap s co River , Ba l t imo re County; Hopson , 1 964 , Tab l e  34 , no . 1 ,  p .  1 4 6  
1 0 .  Metagabbro ; Maryl and Hous e ,  Harford Coun t y ;  Southwick , 1 9 6 9 ; Tab l e  1 6 ,  no . 3 ,  p .  6 2 . 
1 1 . Amphibo l e  gabbro ;  Ris ing Sun , C e c i l  County ; Leonard , 1 9 0 1 ; Ana l ys is I I I ,  p .  146 . 
1 2 .  Gabbro ; Dub l in ,  Harford Count y ;  Ins l e y ,  1 9 2 8 . 
1 3 .  Nori t e ; Oak Grove , Cec i l  Count y ;  Leonard , 1 9 0 1 ; Ana l y s i s  I V ,  p .  1 5 1 . 
14 . �thene gabbro ; Susquehanna Rive r ,  Cec i l  County; Southwick , 1 9 7 0 ; Tab l e  5 ,  no . 2 ,  s amp l e  C - 7 9a ,  p . 4 1 2 .  
1 5 .  Quart z diorit e ;  Octoraro Creek , Ceci l County; Leonard , 1 9 0 1 ; Ana l ys i s  I I ,  p .  1 4 6 . 
1 6 . Biot ite-hornbl ende dior i t e ;  Mountain Hi l l ,  Harford County ; Southwick , 1 9 7 0 ;  Tab l e  5 ,  no . 1 0 ,  

samp l e  A-49b , p .  4 1 2 . 
1 7 .  Basa l t ; Northeast Creek , Cec i l  Count y ;  Higgins , 1 9 7 1 ; Tab l e  1 ,  no . 2 .  
1 8 .  �i c  metatuff ; Susquehanna River , C e c i l  Count y ;  Higgins , 1 9 7 1 ; Tab l e  1 ,  no . l .  
1 9 .  Cummington ite-hornb l ende fel s i t e ; Susquehanna River , Harford Count y ;  Southwick , 1 9 6 9 ;  Tab l e  14 , 

no . 4 ,  p .  5 8 . 
2 0 . Fe l s it e  met atuff ; C e c i l  Count y ;  Bas com , 1 9 0 2 ; p .  1 3 8 .  
2 1 . P l agiogran i t e  dike ; Woodberry quarry, Bal t imore City ; Hanan , 1 9 7 6 ,  analys i s - 3 3 ,  s amp l e  Q8 - 3c ,  p .  14 . 
22 . Quart z diori t e ; Patapsco Stat e Park , Howard County ; Hop s on ,  1 964 ; Tab l e  3 7 , no . 1 ,  s amp l e  H3�1 , p .  1 5 9 . 
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� mor e magnes i an orthopyroxene with compo s i t i on s  
ranging from E n  8 3 to E n  9 0  perc ent in pyroxen i t e s  
from Balt imore County . C l inopyroxene forms a s i gni fi
cant part of many pyro xen i t e s  and Southwi ck report s 
that this mineral i s  a l s o  zoned . 

Chromite from the principal mines o f  the Stat e 
Line are a and acces sory chromite from s e rpent inite 
have been anal yzed by P e arre and Heyl ( 1 9 6 0 )  and by · 

Mc Kague ( 1 9 64 ) . Al l the chrom i t e  i s  h i gh in Cr , 
having Cr 20 3 greater than 5 2  we i ght percent and 
Al 20 3 usual l y  l e s s  than 1 2  we i ght percent . Depo s i t s  
of p o d i form chrom i t i t e  occur on ly within s erpent inized 
duni t e . Mas s ive chromite i s  characteri s t i c  o f  the 
podi form depo s it s , a l t hough most depo s i t s  are some
what bre cciated . Nodular ore is pres ent in the area 
but is not common . Chromite grains o ft en contain 
enc l o s ed euhedra o f  o l ivine and l arge o l ivine grains 
contain many euhedra of chromite , sugg e s t ing s imu l 
taneous crys ta l l i z at ion . 

Serpent ini z at i on of the dun i t e  took p l ac e  during 
at l e ast three s eparat e stages (McKague , 1 9 64 ; 
Lapham and Mc Kague , 1 9 6 4 ) . An earl i er stage o f  
chrys o t i l e  (and l i zardi t e )  formed a m e s h  t exture 
repl acing much o l ivine . This stage was fo l l owed by 
the dev e l opment of ant i gor i t e , wh i ch forms the bulk 
o f  the s erpentinite an d whi ch deve loped a strong 
regional fo l i at i on . Fina l l y ,  a th ird period o f  ser
pent ini z at i on resul t e d  in veins o f  chryso t i l e  and 
c arbonat e s  fol l owing a crude frac ture c l e avage . 
Sma l l  ultramafic mas s e s  such as the one at Hunt ing 
Hi l l  and contact zon e s  of the State Line area with 
under l ying s chi s t s  are exten s i ve l y  rep l aced by tal c 
carbonat e - ch l o r i t e  a s s emb l age s . Such a l t erat ion i s  
obvious ly postemp l ac ement . 

Alt erat i on of pyroxen i t e  was con current with the 
devel opment of ant i gori te . Common l y ,  pyroxen i t e  has 
been a l t ered to a fe l t e d  mat o f  tremo l it e  with minor 
chlori t e ,  t al c ,  ant i go ri t e ,  and magnet it e .  The s e  
al t e red rocks are o ft en mas s ive and textures o f  the 
pyroxen i t e  have been pres erved . In h i ghly de formed 
b l ocks such as the So l d i ers D e l i ght and P iney Branch , 
the s e  rocks have b e en a l t ered to tremo l it e  s ch i s t s  
w i t h  a s tron g pre ferred orientat ion o f  tremo l i t e  
grains . 

Regional variat ions in the s erpentine minera lo gy 
are probab ly a response to a great range of regional 
me tamorphi c  condit ions imposed upon the comp l ex .  
Re gional metamorph i sm var i e s  from green s chi s t  in the 
State Line area (chlori t e - garnet -mus covite s c hi s t s )  
t o  upper amph ibo l i t e  fac i e s  (kyan i t e - s tauro l i t e 
mus cov ite p e l i t i c  schi s t s  with a s i l l imanite over
pr int ) in the area o f  Ba l t imo re County ( C l e aves and 
others , 1 9 6 8 ) . Vari at ion in regional met amorph ism 
may b e  refl e c t ed in changes in the regional s erpen
tinite mineralogy .  Carbonat es are abundant in s er
pent inites within green s ch i s t  terrane , but the i s o 
l a t e d  s erpent inite b l ock a t  Bare Hi l l s  i n  a 
kyan i t e - s t auro l i t e  zone of regional met amorph i sm 
contains c l inopyroxene part ly rep l a c e d  by tremo l it e . 
These minera l s  may result from the reac t ions : 

serpent ine+ cal cite + diops ide+for s t e rite+ fluid 
and 

serpent ine+diopside + t remo l it e+fors terite+ fluid . 

Simi l ar · react ions were report ed by Trommsdorff and 
Evans ( 1 9 7 2 )  fo r progress ive metamorphi sm o f  
ant i gori t e  o f  Val Ma l enco . Inve s t i gations on the 
changes in serpent ine mineral o gy result ing from 
regional met amorph ism are in progre s s  by the autho? . 

G abbro 

Gabbro , long as soc i at e d  with the city and county 
of Bal t imore (Wi l l i ams , 1 8 8 6 ;  Knopf and Jonas , 1 9 2 9 )  
i s  d i s tributed i n  several b e l t s  (Hop son , 1 9 64 ; 
Crow l ey ,  1 9 76 )  ( s e e  P l at e  I I ) . The Balt imore C i ty 
and C ounty area is wi thin the Laurel be l t ; the 
northern gabb ro a s s o c iated with the State Line ul tra
mafic rocks forms the Bel Air be l t ; and the l arge 
metagabbro mas s  near Havre de Grace , Harford County , 
is the Ab erdeen b e l t  (P l at e  I I) .  In add i t i on ,  sub 
s t an t i a l  amoun t s  o f  gabbro are pre s ent in the 
So l d i ers D e l i ght b l ock in B a l t imore and Howard 
Count i e s  and in other i s o l ated ul tramafic b l ocks . in 
Mont gomery County (Fro e l ich , 1 9 7 5 ) . The P iney Creek 
b l o c k ,  Fairfax County, Virginia , i s  e s s ent ial ly a 
me l ang� o f  gabbro and s erp ent ini t e ; th i s  b l oc k  i s  
t erminat e d  to the west b y  faul t s  and b y  a Tri a s s i c 
Juras s i c  bas in (Drak e , oral communi cation , 1 9 7 7 ) . 

Throughout much o f  the Balt imore Comp l e x ,  gabbro 
is a l t ered to amphib o l it e  that has a we l l  deve l oped 
fo l ia t i on (Cohen , 1 9 3 7 ) . The ent ire mas s  at Ab erdeen 
and the i s o l at ed mas s e s  in Mont gomery County are thus 
a l t ered . However , rel i c t  i gneous t extures survive 
in many p l ac e s  within the Bel Air and Laurel b e l t s ; 
the d i s cu s s ion wi l l  concentrate on the s e , bearing in 
mind that i �1eous texture s have been ob l i t erated in 
much of the comp l ex .  

Many years ago Knopf ( 1 9 2 1 )  d e s cribed the Bel 
Air s e c t i on on the Sus quehanna River as a gravity 
d i fferent iated igneous sheet or lopo l ith not unl ike 
(her concep t i on of) the Sudbury comp l ex .  In a gro s s  
way , t h e  suc c e s s ion o n  t h e  Sus quehanna River i s  from 
the s e rp ent ini z ed perido t i t e  j us t  described , to 
pyroxen it e ,  to hypers thene gabbro contain ing high
l evel thin l ayers o f  cumulate per idot i t e , to quart z 
bearing gabbro , and fina l l y  t o  quar t z  diori t e . 
Throughout the suc c e s s ion , the l ayer ing and fo l i at ion 
genera l l y  d ip t o  t he south and form a st ructural 
package that mi ght be expected of a di fferentiated 
s i l l .  However , no comp l et e  structural p i c ture of 
the Laur e l  b e l t  (the c l a s s i c  are a  o f  the Balt imore 
gabbro )  has emerged , despite cons iderab l e  wo rk by 
Cohen ( 1 9 3 7) and l at er by Herz ( 1 9 5 0 ) . in the Patapsco 
aqueduct which runs through the c enter o f  the gabbro . 
Hop son ( 1 964) emphas i z ed that u l t ramafic rocks are 
concentrated on the margins of the Laurel be l t  in 
Ba l t imore Count y ,  but nei ther Wi l l i am ' s  ( 1 8 8 6 )  map 
nor Crow l ey ' s  ( 1 9 7 6 )  version bears t h i s  out , both 
showing l arge areas o f  s erpent ini t e  and o l ivine
b earing rock throughout the comp l ex .  D e format ion o f  
a l ayered comp l ex that contained rep e t i t ive cyc l e s  
o f  ul tramafic and mafic l ayer s , coup l e d  with metamor
phism and s e rp ent in i z at i on , has re sul ted in a 
s t ructural tangl e whi ch has yet to be unrav e l e d . 

Crowl ey ' s  ( 1 9 7 6 )  mapp ing shows that the Laure l  
and B e l  Air bel t s  o f  gabbro are not phys ical l y  con
t inuous , al though they have been supposed t o  be 
s tructural l y and s t rat i graph i c a l l y  equival ent . South 
of L it t l e  Gunpowder Fal l s , the ma fic rocks of the 
Bel Air belt change a l ong strike from gabbro to 
h i gh l y  metamorphos e d  vo l c anic ro cks . The exa ct 
boundary has not been mapped but i s  t entat ive ly 
shown in Plate I I . The l arge mas s  of metagabbro at 
Ab erdeen i s  more prob l emat i c ;  i t  may be an ent irely 
s eparat e s truc tural b l ock . 

Sel ected chemical ana lyses of gabbro are given 
in Tab l e  1 .  The gabbro i s  characterized by very l ow 
NazO and KzO ,  low SiOz , and high Al z03 and CaO . 
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Data on the minera l ogy of the gabbro have been 
summari zed by He rz ( 1 9 5 1 ) , Hop son ( 1 9 6 4 ) , and South
wick ( 1 9 7 0 )  us ing o l der chemical anal ys e s , as we l l  
as opt ical and X- ray methods o f  inve s t i gation . 
Hanan ( 1 9 7 6 )  has added e l ectron mi croprobe studies 
of minera l s  from the Sus quehanna River and from 
s everal l ocal i t i e s  in the Laurel b e l t . 

Orthopyro xene ranges from En 8 1  to En64 and c l ino
pyroxene from En4 6 Fs 9W045 to En4 oFs 1 6W04 4  (Hanan , 
1 9 7 6 ) . A l arge mi s c ib i l ity g ap between pyroxenes 
sugg e s t s  ext ensive equil ibration down t o  t emperatures 
o f  abo ut 600° to 7 5 0 ° C  an d may ind i cate a period of 
granul ite fac i e s  o f  metamorphism . I f  s o ,  t h i s  
metamorph ism must have t aken p l a c e  p r i o r  t o  the 
empl acement o f  the gabbro in it s pres ent envi ronment 
where the surrounding rocks r ange from green s ch i s t 
fac i e s  me t amorph i sm ( Sus quehanna River sect ion o f  
the Be l Air b e l t )  to upp er amphibo l i t e  fac i e s  met a
morphi sm (Laurel b e l t ) . 

Southwick ( 1 9 7 0 ) , us ing opt ical methods , has 
made a study o f  orthopyroxene compo s it ions in the 
Be l Air b e l t  within Harford Count y .  He reported a 
decrease in magnes ium in orthopyroxene in gabbro 
going from the base t o  the t op of the sect ion , wh i ch 
sugge s t s  that the Be l Air b e l t  has crypt i c  zoning . 
His range in compo s it ion of orthopyroxene is En 72 t o  
E n  4 7 . H e  w a s  ab l e  t o  map a boundary i n  t h e  upp er 
part of the Bel Air be l t  above which al l orthopyroxene 
has an En of l e s s  than 60 percent . M . W . Higgins 
(unpub . dat a ,  1 9 7 7 )  has been ab l e  to ext end th i s  

boundary acro s s  Ce c i l  Count y, s o  that cryp t i c  z on ing 
may be character i s t i c  of al l of the Be l Air be l t .  

P l ag i o c l a s e  i s  very cal c i c ,  and much unal t ered 
pl agio c l a s e  i s  b ytown i t e . Hanan ( 1 9 7 6 )  reported that 
una l t ered s amp l e s range from An 80 t o  An 9 0  in the 
Sus quehanna River s e c t i on .  Hop son (1 9 6 4 )  reported 
that p l agi o c l a s e  from the Laur e l  b e l t  from l east 
altered gabbro mo s t  commonl y  range s from An 7 5 to 
An 8 0 .  The h i gh l y  calcic nature of the p l ag i o c l a s e  
is a dominant factor i n  t h e  who l e  ro ck chemi stry , 
wh ich i s  refl ected by the l ow Na2 0 ,  K20 , S i02 , and 
high A l 2 03 cont ent . 

Much has been wri t t en about the a l t erat ion o f  
the gabbro and t h e  pro c e s s  of ural it i z at i on ; the 
papers of Wi l l iams are a c l a s s i c  in this regard 
(1 884 , 1 8 8 6 ) . Readers are referred to his papers as 
wel l as the review by Hop s on ( 1 964)  for a d i s cuss ion 
o f  the a l t erat ion of the gabbro to amphibo l i te , the 
rep l acement o f  pyroxene by green amph ibo l e ,  the 
prob l ems o f  di fferent iat ing between r e l ict igneous 
amphibo l e  and me tamorph ic amphibo l e ,  and the a l t era
tion o f  p l ag i o c l a s e  t o  c l ino zo i s it e . 

I sotop ic studies o f  Sr 8 7/ Sr 8 6  rat ios in gabbro 
have been made by Hanan (1 976) . He reported an 
average value of 0 . 7097 for l east alt ered gabbro and 
0 . 7 1 00 for ura l i t i z ed gabbro . He rel ated the high 
Sr8 7/Sr 8 6  in Bal t imore gabbro to metamorphic altera
t ion and to part ial exchange o f  Sr and Rb with the 
Wi ssahickon rocks which have values of srB 7;sr B 6  in 
excess of 0 . 7291 . However , the l ack o f  corre l at ion 
of Sr 8 7/ Sr 8 6  with grade of regional metamorphism and 
the sma l l  range of variation either in the altered 
samp l e s  or in the least altered samples al l suggests 
that exchange with sea water ( 0 . 7093 ± 0 . 0007 ; Cox 
and Faure , 1 9 74 )  may have been a contribut ing factor 
produc ing rather uniform Sr8 7; sr B 6  values . 

Diorite 

Within the Bel Ai r belt , the gabbro i s  bounded 

on i t s  sout heast s i de by a l e s s  ma fic ro ck mapp ed by 
Southwick ( 1 9 6 9 )  as quart z gabbro - d iori t e . The se 
ro cks are tran s i t i onal with the gabbro , and the 
mapped cont acts are on ly appro ximate . The diorite 
i s  r are l y  more than 2 km wide and i t  extends fo r 
approximate ly 25 km from Ri s ing Sun in C e c i l  Count y 
to Thoma s Run in Harford County . The ro c k s  have b een 
de s c r ibed by Leonard ( 1 9 0 1 ) and Southwick ( 1 9 7 0 ) , 
and mapped in C e c i l  County by H i ggins (unpub . data , 
1 9 7 7 ) . The pr imary minera l o gy cons i s t s  o f  s t rongly 
zoned p l ag i o c l as e ,  hornb l ende , augite , a variab l e  
amount o f  quart z ,  and smal l amoun t s  o f  b i o t i te , mag
netite , and hyp ersthene . The s t rong l y  zoned p l agio 
c l as e  is notab l e ; Southwick ( 1 9 7 0 )  s t a t e d  that the 
cores are bytownite (An3 5 ) and the rims , ande s ine 
(An 4 5 - 6 0 ) . The crys t a l l i zat ion sequence appears 

t o  be cumulus p l ag i o c l a s e , magne t it e ,  and pyroxene , 
with a post cumulus fi l l ing o f  hornb l ende , b i o t it e ,  
and quart z .  Mo st o f  the rocks have been met amor
pho s ed and the pr imary minera l s  have been part l y  
rep l aced by chlori te , a pal e amphibo l e ,  and epidot e .  
Two repr e s entat ive ana l y s e s  are g iven in Tab l e  1 .  

The ent ire assemb l age o f  rocks in c l uding dun i t e ,  
pyroxen i t e ,  gabbro , and diorit e ,  c an be con s idered 
as a cumulus s e r i e s  der ived from a s in g l e  magma . 
Howeve r ,  an accurat e model fo r the crys tal l i zat ion 
h i s tory of the comp l ex c ann ot be prep ared un t i l  a 
care ful study has b e en comp l eted . The genera l 
s e quence of crystal l i zation g iven in Tab l e  2 i s  
based o n  o l der repor t s  and i l lustrations (chiefly 
Wi l l iams , 1 8 8 6 ,  1 8 9 0 ;  Leonard , 1 9 0 1 ; He rz , 1 9 5 1 ) , 
Hop son ' s  review ( 1 9 64 ) o f  the petro l o gy of the 
Ba l t imore gabbro , and stud i e s  by the author . 

The genera l charac t er i s t i c s  of the crys tal l i z a 
t ion s cheme a r e  t h e  e ar l y  d i s appearance of o l ivine 
and chromi te before the appearance o f  cumulus p l agio 
c l ase . Con s equent l y ,  o l ivine gabbro (usua l l y  having 
p art ly res orbed ol ivine)  is not abundant , and troc t o 
l ite i s  ab s ent , whereas a w i d e  ran ge o f  r o c k s  have 
lher z o l i t e  and pyroxen ite compo s i t ions . C l inopyroxene 
is l a t e  in appearing as a cumu l us phas e ,  and o l ivine
c l inopyroxene rocks are not abundant ; wehrl ite is 
described in only one l o c a l i t y  and c l inopyroxen i t e ,  
not a t  al l .  The app earance o f  more s a d i e  cumulus 
p l ag i o c l a s e  and post cumu lus ho rnb l ende marks the 
devel opment o f  the more di fferent iated quart z gabbro 
and diorite ( Southwick , 1 9 7 0 ) . The sequence of 
crys tal l i zat ion d i ffers markedly from that described 
by Jackson and others ( 1 9 7 5 )  in the Vourinos ophio
l i t e ,  Greec e ,  where the s equen c e  in c l udes ear l y  
o l ivine plus c l inopyroxene and corre spondingly 
abundant "rock type s "  o f  wehr l i t e  an d c l inopyroxeni t e .  
However , the cumulus s equence o l ivine -orthopyroxene
c l inopyroxene has been des cribed for part s o f  the 
Mus kox comp l ex by Irvine and Smith ( 1 9 6 7 )  and can be 
mode l e d  by the " sys tem" c l inopyroxen e - o l ivine - s i l ica 
having magnes ium end -member comp o s i t ions det ermined 
experimental l y  by Kushiro and Schairer ( 1 9 6 3 ) . 

Vo l canic rocks and pl agiogran i t e s  

Vo l canic rocks within t h e  area o f  t h e  Ba l t imore 
Comp l ex have long b een recogn i z ed in C e c i l  County 
( Bas com, 1 9 0 2 ; Marsha l l ,  1 9 3 7 ) . More recent work in 
Cecil County (Higgins , 1 9 7 1 , 1 9 7 2 ) , Harford County, 
(Southwi ck , 1 96 9 ) , and Ba l t imore County (Crow l e y ,  
1 9 7 6 )  has ext ended the areas known t o  be underlain by 
volcanic rocks and has resulted in rev i s ion of the 
older formational names of gn e i s s  and diori t e ,  name s 
that were app l i e d  to the rocks when l i tt l e  evidenc e 
was ava i l ab l e on the origin of the rocks . 
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Tab l e  2 Genera l i z ed crystal l i zat ion s equence for the Ba l t imore Comp l ex 

(i denot es cumu l at e  phase and � means post cumulus crys t a l l i z a t i on . o l - o livin e ,  chrom- chromi t e ,  opx- ortho 
pyroxen e ,  cpx - c l inopyroxene , p i - p l agi o c l a s e ,  hbd -hornb l ende , rot - magnet i t e , h i - b i o t i t e , and q - quart z )  

Map Un it 

Serpent ini zed perido
tite of the State 
Line d i s t r i ct an d 
(for pyroxen i t e )  
smal l areas wi thin 
Ba l t imore Gabbro 
o f  the Laure l b e l t  

Ba l t imore gabbro i n  
t h e  Bel A i r  and 
Laurel bel t s  

Dark d i o r i t e  and 
quart z gabbro of 
B e l  Air b e l t  

Rock Type 

dtm i t e  
chromi t i t e  

lherz o l i t e  

pyroxen i t e  
(oft en web s t e r i t e  

rare l y  en s t ato l i t e )  

fe l d spathi c pyroxen i t e  

hypers thene gabbro 
nor ite 

diorite 

The Jame s Run Gne i s s  in Har ford County,  
de fin ed b y  Southwick and F i sher ( 1 96 7 )  and des cribed 
by Southwi ck ( 1 9 6 9 ) , i s  a layered rock compo sed o f  
beds that range from ma fic amphibo l i t e  (contain ing 
about 54 wt . p ercent S i 02 ) t o  a quart z - p l agioc l a s e  
ro ck (containing about 76 wt . percent Si0 2 ) .  The 
Jame s Run contains no re l i ct t extures and a l l  rocks 
are thorough l y  recrys tal l i z ed . P l agi o c l as e  has a 
wide range in compos it ion ; An25 is common fo r fe l s i c 
ro cks and An4 o for ma fic ro cks (Southwi ck , 1 96 9 ,  
p .  4 7 ) . Chemical analyses o f  these rocks show a 
high Na20/ K20 rat io fo r a l l  s amp l e s re gard l e s s  o f  
other compo s i t i onal variat ions . 

Higgins ( 1 9 7 1 , 1 9 72 ) has expanded the James Rtm 
to inc l ude al l the c l o s e l y  a s s o c i a t e d ,  approximat e l y  
cont emporaneous me tavo l canic and me t avo l c an i c l a s t i c  
rocks i n  t h e  northeastern Maryl and Piedmont . His 
ext ended de fin i t i on of the James Rtm Gne i s s , now the 
Jame s Rtm Formation , i s  now added t o  the G l enarm 
Group and includes the unit informa l l y  c a l l ed the 
C ec i l  County vo l can i c  rocks described by Bas com 
( 1 9 0 2 ) and Marsha l l  ( 1 9 3 7 ) . Within C e c i l  Cotmty , 

Higgins ( 1 9 7 2 ) has divided the vo l c an i c  rocks into 
four informa l un i t s , wh ich inc lude metamorphosed 
rhyo l it e ,  dac i t i c  tuff, ande s i t i c  tuff , and meta
morphosed p i l l ow basal t .  Many o f  the rocks are thin 
to medium bedded and contain interca l ated fine
grained amphib o l i t e .  I n  C e c i l  County, surv iving 
re l i c t  t extures cons i s t  of ep ido t e - fi l l ed amygdul es 
and p l agioc l a s e  phenocrys t s . Higgins ( 1 9 7 1 )  has 
des cribed we l l -pres erved p i l low structures in basal t 
in C e c i l  Cotmty and has conc luded that the rocks 
were extruded into a re l at ive l y  shal l ow-wat er 
environment . The C ec i l  County part of the James Run 
Format ion shows the same compo s i t ional variat ion as 
the James Run Gne i s s  des cribed by Southwick in 
Harford County . Mafi c rocks have an average value 
of about 51 wt . percent Si02 and rhyo l it i c tuffs 
about 75 wt .  percent Si02 . The l arge Na20/K20 rat ios 

Cumul ate Type 

o l ivine - chromi t e  
cumulate 

o l ivine- orthopyroxene 
cumulate 

orthopyro xene 
cumu l a t e  

orthopyroxen e c l ino
pyroxene cumul ate 

orthopyroxene
c l inopyroxene cumulate 

cumu l a t e  t exture 
po orly d e fined 

cumulate t exture 
poor ly defined 

Mineral s 

o l f  + chrom f � o l  

o H  + opx f � cpx 

opxf � cpx 
opxi � opx 
opxf + cp x f  � cpx 

opxf + cpx i + p l  
opxf + cpxi � cpx + p l  

op xf + c p x f  + p l i  + 

cpx + p l  + hbd 

cpxi + p l i  + mt f � 
hbd + b i  + q 

sugge sted to Southwick ( 1 9 6 9 )  that al l of these ro cks 
have und ergone metas omat i c  a l t erat ion e i ther before 
or dur ing met amorph ism . Repre s ent at ive analyses o f  
t h e  James Run Format ion are given in Tab l e  1 .  

The Jame s Run ro cks are not in structura l con
tact with the mas s o f  the Bel Air gabbro in Harford 
and Cec i l  Count i e s , and the vo l c an i c  ro cks are sepa
rat ed from plutonic rocks by a wide belt of diam i c 
t i t e  of t h e  Wis sahickon Forma t i on (Southwick , 1 96 9 ;  
Higgins , unpub . dat a ,  1 9 7 7 )  and b y  l ater intrus ions 
o f  the Port Depos i t  Granodiorit e .  The vo l cani c  
rocks a r e  in contact w i t h  Ab erdeen metagabbro and 
the James Run is s eparat ed from the C e c i l  Cotmty 
vo l can i c  rocks b y  this gabbro . The s tructural re la
t i onship of the Jame s Rtm t o  the Ab erdeen metagabbro 
is not c l ear . Southwick ' s  l arge - s c a l e  map ( 1 969 , 
pl . 4 )  o f  a c r i t i c a l  area on the west s ide of the 
me tagabbro sugge s t s  that the Jame s Run i s  an over
turned s ync l ine fl anking the gabbro and structura l l y  
above i t . However ,  Crowl ey ( 1 9 7 6 ,  p l . 2 ) indicated 
that thi s contact may be a faul t .  The Cec il County 
vo l c an i c  rock s strike dire c t l y  into the metagabbro ; 
Southwi ck has int erpreted the contact as int rus ive , 
the gabbro b e ing a l at er intrus ion . The i s o l ated 
patches o f  Cec i l  County vo l cani c  rocks in the gabbro 
are ro o f  pendants according to Southwick ( 1 969) . 
However, th e s e  ro cks may be int erpreted as having 
been unconformab l y  depo s i t e d  above the Ab erdeen me ta
gabbro and subs equent l y  info l ded . They now are out 
l i ers from the main mas s  of vo lcanic rocks . 

The more southerly Laure l belt of gabbro in 
Balt imore City and County is bounded on the southeast 

s ide by l eucocrat ic p l agioc l as e - quart z gn e i s s  having 
a high Na20/K20 rat io . This gn e i s s  is int ercalated 
with amphibo l i t e . Knopf and Jonas ( 1 9 2 9 )  cons id ered 
that the se rocks were p luton i c  and named them the 
Re l ay Quart z Diori t e  with the type local ity at Rel ay 
on the Patapsco River . Hop s on ( 1 964) considered the 
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Re l ay Quart z  Diorite t o  b e  a d i fferentiat ion product 
of the Ba l t imore Gabbro . Higgin s ( 1 9 7 2 )  r e inve s t i 
gated the Patap s co R i ver sect ion and s t at ed that the 
R e l ay is s t r i k i n g l y  s im i l ar to part o f  the Jame s Run 
Format ion , especi a l l y  some of the mor e  s i l ic eous 
ro cks . He did not e that other part s of the forma
t ion mo re near l y  resemb l e  a pluton i c  quart z diorit e .  
A contact o f  the Re l ay rocks with the gabbro i s  
"near l y  impo s s i b l e  t o  pick" (Higgins , 1 9 72 , p .  1 006) . 
Crowl ey ( 1 9 7 6 )  cons idered the R e l ay rocks in Bal t i 
more C ount y  t o  b e  a memb er o f  the J ame s Run Forma t i on 
Part of that format ion as mapp ed by Crow l e y  probab l y  
does repres ent t rue p l ut on i c  d i or i t e  a s s o c ia t e d  w i t h  
t h e  B e l  Air mas s . 

Much o f  the Laur e l  b e l t  of gabbro is intruded 
by quart z - p l ag i o c l a s e  (p l a g i ograni t e )  dikes wh ich 
branch and an astomo s e , produc ing a patt ern o f  net 
veining (Thaye r ,  1 9 63) . Hop s on (1 9 64 )  has sugg e s t e d 
that these dike l e t s  al ong with t he Re l ay Quart z 
Diorite are the l a s t  di fferent i at ion product of the 
gabbro . Howeve r ,  the s im i l arity in compo s i t ion 
between p l agiogran i t e  d i k e s  and l euc ocrat i c  meta
vo l c an ic rocks (see tab l e  1) sugge s t s  that the net 
veins were derived from the James Run vo l can i c  rocks 
and are pluton i c  equival ent s o f  them . Further 
evidence is given by the d i s t r ibut ion of net veins . 
They are c ommon in the Laur e l  b e l t  o f  gabbro near 
the contact with the James Run v o l can i c  rock s . In 
the Bel Air be l t ,  the l at e s t  pres erved d i fferent ia
t i on produc t s  are the quart z gabbro and diorit e ;  net 
veins are not d e s cribed in t h e s e  rock s . 

It is d i fficu l t  at th i s  writ ing to make a 
quant itat ive a s s e s sment of the abundance and comp o s i 
t i on o f  the vo l c anic rocks and a s s o c iat ed l euc ocrat i c  
dikes that form a part o f  t h e  Bal t imore Comp l ex ,  
because o f  the re l at i v e l y  r e c ent r emapp ing o f  many 
areas now con s i d ered to be underl a in by v o l can i c  
rocks , and becaus e of t h e  l a c k  o f  sys t emat i c  pub 
l i shed chem i c a l  data . Des cript ions o f  the James Run 
Gne i s s  of Southwick ( 1 969)  show that the mafic and 
s i l i ceous rocks are int imat e l y  as s o c iated . E l s e 
where , i n  Ba l t imore and C e c i l  Count i e s , the mo re 
s i l i c i c  rocks dominat e .  The s i l ic i c  rocks show an 
affin ity with p l agiogran i t e  of oc eanic o r i g in 
(Co l eman an d P e t e rman , 1 9 7 5 )  rather than with grano 

phyre (as s ugge s t e d  by Hop s on , 1 964) or with a 
basal t - rhyo l i t e  a s s o c i at i on (as sugg e s t e d  by 
Southwick , 1 9 6 9 ) . Th i s  a ffin i t y  i s  sugge s t ed by the 
h i gh s i l i c a ,  moderate a l umina , and low iron , magnesia , 
and potash cont ent s o f  t h e s e  rocks . Further work on 
Sr8 7 / Sr8 6 rat i o s  migh t  h e l p  to define the kinship o f  
these rocks , but as Hanan ( 1 976)  h a s  shown from 
anal ys es of two l eucocrat i c  rocks from the Laur e l  
be l t , regional metamorph i s m  has apparent ly a l t ered 
the i s otop i c  rat ios . 

Leucocrat i c  rocks are w i d e l y  a s s o c i at ed with 
oph io l i t e s  (see C o l eman and Pet erman , 1 975 , for a 
rev iew of oc currenc e s ) , and in a few s e quenc e s  these 
rocks may exc e e d  basal t ic ext rus ive rocks in abun 
danc e (Bai l ey and others , 1 9 7 0 ) , as they apparent ly 
do in the Ba l t imore Comp l e x .  

A crus t a l  s e c t ion for t h e  Bal t imore Comp l ex 
can be r e s tored from data from the B e l  Air be l t ,  
from structura l data in the Sus quehanna River s ect io� 
and from dr i l l data at the Woods min e . The s ect ion 
can b e  a s s emb l e d  in t erms o f  an oph i o l it e  succ e s s ion . 
From the t op of the succ e s s ion down the thickn e s s e s  
are a s  fo l l ows : vo l canic rock s , 3 k m  ( from 
M . W . Higgins , oral commun i cat i on , 1 97 7 ) ; diori t e ,  
1 . 4 km ; gabbro , 3 . 5 km ; pyroxen i t e  0 . 4  km ; and 

s erp ent in i z e d  duni t e ,  1 . 5  km exp o s e d  and t erminat ed 
by a t hrust faul t .  The crus t a l  s ec t i on i s  comparable 
with t ho s e  o f  o ther ophio l i t e  comp l exes as comp i l ed 
by Moores and Jackson ( 1 9 7 4 )  and Jackson and others 
( 1 9 7 5 ) , except that the thi ckne s s  o f  vo l can i c  rocks 
in the Bal t imore Comp l ex i s  con s i derab ly gre at er 
that that for mo s t  do cumen t e d  ophi o l i t e s . 

EMP LACEMENT AND AGE 

Almo s t  al l e arl ier repor t s  cons idered the 
Bal t imore Gabbro to b e  intrusive into the G l enarm 
meta s e d imentary rocks of t h e  Mary l and Piedmont 
(Wi l l iams , 1 8 8 6 ; Leonard , 1 9 0 1 ; Her z , 1 9 5 1 ; Hopson , 
1 964 ; Higgins , 1 9 7 2 ) . On l y  t h e  more r e c ent inve s t i 
gat ions have a t t emp ted to l ook a t  the Bal t imore 
Comp l ex as a who l e  (Southwi ck , 1 9 6 9 , 1 9 70 ; Crowl ey , 
1 9 76)  and to di scuss pro b l ems r e l ating to the 
emp l ac ement o f  the ent ire ma s s  into the G l enarm 
ro cks . Crowl ey has rather convinc ing l y  argued that 
the ent ire comp l ex mus t  be a l l o chthonous . H i s  
argument s r e s t  chiefly o n  t h e  obs ervat ion the t h e  
ultramafic- gabbro -vo l can i c  s e quen c e  i s  found on l y  
i n  t h e  Wi s s ah i c kon Format ion and that no gabbro 
dike s , s i l l s ,  or other evidence of intrus i on through 
the under l y ing rocks c an be s een . His detai l ed 
mapp ing in Bal t imore County shows that the Bal t imore 
Comp l e x re s t s  on a het erogeneous a s s ortment of meta
s e d iment ary and metavo l can i c l a s t i c  rock s ; hen c e ,  it 
cannot have b een intrud ed as a con formab l e  s i l l  into 
the Wi s s ah i ckon . F inal l y ,  Crowl ey has demon strated 
that the int ernal contac t s  within the Laur e l  belt o f  
gabbro a r e  truncated by the b a s a l  contact o f  t h e  
ma s s , ind icat ing a faul t .  

Within the B e l  Air b e l t , the comp l e x  appears t o  
b e  a n  int erca l at e d  packet o f  p l utonic rocks within 
Wi s s ah i c kon diami c t i t e . If the p l utonic rocks are 
fau l t  b ound ed , then cons traint s on the geometry o f  
the body ind i c a t e  that t h e  fau l t  mus t be a l ow - ang l e  
(thru s t )  fau l t  rather than a h i gh ang l e  faul t .  

In addi t i on to the prob ab i l i t y  that the 
Balt imore Comp l ex i s  al l o chthonous on the Wi s s ahickon 
format ion , i t  a l s o  s e ems pro b ab l e  that much o f  the 
Wi s s ah i c kon and a l l  of the Jame s Run format ion rocks 
may a l s o  be a l l o chthonous (A . A .  Drak e , oral commun i 
cat ion , 1 9 7 7 ) . The p r e s ent o u t c r o p  d i s t r ibut ion o f  

memb e r s  o f  t h e  complex shown i n  P l a t e  I I  may have all 

b een part of a coherent ophio l it e  now broken into a 
s e r i e s  o f  s t ructura l b l ocks . However , corr e l at ion 
o f  a l l  part s o f  the comp l ex into a s in g l e  coherent 
mas s is not po s s i b l e  with the ava i l ab l e  dat a . A 
det a i l ed s tudy of the d i s tribut ion o f  gabbro and 
s erpent in i t e  c l as t s  in the d i am i c t i t e  shou l d  b e  
undertaken in order to det ermine t h e  extent and 
nature of the int ernal corre l at i ons within t h e  
comp l e x .  I t  should b e  empha s i z ed that t h e  pres ent 
po s i t ion of the B a l t imore Comp l e x  does not mark a 
suture b e tween c o l l id ing crustal p l a t e s . Ins tead , 

the comp l ex has been t r ans p o r t ed to the we s t  within 

the d i amict i t e , and in the pro c es s , i t  has b e en 
d i smemb ered and has foundered within the broken 
terrane o f  the upper W i s s ahi ckon Forma t ion . P l a t e  

I I  shows the wes t ern l imit o f  Wis s ahickon rocks 

containing t ectonic b l ocks o f  s erpent in i t e  and meta
gabbro ; t h i s  l ine whoul d  approxima t e  the west ern 
l imit of a l l ochthonous sheets contain ing the oph i o 
l i t e . 

The age o f  emp l ac ement o f  the Ba l t imore Comp l ex 
mus t  be that o f  the depo s i t ion or emp l a c ement o f  the 
Wissahickon Format ion , ina smuch a s  d etached b l o c ks 
o f  the s erp ent ini z ed base o f  the comp l ex are found 
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di stribut ed through out the format ion (Crow l e y ,  1 9 7 6 ) . 
Th e Wi s s ahi ckon Format ion i s  int ruded by grano diorite 
plutons ; u2 3 8/Pb 2 0 6  ages from the Port Depo s it , 
E l l icott C i t y ,  and Occoquan plutons ( s e e  P l ate I I )  
are 3 2 2 ,  354 , an d 5 5 7  m . y .  respect ivel y .  A l i st o f  
al l U - Pb z ircon dat e s  from t h i s  area h a s  been given 
in Higgins and others ( 1 9 7 7 , t ab l e  1 ) . The U-Pb 
z ircon dat e s  are al l d i s cordant , and the ir u s e  has 
l ed t o  a cons iderab l e  controversy over the age o f  
t h e  G l enarm (Higgin s , 1 9 72 , 1 9 7 6 ;  Higgins and others , 
1 9 7 7 ;  Sei ders and others , 1 9 7 5 , 1 9 7 6 ) . The argument 
main l y  revo lves around the nature of p l utonic rocks 
that may or may not intrude Gl enarm rocks , the 
corre l at ion o f  the G l enarm with other uni t s , and the 
int erpr etat i on of the o r i g in o f  the d i s c ordant ages 
o f  the z ircons . Higgins and others ( 1 9 7 7 )  have 
minimi z e d  the evidence from radiometric ages on the 
bas i s  o f  the wide s c att er o f  ages and have sugg e s t ed 
a po s s i b l e  cont aminat ion o f  the z ircons by o l der 
mat erial derived from the cont inental basement . At 
thi s wri t in g ,  the age o f  the Wi s s ah i ckon ro cks t o 
gether with the en c l o s ed Balt imo re Comp l ex has not 
been r e s o l ved , and the rang e of ages for the 
Wi s s ahic kon must b e  betwe en Lat e Precambr i an and 
Ordovi c i an .  
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ABSTRACT 

In nor thern and wes t ern Al a s ka ophio l i t es have 
b een map p ed in three s eparate b e l t s , herein named the 
wes t ern Brooks Rang e ,  Yukon-Koyukuk, and Rampa r t  
ophio l i t e  b e l t s . The ophio l i t e  b o d i e s  in the wes t ern 
Brooks Rang e and Ramp ar t b e l t s  appear to be broad 
sync linal r emnan t s  o f  a l l o chthonous shee t s . The nar
row V- shaped Yukon-Koyukuk ophio l i t e  b e l t , wh ich is 
envisaged as the roo t zone f or these allochthonous 
she e t s , is c omp o s ed of s l abl ike ophio l i t e  bodies that 
d ip inward b enea th the Cr etac eous ro cks o f  the Yukon
Koyukuk t e c tonic provinc e . The Yukon-Koyukuk b e l t  is 
bordered in the southern Brooks Rang e and on the Ruby 
gean t i c l ine by P r e c amb r ian ( ? )  and P a l e o z o i c  metamor 
phic c omp lexes wh ich a r e  chiefly of gr eens chis t meta
morphic facies but which locally contain " b lues ch i s t "  
miner al a s s emb lag e s . The p r e s ence of sma l l  ophio l i t e  
klippen o n  the me tamorphic comp l exes and t h e  abundance 
of ophio l i t e  debris in Cretaceous conglomer a t e s  along 
the bord ers of the Yukon-Koyukuk p r ovince supp o r t  the 

view that these metamorphic c omp l exes were once cov
er ed by ophio l i t e  shee t s . 

The ophio l i t e  a s s emb lag es in a l l  thr ee b e l t s  can 
be d ivided into two s ep a r a t e  and d i s t inc t t e c tonic 
uni t s : a lower unit comp o s ed of b a s al t ,  d iabas e ,  
gabbro and cher t ,  and a n  upper unit comp o s ed o f  ul tra
maf ic r o c ks and layer ed gab b r o . The contact b e tween 
the two uni t s  is g enerally interpreted as a thrus t  
faul t and locally i s  mar ked b y  a th in layer o f  garnet 
amphib o l i t e .  P o t a s s ium-argon d e t ermina t ions for the 
ul tramaf ic- layered gabbro unit provide Middle and Late 
Jura s s ic ages , wh ich ar e inter p r e t ed as r e f l ec t ing 
the t e c to nic ev ent involved in the emp lacement of 
this unit onto cont inen tal cru s t .  Fo s s i l  c o l l e c t ions 
f r om the basal t-d iabas e-cher t uni t s  in the Yukon
Koyukuk and Rampa r t  b e l t s  are l a t e  P a l e o z o i c  in age . 
The basal t-d iab a s e-cher t unit in the wes t ern Brooks 
Rang e b e l t  is no t d a t ed mor e clos ely than Devonian 
to Early Cr e t a c eous . 

INTRODUCTION 

Ophio l i t e s  ar e widely exp o s ed in nor thern and 
wes t ern Alaska a long three s epar a t e  but probably 
genetically r ela t ed b e l t s : wes tern Brooks Rang e , 
Yukon-Koyukuk , and Rampar t (Plate I I I , in pocke t ) . 
Although these thr ee b e l t s  provide the mo s t  c omp l e t e  
and ext ens ive exposures of ophio l i t e  as s emb lag e s  i n  
Ala ska , they have received surpris ing ly l i t t l e  a t t en
t ion in the l iteratur e . The ophio litel ike character 
of the wes t ern Brooks Range b e l t  was r ecognized f i r s t  
b y  Tailleur ( 1 9 7 3a )  and recently has b een des c r ib ed 

mo r e  fully by Ro eder and Mull ( in pres s ) . In the 
Yukon-Koyukuk t e c tonic provinc e , the p r e s ence of 
ophio l i t e s  has b een ment ioned by P a t ton a nd Miller 
( 1 9 7 0 )  and by P a t ton ( 1 9 7 3 ) , b u t  f ew d e t a ils have b een 
pub l i shed about their geologic s e t t ing and t e c tonic 
s ignif icance . Th e ophio l i t i c  af f inities o f  the r o cks 
in the Rampart b el t ,  so f ar a s  is known , have no t been 
r e cogni z ed previously in the l i t eratur e . 

Th is repo r t  b r i e f ly summar i z e s  ava ilable inf or
ma t ion on the g eo l o g ic f e a tures of the ophio l i t e  
a s s emb lages and s p e c i f ically d o cumen t s  p r eviously 
unpub l i shed i s o tope dat ing and f o s s i l c o l l e c t ions 
b ear ing upon their a g e . I t  should be empha s i z ed tha t 
a l l  of this informa t ion is b a s ed upon rec onna i s s ance
s c a l e  mapp ing and s tudy . At p r e s ent only the broad 
f ea tures of these ophio l i t es a r e  known , and much r e
mains to be learned , par t icularly abou t their inter
nal s tr u c tur e and p e t r o graphy . 

All thr ee b e l t s  contain the maj or elemen t s  of a 
typ ical ophio l i t e  a s s emb l ag e ,  includ ing s erpen t inized 
perido t i t e  and duni te, l ayer ed gabbro , p i llow basal t ,  
d iaba s e ,  and radio lar ian cher t .  P o s s ib l e  sheeted 
d ike comp lexes hav e b een d e s c r ib ed by Ro eder and 
Mu l l  ( in pres s )  in the western Bro oks Rang e b el t  but 
have no t b een recognized in the o ther two b e l t s . All 
of the ophio l i t e  s equences a r e  t e c t onically d i smem
b er ed and d is turbed . 

A par ticularly no t eworthy f eature of the ophio
l i t e s  in all thr ee b e l t s  is the relat ion b e tween the 
ultramaf ic-layered gabbro c omp lexes and the basalt
d iabase-cher t c omp l exes . I n  each of the b e l t s , these 
two comp l exes f o rm d is c r e t e  t e c tonic uni t s  that 
appear to have b een j uxtapos ed by thru s t  fau l t ing . 
Wh ere the s truc ture can b e  d e c iphered , the s tacking 
order is inva r iab ly the r ev e r s e  of that found in a 
norma l ophio l i te s u c c e s s ion ; i . e . , the ul trama f i c 
layered gabbro comp lexes s t ruc turally over lie the 
basalt-d iabas e-cher t comp l exes . Th is r ev er s ed s tack
ing order has b een recognized in the wes t ern Brooks 
Rang e b e l t  by Ta illeur ( 1 9 7 3a )  and by Ro eder and Mu ll 
( in pres s ) , in the Yukon-Koyukuk b e l t  by Patton and 
Miller ( 1 9 7 0 ) , and in the Rampar t belt by Brosge and 
o thers ( 1 9 7 4 ) . 

The s imilar i t ies of these three ophio l i t e  b e l t s  
i n  s t ruc tural s tyle and i n  t h e  apparent a g e s  prov ided 
by K/Ar dat ing s trongly sugg e s t  tha t they had a com
mon oro genic his tory . This fac t a lone places s evere 
cons traint s on any mod el tha t may b e  dev i s ed to 
exp lain the pres ent tectonic framework of nor thern 
and wes t er n  Alaska . 
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REGIONAL GEOLOGIC SETTING OF THE OPHIOLITE BELTS 

The ophio l i t e  belts  are s itua t ed in thr ee  sepa
rate and dist inc t ive tectonic provinces : Brooks 
Rang e ,  Ruby g eant ic line , and Yukon-Koyukuk ( P l . I I I ) 
The Brooks Range province is a broad Cretaceous orogen 
that str etches across nor thern Alaska from the Yukon 
border to the Chukchi S ea .  The northern par t of this 
orogen is a nor thward vergent imb r icate  thrus t  com
plex of Pal eozoic miogeo c linal depos its . The south
ern par t is a metamorphic core compl ex of  Precam
brian ( ? )  and Paleozoic metas edimentary rocks that is 
intruded by s everal large grani t ic plutons o f  Cre
tac eous ag e .  The Ruby g eanticline province (Miller 
and o thers , 19 5 9 )  is a narr ow Cretaceous upl ift  tha t 
extends from the south edge of the Brooks Range 
southwes tward across central Alaska to the Yukon
Kuskokwim Delta . The axis of the upl i f t  is composed 
of me tased imentary rocks of Precambr ian ( ? )  and Pal eo
zoic age that  are widely intrud ed by Cr etaceous gra
nit ic plutons . Flanking the uplif t on the southeast  
are s everely deformed but unrne tamorphosed Paleozoic 
miogeoclinal d epos its . The Yukon-Koyukuk province is 
a wedge-shap ed Cretaceous depr es s ion f il l ed with vol
canic rocks and volcanogenic sedimentary rocks of 
Early and early Late Cretaceous age and intruded by 
grani tic rocks of midd le and Late Cretaceous age . 
Along the perimeters of the province are thick mar
ginal conglomerates derived from the bord ering ophio
lites and metamorphic core comp l exes . 

The Kal tag faul t ,  a maj or nor theas t- tr end ing 
s tr ike- slip f aul t ,  appears to o f f s e t  the southea s t ern 
margin of the Yukon-Koyukuk province and the Ruby 
geanticline provinc e 130 to 150 krn right laterally 
( P l .  I I  I ) . 

OPHI OLI TE BELTS 

Wes tern Brooks Range Belt  

Di stribu tion . The wes t ern Brooks Range ophio
lites extend in a broad belt  f rom the Chukch i  S ea to 
Howard Pass , a d is tance of about 350 krn (P l . I I I ) · 
Few map details of these ophiolites have b een pub
lished , and the generalized outl ines of the bodies 
shown in Pl at e I II ar e  taken from a reg ional-s cale map 
c omp iled by B eikrnan and Lathram ( 1 9 7 6 ) . The ophio
lites are dis tributed in f ive s eparate masses , the 
larg est  of  wh ich covers about 3 , 000 krn2 • Four large 
ultramaf ic-layered gabbro complexes , the S iniktan
neyak , Misheguk, Avan Hills and Asik bodies , make up 
about 25 per c ent of the ophiolite exposur es . 

Geologi c  Set ting and Li thologi c Character . All 
recent workers in the wes tern Brooks Range agree that 
the ophiolite  as semblages represent sync linal remnants 
of  a nor thward vergent allochthonous sheet that had 
its roots  along the northern margin of the Yukon
Koyukuk province (Snelson and Tailleur , 1968 ; Mar t in ,  
1 9 7 0 ;  Tailleur , 1 9 7 3b ;  Roeder and Mull , in pr ess ) .  
The ophiolite allochthon lies at the top of an imbri
cated s tack of  Devonian to Lower Cretaceous s trata in 
which as many as six separate allochthonous sheets 
can be  recognized . Total for eshortening as a result 
of thrus ting is believed to be at leas t 250 km (Tail
leur and Brosg� , 1970) . Reconnaissance gravity and 
aeromagnetic data in the wes tern Brooks Range gener
ally support the view that the ophiol ites are rootless 
(Barnes , 197 6 ;  Tailleur and others , 1 9 67 ) . 

The ophio l i t e  allochthon typ ically cons i s t s  of  
a lower uni t  of basal t , d iabas e ,  and int ercalated 
cher t and an upper unit of  ultramaf ic ro cks and 
layered gabbro . The contact b e tween the lower and 
the upper un its  is interpreted by Roeder and Mull 
( in pres s )  as a thrus t faul t . The base of the 
allochthon commonly contains s lices of Devonian 
carbonate  rocks , mo st  of wh ich appear to b e  tectonic 
blo cks but some of which show intrusive and extrus ive 
contac ts with basalt and diabas e .  The ul tramafic  
rocks are  composed chiefly of serpentinized per ido
tite  and duni t e  that , at least  locally , disp lay a 
well-d eveloped t e c tonite fabric (Tailleur , 1 9 7 3 a ) . 
The layer ed gabbro overlies the ultramaf ic rocks and 
in places is intruded by basal t dike swarms that have 
been interpre t ed by Ro eder and Mull ( in pres s )  as 
possib l e  sheeted dike complexes . 

Age Da ta . Thr ee K/Ar ages have been obtained 
from hornblende-b ear ing rocks in the ultramaf ic
layered gabbro c omplexes of the wes tern Brooks Range 
(Pl . I I I, Table 1 ,  nos . 1-3) . Two of the age deter
mina t ions yielded Jurassic  ages (151 ± 15 , 164 ± 7 .  2 
m . y . )  that agree closely with ages ob tained from 
ultramafic-layered gabbro compl exes in the Yukon
Koyukuk and Rampar t belts . One of the samples (no . 2 )  
is from a hornbl ende pegmatite  dike intrud ing gabbro 
in the S iniktanneyak body , and the o ther (no . 3)  is 
from a hornb lend e  gabbro in the Misheguk body . The 
third determina t ion (no . 1 ) , obtained from an amphibo
lite  which appears to  be  part of  the As ik ophio l i t e  
body , gave a middle Paleozoic a g e  ( 384 ± 5 5 m . y . ) .  
This age is cons idered anomalous and canno t be recon
ciled with the o ther two determinations or , for tha t 
matter , with any K/Ar ages obta ined thus far from the 
ophiolites of  northern and wes tern Alaska . There is 
no evidence ,  s tratigraphic or o therwise ,  to sugge s t  
that any of the ophiolite assemblage is older than 
Late Devonian . 

The basalt-d iabas e-cher t compl exes in the wes tern 
Brooks Range allochthon canno t be da t ed more precis ely 
than La te  Devonian to Early Cr etaceous . The older 
limit is es tablished by the ex trus ive and intru s ive 
r elat ions between the basalt and slices of Upper Devo
nian carbonate rocks that are incorpora ted in the 
base of the ophiolite  allochthon . The younger l imit 
is f ixed by the abundant occurrence of basal t ,  d ia
base , and cher t d ebris in Early Cretaceous f lyschoid 
d eposits  in the Colville bas in foredeep at  the nor th 
edg e of the Brooks Range (Tailleur and Brosge , 1 9 7 0 ;  
Roeder and Mull ,  i n  pres s ) . 

Yukon-Koyukuk Belt 

Dis tribution . The wedge-shaped Yukon-Koyukuk 
province of wes t-central Alaska is bounded on at 
leas t two s ides by ophio lites that dip inward beneath 
the Cretac eous volcanic and sed imentary rocks of the 
province (Pl . I I I ) . The ophiolites have been traced 
in a narrow but nearly cont inuous belt along the 
northern margin of the province f or nearly 500 krn and 
along the southeastern marg in for  ano ther 400 krn 
(Pat ton , 1973) . The Kaltag fault on the Yukon River 
offsets the southeas tern margin of the provinc e and 
the ophiolite belt 130 to 150 krn right laterally 
(Patton and Hoar e ,  1968) . South of the fault , the 
Yukon-Koyukuk ophiolite belt occurs in an isolated 
group of hills situated wes t of the Kaiyuh Mountains 
near the Yukon River (Pl .  I I I ) . 



TABLE 1 .  K-Ar AGES AND ANALYTICAL DATA FOR WESTERN BROOKS RANGE , YUKON-KOYUKUK AND RAMPART OPHIOLITE BELTS 

Map no . Lat . Long . K20* 4 0Ar
rad 

(pl .  I I I )  Field no . (N) (W) Rock type Mineral (wt . percent ) (mol / gm) % 4 0Ar
rad 

xl0 1 0 

1 66ATr 5 6A 6 7 ° 24 1 16 2 ° 2 3 1 Amphibolite Hornb l ende 0 . 0588 ± 0 . 0019 ( 6 )  0 . 3 6 2 6  5 7 . 0  

2 6 6ATr 7 6 . 2 6 8 ° 2 0 1 1 5 8 ° 1 5 1 Hornb l ende pegmatite --do-- . 131 ( 1 )  . 29 7 6  4 2 . 0  

3 66ATr 152C 6 8 ° 1 7  I 160° 32 1 Gabbro --do-- . 307  ( 2 )  • 7 5 7 7  50 . 0  

4 7 3APa 242A 6 5 ° 58 1 1 5 1 ° 5 3 1  Garnet amphibolite --do-- . 681 ( 2 )  1 .  6 5 1  89 . 6  

5 70APa 271  6 6 ° 01 1 151 ° 4 2 1  Hornblende pegmatite --do-- . 117  ( 2 )  . 2420  20 . 8  

6 7 3APa 254A 6 5 ° 5 6 1 1 5 2 ° 0 7 1 Hornblendite  --do-- . 054 ( 2 )  . 1 218 44 . 0  

7 7 3APa 246A 66° 5 6 1  1 5 0 ° 4 8 1 Gabbro --do-- . 4 7 9  ( 2 )  1 . 139 84 . 0  

8 71ABe 494Z  66° 5 2 1 148 ° 28 1 Amphibolite --do-- . 19 2  ( 2 ) . 44 7 9  7 1 . 2  

9 63ABe 202 6 7 ° 30 1 1 4 5 ° 4 5 1 Diorite Plagioclas e 1 . 1 2 ( 2 )  2 . 6 7 7  69 . 0  

10 6 3ARr 151 6 7 ° 28 1  145 ° 31 1  Gabbro Hornblende • 251 ± 0 .  0004 ( 4 )  . 65 0 3  51 . 0  

11 65ABe 106CZ 6 5 ° 3 9 1 150 ° 09 1 --do-- --do-- . 1 74  ( 2 )  . 5 5 9 2  4 7 . 0  

No s .  1-8 , no t previously pub l ished 

Nos .  9 ,  lp , Reiser and o thers , 1965  

No . 1 1 ,  Bro sge and o ther s ,  1969 

*Mean value and , where more than two measurements  were mad e ,  s tandard dev iation . Numb er o f  measurements is in parentheses . 

t Calculated age 

(mill ions of years )  

384 ± 55 

151 ± 1 5  

1 6 4  ± 7 . 2  

161 ± 4 . 9  

1 3 8  ± 8 . 0  

149 ± 9 . 6  

158 ± 4 . 6  

155  ± 4 . 6  

159  ± 6 

1 7 2  ± 8 

210 ± 6 

tA = 0 . 5 7 2  x 1o- 1 0 yr- 1 .  A 1 = 8 . 78 x lo- 1 3  yr- 1 . A = 4 . 9 6 3  x lo- 1 0  yr- 1 ·  4 0K/K = 1 . 1 6 7  x lo-4 . e: ' e: ' S ' total 
Where mor e than one measurement was mad e  on 

a sample , the age g iven is the weighted mean; weight ing was by the inver s e  of the varianc e .  The ± f igures are e s t imates of analy t ical prec i s ion at 

the 6 8  per c ent conf idence l evel . Prev iously published ages r ecalcula t ed with thes e  d ecay constants .  
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Narrow fault-bounded slivers o f  basalt and dia
base also occur along the western boundary of the 
Yukon-Koyukuk tectonic province on the eastern Seward 
Peninsula and along the south shore of Escholtz Bay . 
However , the relation of these mafic rocks to the 
Cretaceous rocks of Yukon-Koyukuk province is ob
scure, and it is problema tical whether they are part 
of the Yukon-Koyukuk ophiolite bel t .  Interpretation 
of the structural relations along the western margin 
of the Yukon-Koyukuk province is complicated by a 
north-trending belt of Late Cretaceous to early Ter
tiary folds and thrus ts that has cut across and de
flected the west and sou thwest middle Cretaceous 
trends of the province (Patton and Tailleur , in 
press ) .  

Geologi c Setting and Lithologi c Character . The 
Yukon-Koyukuk ophiolite bodies are s tructurally com
plicated in detail but in gross aspect are inter
preted as slablike bodies that dip 10° to 80° inward 
beneath the Cretaceous rocks of the Yukon-Koyukuk 
provinc e .  Computer modeling o f  gravity anomalies 
along the ophiolite belt appears to support this 
interpretation (Barnes , 1970) . 

The ophiolites are struc turally underlain by a 
Paleozoic and Precambrian ( ? )  metamorphic complex 
composed chiefly of peli tic schis t ,  quar tzite,  and 
carbonate rocks of greenschist and locally amphibolite 
metamorphic facies . The contact between the ophio
lites and the metamorphic complex typically is charac
terized by a broad zone in which the ophiol ites and 
metasedimentary rocks are tec tonically shuffled to
gether and by a s t eep metamorphic gradient from lit tle 
altered ophiolite through slate and phyllite grade 
rocks to schist and well-foliated greenstones . 

The ophiolites are overlain nearly everywhere 
along the borders of the Yukon-Koyukuk province by 
coarse Cretaceous conglomerates , as much as 2 , 500 m 
thick. The lower part of the conglomerate sequence 
is made up of Lower Cretaceous marine flyschoid depos
its composed largely of ophiolite debri s ,  and the 
upper part is made up of Upper Cretaceous molassoid 
deposits derived from the metamorphic complex . 

Glaucophane-bearing rocks have been found in the 
metamorphic complexes border ing the Yukon-Koyukuk 
province in the southern Brooks Range ,  Ruby geanti
cline, and Seward Peninsula (Forbes and others , 1971;  
Brosge , 1975;  Patton, 1975)  (Pl . I I I ) .  The glaucophane 
occurs both in the metasedimentary rocks of the meta
morphic core complexes and in greenstone bodies along 
the margins of the ophiolite belts . Potassium-argon 
age determinations by Forbes and others (1977)  for 
these "blueschists" have yielded late Precambrian ages 
in the Brooks Range , Paleozoic and Jurassic or Creta
ceous ages in the Kaiyuh Hills segment of the Ruby 
geanticline , and Juras s ic ages on the Seward Penin
sula . Forbes and others (1977)  conclude that neither 
the Brooks Range nor the Kaiyuh Hills "blueschist" 
belts are tectonically related to ophiolites , a con
clusion that seems questionab le in view of the distri
bution of these glaucophane-bearing rocks around the 
perimeter of the Yukon-Koyukuk province (Pl.  I I I ) . 

The Yukon-Koyukuk ophiolite bodies , like the 
western Brooks Range ophiolites , are compos�d of two 
lithologically distinct tectonic units that have been 
juxtaposed by thrust faulting . The s tructurally lower 
of these units is composed of p illow basal t ,  diabase ,  
and gabbro with minor cher t ,  argillite,  volcaniclast ic 
rocks, and limestone . Pillow s tructures , where exam-

ined in detail , generally appear to be right-side up . 
The structurally higher unit is made up chiefly of 
serpentinized dunite and peridotite tectonite overlain 
by layered gabbro . In a f ew places a thin layer of 
strongly banded and foliated garnet amphibolite and 
pyroxene granulite occurs at the base of the upper 
uni t .  

These two units are best exposed in the Kanuti 
River area along the southeastern margin of the Yukon
Koyukuk province (Patton and Miller , 1970) (Fig . 1 ) . 
There the lower unit is as much as 2 km thick and 
rests in probable thrust fault contact on metasedi
mentary rocks of the Ruby geant icline . The upper 
unit,  which is as much as 1 . 5  km thick , is thrust 
onto the lower unit and also onto the metasedimentary 
rocks . Both units are severely deformed internally 
but have a gross regional dip of 10° to 6oo to the 
northwest beneath the Cretaceous rock of the Yukon
Koyukuk province . 

Figure 1 .  Aerial view of Yukon-Koyukuk ophiolite 
belt on southeastern margin of Yukon-Koyukuk province.  
Ophiolite belt ( B , C , D) has regional dip to the north
west and rests in probable thrust-fault contact on 
metasedimentary rocks (A) of Precambrian( ? )  and Paleo
zoic age .  Lower part of ophiolite assemblage (B)  is a 
structural complex of basal t ,  diabas e ,  gabbro ,  and 
argillite.  Upper part is composed of serpentinized 
dunite and peridotite (C) and layered gabbro and pe
r idotite (D) . Upper part ( C , D) is thrust faulted on 
lower part (B) . Ophiolite belt is overlain unconform
ably by Cretaceous conglomerate and Quaternary surfi
cial deposits in Kanuti River lowlands (E) . 
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Age Da ta . Foss ils o f  la t e  Paleo zoic age have 
b e en collec ted f rom the basal t-d iabase- gabb ro unit at 
thr ee loca l i t ies in the Yukon-Koyukuk b e l t  (Pl . I I I ,  
Tab l e  2 ,  no s . 1- 3 ) . All three c o l l ec t ions are f r om 
thin carb ona te lens es that appear to b e  in se quence 
with p i l low b a s al t .  I n  add i t ion to these c o l l e c t ions , 
tectonic and exo tic blo cks of fo s s il if erous Devonian 
carbona t e  rock hav e  b e en found in a basalt-d iab a s e
gabbro comp l ex along the nor thern mar g in of the Yukon
Koyukuk prov ince ( P a t ton and o th er s , 1 9 6 8 ) . Mo s t  o f  
the s e  carb ona t e  blocks a r e  f au l t  bounded , but a f ew 
show int r u s ive and extru s ive contac ts with bas a l t  and 
d iab ase and ther eby c l ea r ly es tab l ish the age of the 
basalt-d iab as e-gabb ro unit as pos t-Midd l e  Devonian . 

Four K/ Ar hornb lend e ages rang ing from 1 3 8  ± 8 to 
1 6 1  ± 4 . 9  m . y .  ( Jur a s s i c )  have b e en ob tained f r om 
ultramaf ic- layered gabbro comp lexes in the Yukon
Koyukuk b e l t  (Pl . I I I ,  Tab le 1 ,  nos . 4- 7 ) . Thr ee of 
the dated s amp les (nos . 5- 7 )  are f r om hornb l ende 
gabbro and hornb l ende-bear ing d ikes in the layered 
gabbro s equence in the upper parts o f  the comp lexes . 
The four th samp le ( no . 4 )  is f r om a thin layer o f  
garnet amphib o l i t e  b eneath the dunit e-per ido t i t e  
s equenc e i n  t h e  lower p a r t  o f  t h e  comp l ex . 

Rampar t B e l t  

Di s tribution . The Ramp ar t ophio l i t e  b o d i e s  o c cur 
as b roadly synf o rmal ma s s e s  tha t are crudely al ined in 
a b e l t  that ext end s 800 km f rom the eas tern Bro oks 
Rang e to the Ka iyuh Mounta ins (P l .  I I I ) . Four large 
ma s s e s , Chr i s t ian , Hadweenz ic , Rampar t ,  and Ka iyuh , as 
well as s everal sma l l er bodies have b e en mapped along 
this b e l t . Some of thes e ma s s e s  may j o in b eneath the 
al luv ia ted lowland s tha t border the Yukon River . 

Th e Rampart b e l t  g enerally parallels the s outh
wes t-trend ing s egment of the Yukon-Koyukuk ophio l i t e  
b e l t  and is s eparated f r om i t  by the 3 0 - to 50-km-wide 
metamorphic comp lex of the Ruby gean t i c l ine . The 
pres ence of several small kl ipp enl ike mas s e s  of ophio
lite on the Ruby g eant i c l ine sug g e s t s  tha t the two 
b e l t s  wer e once conne c t ed as a s ing l e  cont inuous sheet. 

Geol ogi c Set ting and Li thol ogi c Character . S t ruc
tural interpr e t a t ions of the ophio l i t e s  in the Rampa r t  
b e l t  ar e hand icapped b y  a comb ina t ion o f  p o o r  expo
sures and lack of detailed map inf o rmat ion . All the 
mas s e s  app ear to be sync linal r emnan t s  and to r e s t  on 
Devonian and older s t rata , exc ept at the ex t r eme 
no r thea s t ern end of the b e l t  wh er e they r e s t  locally 
on Mis s i s s ipp ian s trata . Th e contact b e tween the 
ophio l i t e s  and the und erly ing ro cks , however , is 
largely obs cur ed by al luvial dep o s i t s  and a thick 
cover of vegeta t ion . In the f ew places wh ere s e en , 
it g ener ally has b e en interp reted as a faul t . 

Th e Rampar t ophio l i t es app ear to have the same 
internal s t ruc tural order that is found in the Yukon
Koyukuk and Brooks Rang e b e l t s ; i . e . , the ultramaf ic
layer ed gabbro comp lexes l i e  s t ruc turally above and 
in thrus t f aul t contac t on the bas a l t-d iabase- cher t 
comp lexes . 

The Chr i s t ian mas s  (Pl . I I I )  at the no r theas tern 
end o f  the belt cons i s t s  of a large ob long synform of 
nonlayered gabbro , basa l t ,  d iab as e ,  cher t , shale and 
carbona t e  rocks with in wh ich are f ound two small 
s t ruc turally higher ( ? )  bod ies of layered gabb ro and 
ultrama f i c  ro cks (Reiser and o ther s , 1 9 6 5 ) . Th e con
tac t at the b a s e  of the layered gabb ro and ultrama f i c  
bod ies is poorly exp o s ed b u t  is b e l i eved t o  b e  a 
thrus t f ault . S imilarly , the Hadween z i c  ma s s  is mad e 
up of a broad sheet of basa l t , gabbro , and cher t that 
is ov erlain on the no r theas t s id e  by a smal l  syncl inal 
klippe of layered gabbro and per id o t i t e . At the b a s e  
o f  t h e  k l i p p e  are banded garnet amphib o l i t e s  s imilar 
to tho s e  wh ich o ccur on the s o l e  o f  the ultramaf ic 
thru s t  sheets in the Yukon-Koyukuk ophio l i t e  belt 
(Brosg� and o t h er s ,  19 7 4 ) . The Rampar t mas s  is mad e 
up entir ely of basa l t , d iab a s e , cher t ,  and volcani
clas t i c  rocks , and no lar g e  b o d i e s  of ultramaf ic r o cks 
o r  layer ed gabb r o  have b e en f ound . In the Ka iyuh 
mas s , at the sou thwes t  end of the b el t , s ix s epar a t e  
bodies o f  s erpentinized duni t e  and p e r ido t it e , as 
much as 600 m thick , are a l ined along a no r theas t
tr end ing b e l t  near the c enter o f  a synform of basa l t ,  
d iab as e ,  and cher t . S truc tural relat ions at the b a s e  
o f  t h e  ultramaf ic bodies are obs cured by a d e n s e  cover 
of vegeta t ion , but s c a t t er ed exposures o f  banded gar
net amphib o l i t e  sug g e s t  that the cont a c t  is a thru s t  
faul t . 

TABLE 2 .  FOSSIL COLLECTIONS FROM YUKON-KOYUKUK AND RAMPART OPHIOLITE BELTS 

Map no . La t .  Long . 

( p l . I I I )  
Field No . (N) (W) Fo s s ils Source o f  info rmat ion Ag e a s s ignment 

1 7 0AP a  2 3 6  6 7 ° 0 5 ' 1 5 2 ° 2 9 ' Foraminif era , bryo zo ans , P at ton and Miller , 1 9 7 3  P ermian 
brachiopods 

2 7 5 Tr 1 4 0  6 7 ° 0 9 ' 150 ° 2 8 ' Foram inifera B ir d , 1 9 7 7  P ennsylvanian ( ? )  

3 7 3APa 2 5 5  6 5 ° 5 3 '  1 5 2 ° 1 3 ' Corals A.  K .  Arms trong , wr i t t en Mis s i s s ippian ( ? )  
communica t ion , 19 7 3  

6 5ABe 95 6 5 ° 41 1  150° 01 1 Foraminif era , bryozoans , 
4 p e lecypod prisms Bro s g �  and o th er s , 1 9 6 9  P ermian ( ? )  

65ABe 9 9  6 5 ° 41 ' 1 5 0 ° 0 3 1 Bryo zoans 

5 
7 5APa 118 6 3 ° 5 1 ' 1 5 5 ° 4 5 ' Rad iolar ians Br ian Ho ldswo r th , wr i t t en 

Mis s i s s ip p ian ( ? )  
7 5APa 120 6 3 ° 5 3 ' 15 5 ° 3 5 ' Rad iolar ians communication, 19 7 7  



N O R T H  AME R I CAN O PH I O L I T E S  

Age Da ta . Fo s s ils of prob ab l e  P ermian age wer e 
found in carbona t e  and vo l c anic las t i c  rocks int er
layered with flows in the Rampar t mas s ( P l . I I I ) . Tab l e  
2 ,  no . 4 ) , and radiolar ians o f  probab l e  Mi s s i s s ipp ian 
age were recovered from cher t s  in a small body of 
ophio l i t i c  rocks sou theas t of the Ka iyuh ma s s  ( P l . I I I ,  
Tab le 2 ,  no . 5 ) . In add i t ion , a K/Ar age o f  2 1 0  ± 6 

. 

m . y .  ( Tr ias s i c )  was ob t a ined from a gabb ro in trus ion 
in the Rampart mas s  ( P l . I I I , Tab l e  1 ,  no . 1 1 ) , and a 
K/Ar age of 1 5 9  ± 6 m . y .  ( Juras s i c )  from a d i o r i t e  
intrus ion i n  t h e  Chr is t ian mas s ( P l . U I ,  Tab le 1 ,  
no . 9 ) . 

Two K/Ar age det ermina t ions were mad e for s amp l e s  
from t h e  u l t r amaf ic- layered gabbr o  comp l exes : 1 7 2 ± 8 
m . y .  ( Juras s i c )  f rom a layered gabbro in the Chr i s t ian 
ma s s  ( P l . I I I , Tab le 1 ,  no . 10) and 1 5 5 ± 4 . 6  m . y .  (Ju
ras s i c )  f rom garnet amp hib o l i t e  at th e b a s e  o f  the 
sma ll klippe o f  u l t r ama f i c  rock and layered gabbro in 
the Hadwe enz ic mas s  ( P l . I I I , Tab l e  1, no . 8 ) . 

SUMMARY OF FOSSIL AND K/AR AGE DATA 

Basal t-Diab a s e- Cher t Compl exes 

Fo s s i l  ev idence s ugg es t s  a late Paleo z o i c  age for 
the basal t - d iabas e-cher t comp l exes in the Yukon
Koyukuk and Rampart b e l t s . The age a s s ignmen t s  in 
four of the f ive c o l l e c t ions l i s t ed in Tab le 2 are 
quer ied because they c anno t b e  ref ined to a specif ic 
per iod . However , it is unlikely tha t any of the f our 
c o l l e c t ions are young er than l a t e  Paleozo ic .  An age 
o l d er than Devo nian is also ruled out , a t  l e a s t  for 
the Yukon-Koyukuk comp l ex ,  b e caus e of the p r es ence o f  
exo t i c  b locks of f o s s ilif erous Devonian carbona t e s  in 
the basal t . 

The · ag e  of the b a s a l t-d iab a s e-cher t comp l exes in 
the wes t ern Brooks Range canno t be es tabl ished at 
present mo r e  c l o s ely than Devonian to Early Cretaceous . 

Th e two K/ Ar d a t e s  of 1 5 9  ± 6 m .  y .  (Jur a s s i c )  and 
210 ± 6 m . y .  ( Tr ias s i c )  ( Tab l e  1 ,  no s .  9 ,  1 1 )  from 
dio r i t e  and gabb ro b o d ies in the basalt-diabase-chert 
comp l exes o f  the Rampart belt probab ly r ep r e s ent 
s eparate and later intrus iv e event s .  

Ul tramaf ic-Layered Gabbro Comp l exes 

Of the nine s amples ( Tab l e  1, nos . l- 8 ,  10) from 
the u l t r amaf ic- layer ed gabb ro comp lexes that have b e en 
analy z ed by K/Ar method , eight yielded ages of Midd l e  
and L a t e  Juras s ic ( 1 7 2  ± 8 to 1 3 8  ± 8 m . y .). W e  interpr e t  
the s e  Juras s ic ages as r e f l e c t ing t h e  t e c tonic events 
involved when the comp lexes wer e emp laced onto cont i
nental crus t r a ther than the t ime that they were 
formed in the upper mantle and lower o c eanic cru s t . 
This in terpre t a t ion s eems to b e  s uppo r t ed by the f a c t  
tha t two of t h e  a g e s  (nos . 4 and 8 )  were d e r ived from 
s trongly t e c tonized amphib o l i t e  on the s o l e  of the 
ultramaf ic thru s t  shee t s . Al s o , the Juras s ic ages f i t  
comf or tab ly into t h e  t ec tonic h i s t o r y  of no r thern and 
wes t ern Alaska . Al l evidenc e in this region po int s t o  
a maj or reorganization of t h e  tec tonic frameWork b e
g inning abou t  the Middle Juras s i c  and culmina t ing in 
the Early Cretaceous w i th the r i s e  o f  the ances tral 
Brooks Range (Patton and Tailleur , 1 9 6 4 ; Tailleur and 
Brosg� , 1 9 7 0 ;  Mar t in ,  1 9 7 0 ) . Emp lacement of the ophi
olites appears to have been comp l e t ed by the end of 
Early Cretaceous . This t ime limit is indicated by 

the abundanc e of ophio l i t e  debris in upper Lower 
C r e t a c eous cong lomer a t e s  border ing the Bro oks Range 
and Ruby geant i c l ine and by upper Lower C r e t aceous 
grani t i c  plutons on the Ruby g eant i c l ine that cut 
a c r o s s  the c ont a c t s  o f  the ophio l i t e  and the under
ly ing metamorphic compl ex ( P a t ton and Miller , 19 7 3 ;  
P a t ton and o ther s , 19 7 7 ) . 

ORIGIN OF THE OPHIOL I TES 

We in terpret the we s t ern Brooks Rang e and Rampart 
ophio l i t e  b e l t s  as r emnants of the lead ing edges of 
allochthonous sheets , and the Yukon-Koyukuk ophio l i t e  
b e l t  a s  t h e  r o o t  zones o f  these sheets . Th e kl ipp en
l ike b o d i e s  of the ophiol i t es on the Ruby geant icline 
and the abundance of ophio l i t e  debris in the marg inal 
conglomer a t e s  of the Brooks Rang e and Ruby gean t i c l ine 
suppo r t  the no t ion that the me t amo rphic cores of the 
southern Brooks Range and Ruby g eant i c l ine were onc e 
covered by the ophio l i t e s . 

Two d i f f er ent tec tonic s chemes ar e o f f ered to 
exp lain the o r ig in of the Yukon-Koyukuk t e c tonic 
province and the emp lacement o f  the ophio l i t es . The 
f i r s t ,  sug g e s ted by P a t t o n ,  propo s es tha t the wedge
shaped Yukon-Koyukuk province b egan a s  an intracra
tonic r i f t  tha t op ened in l a t e  P a l e o z o i c  t ime and by 
Juras s i c t ime had wid ened to an o c ean bas in a t  l eas t 
600 km wid e .  From Midd l e  Jura s s i c  to Early Cretaceous 
t ime , the r i f t ed b a s in was s ubj e c t ed to s trong com
p r e s s i o n ,  which resul ted in thru s t ing or obduc t ion of 
the ophio l i t e s  onto the b o rd erland s , po s s ib ly f r om 
shor t - l ived subduc t ion zones along the no r thern and 
s outhea s t ern marg ins . 

The s e cond scheme , s ug g e s t ed by Ta illeur , argues 
that the p r e s ent V-s hap e of the nor thern and south
eas tern mar g ins of the Yukon-Koyukuk prov ince is a 
rela t ively young f eature and th e result of c lo ckwise 
r o t a t ion by o r o c l ina l bend ing . P r ior to Late Cre ta
c eous t ime , thes e two marg ins are envisaged as a 
nearly s t raight continental margin , approxima t ely 
paralleling the pres ent-day southern edge of the 
Brooks Range . Th e ophio l i t es were obdu c t ed onto this 
cont inent al marg in dur ing convergence with an o c eanic 
plate dur ing Mid d l e  Jura s s ic to Ear ly Cre taceous t ime . 
The Rampar t part of the obdu c t ed sheet was sub s e
quently r o t a ted to i t s  p r e s ent p o s i t ion by o r o c l inal 
b end ing . Accord ing to this s ch eme , the wes t ern Brooks 
Range ophio l i t es and Ramp art ophio l i t es are r egarded 
as part of a s ing le alloch thonous sheet , wh ereas in 
the f i r s t  s cheme they are b e l i eved to be remnants o f  
two s eparate sheets emp laced i n  oppo s i t e  direct ions . 

A d e t a iled d is cus s ion of each hyp o th e s i s  is 
b eyond the scope o f  this r epor t .  Suf f ice i t  to s t ate 
tha t ,  whi l e  the s econd o f f er s  a s imp ler exp lana t ion 
for emp lacement o f  the ophio l i t e s , i t  is s e r iously 
comp l icated by time and space problems a t t endant upon 
o r o c l inal b ending o f  as mu ch as 13 0 ° . 
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OPHIOL ITIC AS SEMBLAGES I N  THE CANADIAN CORD ILLERA 

J . W . H .  Monger , Geological Survey of Canada , 100 Wes t Pender , Vancouver ; B . C .  V6B 1R8 , C anada 

AB S TRACT 

Ophio l i t e s  in the Canadian Cordillera o ccur 
almo s t  ent irely in two b e l t s  of late Paleozoic and 
Meso z o ic s tr a t a  tha t  lie 2 5 0  to 5 0 0  km eas t o f  the 
present cont inental marg in . The wes t ern b el t ,  
called the Cache C r e ek-B r idge River a s s emb lage , 
appear s to have b een emplaced in par t in l a t e s t  
Tr ia s s ic and i n  p a r t  i n  l a t e s t ?  Juras sic time . Th e 
ea st ern b el t ,  known as the Eas tern a s s emb la g e ,  l i es 
in place s with s tr a t i g raph ic contac t on Devonian 
and older mio g eo c l inal s tr a t a  and e l s ewhere is 
allochthono u s . Emplacement of the all oc hthonous 
component was probably in the Late T r ia s s ic . Other 
po s s ible ophio l ites are of pre-P ermian age in the 
Saint Elias Moun tains , southwes tern Yuko n ,  and 
Eo c ene age on so uthern Vancouver Island . 

INTRODUCT ION 

Thi s  b r i ef summary g ives the l o c a t ion ,  na tur e ,  
and s e t t ing o f  rocks in the Canad ian C o r d i l l er a  
cons id ered b y  t h e  wr iter t o  be ophio l i t e s . 
' Ophio l i t e ' is u s ed for ma f ic and ult rama f ic 

a s s o c ia t ions with the char ac ter i s t ic s  o u t l ined in 
the r ep o r t  of the f i r s t  Penro s e  F ield Confer ence 
(Geo t imes , Decemb er , 1 9 7 2 ) . In the Canadian 
Cord il lera such ro cks are ma inly in two b e l t s  o f  
upp er Paleo z6ic and Meso zoic s t r a ta , the C ache 
Cr eek-Br id ge River and Ea s tern a s s emblag e s , tha t 
lie b e tween 2 5 0  km and 500 km ea s t  o f  the Pac i f ic 
Ocean in the Int ermontane Bel t and Omineca 
Crystalline Bel t ( F igure 1 ) . Vo l c anic rocks in 
these belts ar e ent irely maf ic and commonly 
a s soc ia ted with alp ine- type ultramaf ics . They 
contrast with coeval vo lcano sedimen tary s trata 
elsewhere in the we s t ern Cord illera tha t contain 
volcanic s r ang ing in compo s i tion from b a s al t  to 
rhyo l i t e , with no a s so c iated alp ine ultrama f i c s  
(Mong er , i n  p r e s s ) . Smaller areas o f  po s s ib l e  
ophiol ites a r e  o f  Eoc ene a g e  on sou thernmo s t  
Vanc ouver I sland , southwes t ern Br i t ish Columb ia 
(Muller , 1 9 7 7 ) , of pre-P ermian age in the Kluane 
area , southwes t ern Yukon (Read and Monger , 1 9 7 5 )  and , 
( extraterritor ially) o f  Jur a s s ic age in the San Juan 
Islands , nor thwe s t ern Wa shington (Whe t t en and o ther s ,  
1 9 7 6 ; Brown , this vo lume ) . O t her maf ic and ul tra
mafic a s s o c ia t ions in the wes t ern Cordillera , namely 
zoned , int rusive , Alaskan- type ul trama f i c  bodies and 
probably related Lower Cretaceous alkal ine basalt in 
sou theas tern Alaska ( Irvine , 1 9 7 3 )  and comparable 
asso c ia t ions o f  Upper Tria s s ic age in the Inter
montane Belt ( Irvine , 1 9 7 6 )  are no t d is c u s s ed her ein . 

CACHE CREEK-BRIDGE RIVER ASSEMBLAGE 

Mo s t  of this a s s emb lage is mad e up o f  the 
Cache Creek Group , exc ept in the extr eme south 
wher e it includes the par tly younger Bridge River 
(or Fergus son) Group and its probab le correlative 
the Ho zameen Group . Litho logies in the Cache Creek 
Group in decrea s ing order o f  abundance are ( 1 )  
r ibbon cher t and arg ill ite , typically radiolar ian-

b ear ing , ( 2 )  ma s s ive , shallow wa ter carbonat e ,  
( 3 )  ma fic volcanic r o ck (Figure 2 a ) , ma inly flows 
but lo cally br eccia , and related d iaba s ic o r  
microgab b r o i c  intrusions and (4)  alp ine- type 
ultrama f i c s . The Bridge River and Ho zameen Groups 
d i f f er in tha t the amo unt of carbona t e  in them is 
r e l a t ively mino r . Li tholo gical un i t s  in this 
a s s emb lage a r e  d iscontinuous , in par t due to 
o r ig inally pod i form s trat igraphy but in par t to 
locally intense t e c tonic d i s ruption . The 
s t r a t i graphy is thus very d i f f icult to es tab l ish . 
The age o f  the Cache C r e ek Group ranges f rom Ear ly 
Mis s is s ip p ian to L a t e  T r ia s s ic and tha t of the 
Br idge River Group from Midd l e  T r ia s s i c  to 
p o s s ibly mid-Jur a s s i c . Carbona t e  in the Cache 
C r eek Gro up is mainly Penn sylvanian and Permian , 
but locally is as o ld as Early M i s s i s s ipp ian and 
p o s s ibly as young as Late T r i a s s i c . Fo s s i l s  from 
cher t are Penns ylvanian , P ermian , Midd l e  and Late 
T r i a s s i c , accord ing to D . L .  Jones and E .  Pes sagno 
( p er s . comm . 1 9 7 7 ) . Mid d l e  Tr ia s s i c  f o s s i l s  hav e 

b een ob tained from carbona t e  in the Br idge River 
Group and po s s ible mid-Jur a s s ic ones f r om cher t 
(D . L .  Jones , per s . comm . 1 9 7 7 ) . Ex t ernal contac ts 
o f  this a s s emblage w i th o ther upper Paleo zoic and 
lower Meso zo ic s equenc es are commonly tec tonic . 
The Cache C r e ek Group is intr ud ed by mainly Mes o z o ic 
grani t e s , some as old as 200 m . y . , and gener ally 
over lain only b y  C r e taceous and Ter t iary cont inent al 
ro cks , al though in a few places po s s ib l e  Low er 
Jur a s s i c  s tr a ta over l i e  it . The B r id g e  River Group 
is overlain by ma r ine Alb ian s trata (H . W .  Tipper , 
p e r s . comm . 19 7 7 )  and po s s ib l e  Lower Jur a s s ic rocks 
l ie on vo l canics that probably belong to the 
Ho zameen Group (And er so n ,  1 9 7 6 ) . Metamorphic grad e 
o f  the a s s emb lage is generally prehn i t e- pumpelly ite 
or pumpellyite-chlo r i t e ,  but b l u e s chis t is known 
f r om the Atl in Ter rane , from the S tuar t Lake b e l t  
(wh ich y i e l d s  2 1 0 - 2 2 0  m . y .  K/Ar a g e s ) , and from 
the type area (Monger , 1 9 6 9 ; P a t e r s o n ,  1 9 7 3�at erson 

and Harakal , 1 9 7 4 ; J .  G r e t t e ,  per s .  comm . , 1 9 7 6 ) . 

Paleonto logical and paleomagn etic ar gumen t s  
sugges t  t h a t  it is r easonab l e  to int erpr e t  the 
Cache C r e ek and Bridge River Group s as fragmen t s  
o f  t h e  f l o o r  of the ancestral Pac i f ic Oc ean o f , 
respec tivel y ,  ma inly late Paleo zo ic and ear ly 
Meso z o ic ages , tha t wer e trapped ea s t  of 
allo chthonous , c o eval , non-ophio l i t i c  terranes 
now und erly ing par t s  of the Int ermontane Bel t ,  
Coas t Pl utonic Comp l ex and Insular Bel t ( s ee 
d i s c us s ion in Monger , in pres s ) . Time of emplace
ment of the Cache Creek Group was probably in the 
Late T r ia s s ic and tha t of the Br idge River Group 
po s s ib ly in the late Jur a s s i c  o r  ear l i e s t  
C r e taceous . 

The mo s t  wid ely expo s ed and probably b e s t  
p r e s erved s trata i n  t h i s  a s s emblage form the Atlin 
Terrane , no r thwe s t ern British Columb ia ( Figure 2b) . 
This ar ea is bounded by maj or faul t s . Tho s e  on 
the southwes t are thr u s t  and high-angl e  r ever s e  
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Figure 1 .  Dis tribution o f  assemblages containing 
ophiolites in the Canadian Cord illera . 

faults of probable Late Jurassic age that bring 
Cache Creek rocks over and against Upper Jurassic , 
Upper Triassic and , locaily , Permian s trata . The 
ultramafic rocks are typically associated with the 
mafic volcanics ,  as noted by Aitken (1953) . The 
large Nahlin ultramafic body (Figure 2c) , exposed 
along the southwestern fault sys tem, possibly 
represents the basement of the Cache Creek Group 
in this region . Ultramafic fault slices splay 
out from the Nahlin body and are intimately faulted 
with mass ive basalt that underl ies Cache Creek 
sedimentary rocks . Within the main Nahlin body 
are small fault s l ices containing cumulative 
gabbro that intrudes basic volcanics . A rubid ium 
strontium age of 325 + 20 m . y .  f rom the basalt 
(R . L .  Armstrong , pers� carom . ,  1976 ) , northeast of 
the ultramafic body , agrees well with the Late 
Mississippian age of fossils in tuffaceous l imestone 
along the upper contact of the basal t .  In places 
the basalt is overlain stratigraphically by thick 
(up to 2000 m) masses of shallow water reefoidal 
limestone , one example of which contains fossils 
of all epochs from the Late Mississ ippian to the 
Late Permian . These carbonate bodies are presumably 
Bahama-type banks or large atolls built on the 
volcanic basement . Northeast o f  the basalt
carbonate belt is mainly cher t ,  that contains 
lenses of locally brecciated volcanics and 
carbonate .  The latter are probably olistol iths , 
perhaps derived from the reefoidal carbonates and 
underlying volcanics to the southwes t . Along the 
northeastern margin of the Atlin Terrane , chert is 
stratigraphically capped by basalt that in turn is 
overlain gradationally by shallow water Permian 
limestone . Thus , basalt in the Atlin Terrane 
appears to have been extruded both as part of an 
ophiolit1c basement that in places was thick enough 
to have a cover of shallow water carbona te, and 
also as seamounts on cher t that overlies this 
basement (Monger , 197 7 ) . 

The Nahlin ultramafic body was originally 
mapped on a scale of 1 : 250 , 000 by Aitken (1959 ) 
and Souther (1971) . Recently , J .  terry of the 
University of Lille d id detailed mapping of parts 
of it for a comparative study of this body with 
ophiolites of the P indus nappe in Greece; details 
on Figure 2c are mainly his mapping (Terry, 1977 ) . 
From field work Terry finds that most lithologies 
of "classical" ophiolites are present but the 
sequence is disrupted . Much of the body is well
folidated peridotite,  ranging in composition from 
perido tite with up to 40% pyroxen� to dunite almost 
devoid of pyroxene. · Pyroxenite forms layers up 
to 25 em thick throughout the peridotite and dunite 
is present as stringer s ,  diffuse band s ,  and 
irregularly-shaped masses . The pyroxenite layering 
is deformed by probably more than one episode o f  
lsoclinal fold ing with the pervasive foliation 
parallel to the axial surfaces of these folds . The 
latest folds are large-scale ,  regular open structure& 
Numerous , sub-parallel diabasic intrusions up to 
25 m wide, many of which are compo site, cut the 
foliated ul tramaf ics, and with increasing serpen
tinization and shear ing become disrupted and form 
discrete ,  lensoidal bodies of rodingite . Very 
small areas of cumulates occur in fault slices 
within the main mass of foliated perido tite,  and 
grade from peridotite,  through pyroxenite and 
gabbro to trondjhemit e .  The last two l i thologies 
intrude basic volcanics also preserved in the fault 
slices . Although local chilled contacts have been 
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observed in f ine grained d iabase,  no consistent 
pattern of sheeted dykes is known . 

Alp ine- type ultrama f ic s  (Tremb l eur intrus ions ) 
and basic vol canics o f  the Cache Cr eek Group wer e 
mapped by Arms trong ( 1 9 4 9 , pp . 7 9 - 9 2 )  in the 
S tuar t Lake b el t ,  7 0 0  km south southea s t  of the 
Atlin Terrane . An early deta iled s tudy o f  some 
of these  ultramafic ro cks was made by Little (1949)  
who repor ted var iably serpentinized perido t ites 
and duni tes together with pyroxenites and nor ites . 
Also in this area , a suc c e s s ion o f  har zburgite 
with mino r dunite and pyroxenite , gabbro and ma f ic 
volcanic rock, with poorly exposed contac ts , was 
recognized as an ophio l i t e  by Paterson (1 9 7 3 ,  p .  2 6 ) .  
From the same general area Ros s  (1 9 7 7 )  described 
the internal fabric of a par tly serpentinized 
harzburgite and dunite and found evidence for 
three deformat ional ep isodes . He sugges ted the 
two ear l ier penetrative f abric s  were probab ly o f  
mantle origin and the latest  one was produced 
dur ing emplacement within the crus t .  In the S tuar t 
Lake b el t ,  ophiolites appear to have b een emplaced 
and eroded prior to the latest  Trias sic . 
S erpentinite ,  chromi t e ,  and basic volcanic 
detritus is  pres ent in an uppermo s t  Tria s s ic 
(Mono tis b earing ) conglomerate adj acent to the 
Cache Creek Group (Arms trong , 1949 , p .  5 3 ;  
Pater son , 1 9 7 3 , p .  3 7 ) . 

In the eas tern margin o f  the Coast Plutonic 
Complex , southwes t ern B r i t ish Columb ia ,  cher t 
containing po s s ible mid-Jurassic radiolar ia 
(D .L . Jones , per s . comm . , 1 9 7 7 ) , argil l i t e ,  pillow 
basalt , and minor l ime s tone pod s  with Middle 
Triass ic conodont s form the Bridge River (or 
Fergus son) Group (Rodd ick and Hutchison , 1 9 7 3 ,  
pp . 2- 3 ) . Numerous alp ine-type ul trama f i c s  are 
spatially associated with this group , and locally 
( t ec tonically? ) cut nearby probable  Upper Tr iassic 
clas tic rocks as well . The relationship o f  these  
Upper Tr ia s s ic ro cks to  the  Bridge River Group is  
unknown . 

The larges t  ultrama fic body in the region , 
known as the Shulaps , was mapped by Leech ( 1 9 5 3 )  
on a scale o f  one mile to one inch . It lies 
between the Bridge River Group , to the southwe s t ,  
and the maj o r ,  Yalakom faul t t o  the nor theast . 
I t  cons i s t s  o f  har zburg it e ,  dunite and pyroxenite,  
with the s e  three l i thologies locally interlayered 
and cut in places by gabbroid dykes . On the 
southwest s ide  of the body are expo sed dio p s ide 
pyroxenite , lo cally layered gabbro , and inter
mingl ed gabbro and p illow basalt . Recent s tud ies 
by J .  Nagel of the Univers ity of British Columb ia 
(pers . comm . , 197 7 )  show a melange z one on this 
southwest s ide cons i s t ing o f  pervas ively sheared 
serpentinite with a near-hori zontal schisto sity,  
and inclus ions o f  vol canic , gabbroic and 
sed imentary rocks on all scales up to 150 m long . 
The ultramafic ro cks appear to be tec tonically 
emplaced within possible Upper Tr iassic s trata , 
al though J .  Nagel ( pers . comm . , 1 9 7 7 )  has found 
it d i f f icul t  to correlate these s trata with known 
Upper Tr ias s ic rocks in the r egion . The age o f  
emplacement o f  the Shulaps ultramaf ic is pre-Early 
Cretaceous . Chromite grains , presumably der ived 
from this body , are present in nearby sand stones 
that formerly wer e thought to  be of Early Jurassic 
age (Leech, 1 9 5 3 ,  p .  39 ) but now are known to be 
Early Cretaceous ( H . W .  Tipper , pers . comm . , 19 7 7 ) . 

Wr ight (19 7 4 )  made a detailed petrographic 
and s truc tural s tudy o f  the Pioneer ultrama fic 
body which is exposed 30 km southwest  of the 
Shulaps ultramaf ic . This ul trama f ic body l ies 
along the contac t between the Br idge River Group 
and downfaul ted argill ite,  cher t ,  gr eens tone 
conglomera te and breccia ass igned to the Upper 
Tr ia s s ic No el Formation . I t  cons ists of partly 
ser pentinized har zburgite with minor or thopyroxenit� 
duni t e ,  and rare chromitite , and exhib its well
developed layer ing . Wr ight ( 1 9 7 4 , p .  1 1 9 )  
concluded tha t this body is  par t of  a d ismemb er ed 
ophio l ite . 

The Hozameen Group appears to b e  the south
southeas tern cont inuation of the Br idge River 
Group acro s s  the Fraser River fault system .  
S eparating it from Lower Juras s ic clastic rocks 
to the ea s t  is a belt of  serpentinite,  gabbro , 
metad iorite  and maf ic vo lcanic s known as the 
Co quihalla serpentine bel t (Cairnes , 1930 , 
p .  144a) . In a recent no t e ,  Ander son ( 1 9 7 6 , 
pp . 4 4 3-4 4 6 )  r epor ted a depo sit ional contact 
between volcanics o f  the s erpentine bel t ,  that 
he concluded was oceanic l i tho sphere , and possible 
early Lower Jura s s ic s trata of  the Ladner Group to 
the eas t .  The r ecently discovered Jura s s ic 
rad io laria in the Br idge River Group suggest a 
po s s ible correla tion with rocks in the San Juan 
Islands , ment ioned b elow, as well . 

EASTERN ASSEMBLAGE 

Rocks in the Eas tern assemblage extend 
discont inuously from the Yukon boundary with 
Alaska in the nor th ,  at latitude 65° , almo s t  
t o  the Br itish Columb ia-Idaho boundary in the 
south (Figure 1 ) . The assemblage consists of two 
d ivisions , the lower predominantly sedimentar y ,  
and the upper , mainly vo lcanic . The gross  
s tratigraphy o f  this assemblag e ,  is summarized 
in Figure 3a . The lower d ivision is mainly f ine
gra ined clas tic rock and ribbon chert , with local 
sand s tone , conglomerate,  and carbonate . In mo s t  
places , these rocks l i e  with stratigraphic  or 
possibly s tructural contacts on shallow water 
and inter tidal Devonian carbonat e ,  which is the 
uppermo s t  unit of the Cord illeran miogeocl inal 
succes s ion in these places . In southeastern 
British Columb ia , the assemblage is  underlain 
by a terrane probably metamorpho s ed in Devonian 
time (P . B .  Read , per s . comm . , 1 9 7 6 ) . The age o f  
the lower d ivision ranges from Late Mississ ipp ian 
to Early Permian . Above the lower d ivision is 
ma inly basalt ( Figure 3b) , local d iaba s e ,  gabbro 
and alp ine-ul tramafic rock . In the Anvil Range ,  
Yukon Territory , and Nina Creek, c entral British 
Columb ia the vo lcanics are Lower Permian . The 
Sylvester Group contains at lea s t  two volcanic 
a s s emblages ; one , pre-Lat e Mis s i s s ipp ian , the 
o ther , mid-Permian . Elsewhere ,  the volcanics are 
dated as pos t-Late Pennsylvanian and po st-Late 
Mississipp ian , pr e-Late Tr ias s ic . Metamorphism 
is pr edominant ly in the pr ehni te pumpellyite 
grad e ,  but locally in greenschis t and·, rarely,  
amphibolite grade . Contac t relations between 
the upper and lower d ivisions vary . In places , 
as near Nina Cr eek and between the Mil ford and 
Kaslo Group s the two appear to be in normal 
stratigraphic relationship , with diabase and 
gabbro sill s ,  feeder s to the volcanic rocks , in 
the top o f  the underlying s edimentary succession . 
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Figure 3 .  Eastern assemblage (from Monger , in 
press) (a) gross stratigraphy of the Eastern 
assemblage, (b) chemistry of volcanic rocks of 
the Eastern assemblage , from Tempelman-Kluit , 1972,  
Anvil Range;  Gabriels e, 1963 and unpublished , 
Sylvester Group; Gabr ielse,  1975 ,  Nina Creek; 
K . V .  Campbell , 197 1 ,  Slide Mountain . 

Elsewhere, as in the Pelly Mountains , Yukon 
Territory, ultramafic and volcanic rocks lie 
above thrust faults on miogeoclinal strata 
(Tempelman-Kluit , 1976,  pp . 99-100) , or else the 
nature of the lower contact of the volcanics is 
uncertain (Campbell and o thers ,  1973,  p .  80) . 
The assemblage can b e  interpreted as having formed 
along the western margin of the North American 
craton, in part on the extension o f  the craton, 
in part on oceanic crus t .  In southern British 
Columbia , where coeval arc-l ike rocks occur 
immediately to the wes t ,  there may have been 
a true marginal basin , but elsewhere only 
rocks of the Cache Creek Group, with different 
faunas , are known to the west . Where the rocks 
are in normal strat igraphic succession, there 
was apparently deepening of the basin followed 
by extrusion of mafic volcanics .  Elsewhere, 
the ultramafic and mafic rocks appear to 
have been thrust r ight out of the basin, as in 

the Yukon, or else to be internally imbricated , so 
that the volcanics contain ul tramafic slices . 
Tempelman-Kluit and others (19 76)  suggest the time 
of thrusting in the Yukon was in the Upper Triassic . 

As in the case of the Cache Creek-Bridge River 
assemblage ,  relatively little detailed work has 
been done in recent years on the ophiolitic 
assemblages of the upper division . Gabr ielse 
(1955,  1963) discussed ul tramafics in the 
Sylvester Group, northern British Columb ia , and 
descr ibed per ido tite (har tzburgite and lherzolite) , 
dunite and pyroxenite with ubiquitous chromite.  
A detailed study of one of  these ultramafic bodies 
was made by Wolf (1965 ) ,  who reported serpentinite, 
interlayered peridotite and dunite and variably 
rodingitized gabbroic dykes and sills . The contact 
between this b ody and mafic volcanic rocks is 
marked by an aureole over 100 m- wide of amphibolite 
with gneissic textures . Further south, in east
central British Columbia , Hall-Beyer (1976)  
studied major and trace element geochemistry of 
the Slide Mountain basalt and concluded they were 
ocean floor tholeiites and komatiites . S .  
Montgomery (per s .  comm . t o  R . B .  Campbell, 1976)  
working on an ultramafic body in the metamorphic 
terrane between the Slide Mountain Group and 
Fennell Group, found a peridotite base, passing 
up into gabbro and overlying greenschist s . 

KLUANE AREA 

The upper Paleozoic rocks of the Saint Elias 
Range ,  southwestern Yukon and eastern Alaska Range 
form the Skolai Group , which cons ists of a lower 
basic to intermediate volcanic unit,  the Permian 
and ( ? )  Pennsylvanian Station Creek Formation, 
and an upper sedimentary unit ,  the Permian Hasen 
Creek Formation ( Smith and MacKevet t ,  1970;  Read 
and Monger , 1975) . In the Kluane area , south
western Yukon, the typical Skolai strat igraphy 
with two formations is present only on the east 
side of the outcrop area . On the west s id e ,  at 
one locality , the Hasen Creek Formation non
conformably lies on coar s e ,  locally pegmatoid 
uralitic gabbro and diabase .  Nearby, the basal 
Hasen Creek consists of a conglomerate with gabbro 
and diabase together with local pyroxenite and 
probable peridotite clasts . Similar gabbroic rocks 
occur to the west in the eastern Alaska Range ( E . M .  
MacKevet t ,  per s .  comm . , 1976) . Richter and Jones 
(1973) suggested that the upper Paleozoic volcanic 
rocks in the eastern Alaska Range are the remains 
of an island arc that was built upon oceanic 
crus t .  This crust may b e  the gabbro and diabase 
in the Kluane area . 

SAN JUAN I SLANDS 

Ophiolites in the San Juan Island s ,  d iscussed 
elsewhere in this volume by Brown , are of mid
Jurassic age . They are mentioned here only because 
they may represent the correla tive of the basement 
of a sequence of highly deformed radiolarian chert ,  
argill ite, greywacke, breccie, and minor pillow 
basalt of Late Jurassic to Early Cretaceous age 
that is exposed on the west coast of Vancouver 
I sland and called Pac ific Rim Complex by Muller 
(1973 and per s .  comm . )  and possibly the Bridge 
River Group . 
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SOUTHERN VANCOUVER I SLAND 

Bas ic vo l canic rocks o f  Eo c ene age known a s  
t h e  Mecho s in Volcanic s ,  and a s so c ia t ed g abbroic 
Sooke In trusions , d e s c r ib ed by Mul l er ( 1 9 7 7 )  
repr e s ent the no rtherly ex tens ion into Canada o f  
Olympic Penin sula geology . The volcanics are up 
to 3 , 000 m thick and show a prog r e s s ion from d eep 
wa t er p illow bas a l t s  at the bas e to subaer ial f l ows 
at the top . Dykes are par t i c ularly abundant in 
the lower par t o f  the s ec t ion . The compo s i t ion 
o f  the vol canics is pr edominan t l y  tho l e i i t ic basal t 
with minor alka l i  basal t . The Sooke Intrus ions ar e 
mainly gabbro wi th m ino r quar t z  d io r i t ic and 
trondhj emi t ic pha s e s , and local hornb l end i t e  and 
apl i t e  s t r inger s .  The gabbro is locally coar s e
grained o l ivine gabb ro and in places becomes a 
gne i s s ic plagio c l a s e  amph ibo l i t e . Muller ( 1 9 7 7 ,  
p .  2 9 2 )  cons ider s the s e  r o cks to have the 
chara c t e r i s t i c s  of o c eanic crus t . Although 
no ul trama f i c s  are expo s ed ,  o ther than s l ivers 
o f  s erpen t init e along the maj o r  fault that bound s  
thes e volcanic s on t h e  no r th ,  a large g ravi ty h igh 
in the r e g ion may ind i c a t e  they l i e  c l o s e  to the 
sur face . 
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OPHIOLITE ON FIDALGO ISLAND ,  WASHINGTON 

Edwin H .  Brown 

Department of Geology, Western Washington University 
Bellingham , Washington , 98225 

ABSTRACT 

Pre-Tertiary rocks on Fidalgo I sl and in north
western Washington occur in a stratigraphi c  sequence 
which from the bottom upward consists of serpentinite , 
layered gabbro , a plagiogranite dike complex,  
keratophyric and spilitic volcanic rocks , sedimentary 
breccia, pelagic argi l li te and terrigenous siltstones 
and sandstones .  This suite is interpreted to be an 
ophiolite .  Disrupted parts of  the sequence occur 
widely in the San Juan Islands and adjacent mainland . 

The gabbro ic and granitic parts of the section were 
formerly considered to be part of the Ordovician 
Turtleback Complex, exposed on Orcas I sland . However , 
new radiometric dates indicate a Jurassic age for this 
rock, and it is renamed the Fidalgo Complex. The 
tectonic setting during formation of the ophiol ite is  
an unresolved question ; the pelagic sediments indicate 
an oceanic origin , but the silicic igneous rocks 
suggest an island-arc setting . When viewed in a 
regional context it is apparent that the Fidalgo 
ophio lite and associated rock units of northwestern 

r---����--��r.T--���--�----------��--�--�=-��-=�s-��������y-----�,�� 49° 
' t  

PA 

Terti a ry 
Su bduction 
Wedge 

100 

Tertiary Volcanic Rocks 

' 
T 

\ 

t24• 122• t 2o• 
Fig. 1 .  Re.gional geologic setting of the Fidalgo ophiolite . PA=Point of  the Arches ophiolite , Juras sic;  TB= 

Turtleback Complex, Ordovician; B=Blakely Island ophiolite, Jurassic ; CY=Cypress I sland periodotite;  
TS=Twin Sisters dunite; YA=Yellow Aster Complex , Precambrian and Ordovician; D=Darrington ultramafic 
bodies ; !=Ingalls periodotite/ophiolite , Jutassic;  T=Tieton ophiolite, Jurassic.  The map is  simplified 
and interpretive . It is based on data from tihe fol lowing sources ;  Huntting and others , 1961 ; Misch, 
1966; Mattinson , 1972; Snavely and others , 1 972 ; Carson , 1973 ; Hopson and Mattinson , 1 973; Mul ler 
and others , 1974 ; Tabor , 1975 ; Vance and o�hers , 1975; and R. Armstrong , 1976 , personal communication 
r.e/age of h luesclrist  metamorphism. Heavy coritact lines represen� high-angl e  faults.  
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Washington and Vancouver I s l and have been greatly 
di slocated relative to one another if their formation 
and present distribution are to be explained by plate
tectonic theory. 

INTRODUCTION 

This report concerns pre-Tertiary rocks on 
Fidalgo I s land which are part of an assemblage of 
dioritic and gabbroic rocks exposed sporadical ly in 
the San Juan I slands , where they are cal led the 
Turt leback Comp lex (McClel lan ,  1927) , and North 
Cascades of northwestern Washington, where they are 
known as the Yel l ow Aster Complex (Misch , 1966) . The 
regional geologic setting of Fidalgo I sland is shown 
on Figure 1 .  

The origin o f  the Turt l eback and Ye llow Aster 
Complexes has important bearing on the general . problem 
of the tectonic evolution of northwestern Wash1ngton . 
They have been variously  interpreted to be : (1) 
continental crust occurring as an extension of the 
North American Craton (Misch , 1966,  1973 , 1974) ; (2) 
continental crust representing a microcontinent 
separate from the North American Craton (Vance , 197�) ;  
and (3) portions of an ophiolite possib ly represent1ng 
oceanic crust (Hopson and Mattinson, 1973; Brown and 
Bradshaw, 1974 , 1975 ; and Brown and others, 1977) . 

An all ied problem presented by these rocks is 

N 
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Km 

that of the petrogenesis of plag iogranite and kera
tophyre which constitute a large portion of the 
complex .  Such s i l icic rocks occurring el sewhere in 
ophiolites are interpreted to have formed by frac
tional crystal l ization of gabbroic me lt in an ocean 
ridge setting (Col eman and Peterman, 1 975) , or to be 
the resul t of calc-alkal ine magmatism in an island 
arc environment (Miyashiro , 1973) . The plagiogranite 
and keratophyre of the Fidalgo ophiolite are described 
in detail in a separate report (Brown and other s ,  
1977) . 

The purpose of this report is to briefly describe 
the Fidalgo ophio lite,  to present evidence relating 
to the tectonic setting of its origin , and to consider 
its significance to the regional geology. 

FIELD AND PETROGRAPHIC RELATIONS 

Introducti on : 

Primary igneous and stratigraphic relations 
among differing l ithologies of the Turtleback and 
Yel low Aster comp l exes are in most places poorly 
preserved because of faulting . However , the pre
Tertiary terrane on the northern part of Fidalgo 
Is land is relatively undisturbed , and relations 
establ ished there can be used to explain the correla
tive but disrupted rock suites exposed elsewhere . 
A geologic map of this area is given in Figure 2 and 
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a somewhat idealized stratigraphic section in Figure 
3 .  

FIG.3 STRATIGRAPH IC SECTION OF 
FI DALGO ISLAND MAP AREA 
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flow breccias, d i kes 
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P l a g iogra n ite 

Layered g a b bro and pyroxenite 

Serpentinite 

The stratigraphically lowest part of the complex 
is serpentinized peridotite which occurs at Washington 
Park and on Burrows and Allan Islands (Fig . 2) . 
Similar ultramafic rock occurs widely in northwestern 
Washington , the most notab l e  occurrences being at 
Cypress Island and the Twin Sisters (Fi g .  1) . 

In previous studies the ultramafic rock of this 
region has not been linked with the gabbro , mainly 
because an undisturbed contact between the ultramafic 
rock and gabbro has not been observed. The genet ic 
relation proposed here is  based on circumstantial 
evidence, as follows : (1) There is close spatial 
association between serpentinite and gabbro throughout 
the region . The two rocks occur together in fault 
contact at many local ities (e . g. , Fidalgo Is . ,  Blakely 
Is . ,  South Chuckanut Mtn . , Vedder Mtn . ) . (2) On 
Fidalgo Island exposures of the main unit of serpenti
nite are separated from that of l ayered gabbro by 
water and glacial drift ; but cumulus layering and 
graded bedding in the gabbro indicate that the 
ultramafic rock li es stratigraphical ly below the 
gabbro , a relation suggestive that the two tock units 
are in place with respect to one another and represent 
the basal portion of an ophiolite.  

The ultramafic rock on or near Fidalgo Island 
and Cypress Island cons ists of serpentinized harz
burgite containing irregular and dis continuous layers 
of dunite and olivine chromitite (Raleigh, 1965) . 
The layering is predominantly north to northwest 
striking and steeply dipping . Isoclinal folds are 
found in these l ayers . Planar or gently folded veins 
(or dikeSJ or dunite and pyroxenite cross-cut the 
layering and isocl inal folds . The peridotite has a 
wel l  developed tectonite fabric defined by preferred 
orientation of ol ivine with a strong ( 100) maximum 
normal to girdles of (010) and (001) (Raleigh, ibid. ). 
Attitudes of mesoscopic fold axes , mineral l ineations 
and ( 100) olivine maxima are mutually  parallel and 

vary from a gent le southwest to steep northeast plunge. 
Raleigh (ibid) observed that textures in fresh 

peridotite on Cypress Island, are similar to those 
in the ultramafic zone of the Stil lwater Complex, and 
on this basis he inferred a cumulate origin for the 
ultramafic rock of Cypress and Fidalgo Is lands . 

Gabbro : 

The gabbro is exposed only over a smal l area on 
Fidalgo Is land, near Al exander Beach . However,  much 
gabbro occurs elsewhere in the region, as on Blakely 
Island , South Chuckanut Mtn . , and Vedder Mtn . 
Virtually all of the gabbro on Fidalgo Island shows 
cumulus layering, and local ly graded bedding . Slump 
structures , pyroxenite dikes and sills  and gabbroic 
pegmatite dikes are also common features in this unit .  
The primary minerals are plagioclase, orthopyroxene 
and clinopyroxene . Ol ivine is not found, however, 
the gabbros are altered to an extent that all primary 
ol ivine could have been destroyed . Low-grade meta
morphism of the gabbro has caus ed part ial rep lacement 
of the primary phases by minerals of the greenschist 
facies : Ca-plagioclase is completely replaced by a 
fine- grained aggregate of albite + epidote ;  
cl inopyroxene i s  partially replaced by actinolite;  
and orthopyroxene is  partially replaced by chlorite. 
Grain out l ines of the original gabbroic minerals are 
s t i l l  well preserved, and a cumulate texture with 
interstitial plagioclase can be observed in some 
specimens . 

Locally, another type of alteration, predating 
the greenschist facies metamorphi sm, has been caus ed 
by intrusion of dikes of plagiogranite and hornblende 
basal t .  The altered gabbro shows all stages of 
replacement o f  pyroxene by hornblende . 

Dike Rocks : 

The layered gabbro , gabbroic pegmatite, and 
pyroxenite dikes and s i l l s  are cross- cut by dikes of 
mafic to felsic rocks which intrude roughly normal to 
the gabb roic layering, and become increasingly 
abundant toward the upper part of the gabbroic 
section . In the middle and upper parts of the dike 
complex gabbro is absent . The dikes compri se a suite 
of lithologies intergradational in both texture and 
mineralogy, which includes hornblende gabbro , diorite,  
trondhj emite,  albite granite , diabase ,  keratophyre 
and basal t .  The diorite (56-58% Si02) predominates . 
In the basal part of the dike complex the dikes have 
sharp contacts with the gabbro , contain xeno liths of 
gabbro and have caused hydrothermal contact metamor
phism o f  the gabbro as described above . Especial ly 
in the basal part of the dike complex, flow foliation 
is strongly developed in the dikes . 

Plagioclase and hornblende are ubiquitous 
primary minerals in the dikes and quartz and Fe-Ti 
oxide minerals are common. Some dike rocks contain 
pyroxene as well as hornblende . K-feldspar is absent , 
even in the most si licic (Si02 = 75%) variet ies , and 
the term plagiogranite (cf.  Thayer , 1973; Coleman and 
Peterman , 1975) appl ies to much of the rock in thi s 
suite . On Figure 2 undifferentiated rock of the dike 
comprex is broadly referred to as plagiogranite . 
Primary textures are hypidiomorphic granular, with 
quartz being the typical interstitial phas e .  
Myrmekitic texture occurs i n  some o f  the finer-grained 
dikes of albite granite . Low grade metamorphism has 
caused partial development of typical greenschist 
facies minerals , as in the gabbro . 
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Vo l cani c Rocks : 

Keratophyre and spi lite  compri s e  the vol canic 
suite . Thes e  rocks occur mainly as flows and flow 
breccias overlying the p l agiogranite and other dikes . 
Pi l l ows have not been found in the map area of Figure 
2 , but are common in corre l ative vo lcanic ro cks else
where on Fidalgo I s . (e . g . , Ros ario Head) and in  the 
San Juan I s l ands . Minor red ch ert occurs local ly in 
brecciated fl ows . Keratophyri c dikes are common in 
the upper part o f  the pl agiogranite complex and may 
repres ent feeders for the vol canic p i l e .  

Phenocrysts are p l agioclase and cl inopyroxene . 
The unalt ered groundmas s  mineral is dominantly p l a
giocl as e ,  occurring togeth er with quart z in the 
fe l s i c  varieties . Alterat ion minerals  are ch lorite , 
quart z ,  cal cite , iron- rich epidot e ,  prehnite and 
zeo l i tes . Porphyriti c ,  synneus is and trachyti c  
textures are generally we l l  pres erved . 

Sedimentary Rocks : 

Sediment ary rock occurs unconformab ly on p l a
giogranite in part o f  the map area ( Fig . 2) .  A con
tact re l ation between vo l canic and sediment ary rock 
has not been obs erve d .  However ,  c l asts  of kerato
phyre and spi l i t e  occurring in the basal part o f  the 
sedimentary unit indicate the time s equence of the 
rocks . 

Sediment ary rock direct ly overlying p l agio
granite is coars e breccia composed ent ire ly o f  frag
ments of p l agiogranite and vo l cani c  rock . The 
rel ative proport ions o f  plutonic and vo l cani c frag
ment s vary great ly over a di stance of a few lOs  o f  
meters al ong strike . This unit ranges from 1 0  t o  5 0  
meters i n  thi ckness . I t  pas s es conformab ly,  and 
sharp l y ,  upward to pelagic argi l l ite . Fine- grained 
(metal l i ferous ? ,  pelagi c ? )  material o ccurs in the 
breccia matrix near the cont act with argi l l ite . The 
argi l l ite is thin-bedded,  brown or green and is more 
than 90% composed of c l ay- s i z ed material and radio
l ari a .  Spars e int erbeds consist  o f  greenish tuff, 
radiolarite , chert , carbonate s andstone with ultra
mafi c mineral s ,  and breccia containing clasts of  
plagiogranite and keratophyre . The mapped thicknes s  
of  the unit is  about 3 0 0  met ers . 

A thi ck unit o f  terrigenous s i l t s tone and grey
wacke- type s andstone occurs in a general strati graphic 
pos ition above the argi l l ite and igneous rocks . 
However, an unfaulted contact has not yet been found . 
The lowest beds are s i ltstone ; higher in the section 
s andstone and even conglomerate appear . C l ast  
lithologies are chert , s i l t s tone , vo lcanic rock , 
plagiogranite and rarely epi dot e .  Some beds are 
tuffaceous . Turbidite bedding is common . 

AGE OF THE ROCKS 

Three K/Ar ages of hornb l ende in diorite have 
been determined for this report by R .  Forbes .  The 
dat a ,  s ummari z ed in Tab l e  1 ,  indi cate that the 
plagiogranite dike comp l ex crystal l i zed at about 
155±5 m . y . ago . A previous ly publ ished U/ Pb date on 
z ircons from two p l agiogranites on Fidalgo and 
Blakely I s l ands , obtained by Whetten and others 
(1976) , is 1 70±10 m . y .  

Pre liminary study o f  radiolaria i n  the lowermost 
beds of p e l agic argil l ite by Pessagno (pers . comm . , 
1976) indi cates a Tithonian to Neocomain age (approx
imat ely 140 m . y . )  for this part of the s edimentary 
sect i on .  Cretaceous radio l aria have been found in the 

s i l tstone greywacke unit by E .  Artim (pers . comm . , 
1976)  and Mul cahey ( 1 9 74) . 

Tab l e  1 K/Ar ages of hornb l ende in dike ro cks of the 
Fidalgo ophio l i t e . Data obtained by R .  
Forbes , Geophysical Institut e ,  Univers ity 
of Al aska . 

Samp l e  Rock Type K20 40/Ar Age± 1 s i gma 
& Location Wt% mo les/gm m . y .  

xlo- 1 1 

5 2 - F35 hornb l endite  0 . 092  2 . 250  1 5 8 . 6± 7 . 9  
Mt . Erie 

5 2- F 82 diorite 0 . 1 2 8  2 . 9 1 4  149 . 0 ±7 . 4  
Mt . Erie 

5 2 - F84 hornb l ende 
gabbro 0 . 40 0  9 . 45 7  1 5 3 . 6±4 . 6  

Alexander 
Beach 

The Fidalgo ophiol ite suite thus appears to have 
ori ginat ed in mid- to l ate-Juras sic  t ime , with terri
genous sedimentation extending into the Cretaceous . 

The Juras s i c  age o f  the Fidalgo ophi o l i t e  con
tras ts  sharply with the Ordovician age of granit i c  
rocks of the Turt l eback Complex i n  the western San 
Juan I s l ands (Mat tinson , 1 9 7 2) and with Yel low Aster 
Complex,  near Yel low Aster But t e  (Matt inson, ibi d . ) .  
Thus , the use o f  the name Turt l eback Comp l ex for a l l  
graniti c and gabbro ic rocks in the San Juan I s l ands 
must be abandoned and a new name estab l ished for the 
younger suite of p l utonic and associated vo l canic 
rocks . I t  is  herein suggested that the name Fidalgo 
Comp l ex be given for this rock suit e ,  including a l l  
o f  the p lutonic  and vo l cani c  rocks o f  the ophiolite . 
The name Turt l eback Complex should be restricted to 
the o l der suite of plutonic rocks . 

CHEMI CAL COMPOSITION OF ROCKS 

Chemi cal analys es of plutoni c ,  vo l canic and 
sedimentary rocks of the Fidal go ophiolite are 
reported in detail e l s ewhere (Brown , and others , 
1977) . The s a l i ent features o f  these data are as 
fo l lows : ( 1 )  The vo l canic rocks are cons anguineous 
with the plagiogranit e  suite (including the diorite 
and hornb l ende gabbro) . ( 2) The cumulus gabbros are 
not consanguineous with the vo l canic rocks and p l a
gi ogranite . ( 3) Al l igneous rocks are low in K20 ;  
even the most s i l i cic vari eties (Si02 = 75%)  gener
ally have l ess than 0 . 5% K20 .  ( 4 )  The K20 cont ent is 
variab le  but this variation occurs ess ential ly 
irrespect ive of vari at ion in other components such as 
Si0 2 or CaO . Normal crystal/melt fractionation woul d 
yield magmas with greater uni formity o f  vari at ion o f  
K20 t o  other el ement s . Thus it is suggested that 
K2 0 variat ion is not due to a normal process o f  
fract ional cryst a l l i zation . (5 )  The chemical compo
s ition within individual igneous units (such as a 
dike or flow) i s  fairly uniform, suggest ing that the 
compositions have not been substant ial ly altered by 
metasomat ism.  (6) The l ayered gabbros are tholeii
t i c ,  being s imi l ar i n  compos ition t o  gabbros from 
other ophio l ites . ( 7) The p e l agic argi l l it e  is 
re lat ively ri ch in Mn ,  Co , Ni , and Cu, as are modern 
pe l agic s ediments . The overlying s i ltstone/ grey
wacke unit contains less of these meta l s  and i s  
comparab l e  to nearshore o r  epi cont inental s ediment . 
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COMPARISON WITH OTHER OPHIOLITES 

The Fidalgo ophiolite is virtual ly identical in 
age to other ophiolitic rock in the Washington Cas
cades ( Ingalls peridotite and Tieton ophiolite,  
Hopson and Mattinson, 19 73) and in the California 
Coast Ranges (Bai ley and others , 1 970 ; Hopson and 
others , 1975) . These other Jurassic ophiolites , 
except for that at Point Sal , have not yet been 
described in detail so comparisons of the lithology 
and chemical compositions are not eas ily made . The 
general stratigraphic order of the Fidalgo ophiolite 
appears to be comparab le to that of other ophiolites 
in this belt . Cumulus gabbros are found above ultra
mafi c rock in virtual ly all ophio lites . The gabbros 
in al l these ophiolites are tholeiitic and show 
chemical trends divergent from later intrusive and 
extrusive rocks (Brown and others , 1977 ;  Bailey and 
Blake, 1 974) . A sheeted diabase dike- swarm, typical 
of Tethyan ophio lites (Moores and Vine, 1971 ) , is 
absent . The dominant volcanic rock is keratophyre , 
not tholeiitic basalt as in the upper pil low lavas of 
Troodos,  or the pil low basalts of Bay of Is lands . 
Plagiogranite is abundant at Fidalgo Is land, 
apparently more so than in other bodies of the 
Jurassic ophiolite belt (e . g . , Point Sal , Hopson and 
others, 1975) . However , the Canyon Mountain ophiolite 
(Trias sic,  in central Oregon) has a substantial 
amount of plagiogranite, comprising about 10% of the 
plutonic rocks (Thayer and Himmelberg, 1968) . The 
mafic members of the plagiogranite suite at Fidalgo 
Island and in Cali fornia Jurassic ophiolites ( e . g . , 
Page 1972) are gabbroic rocks containing hornblende 
instead of pyroxene . The pelagic sediment at Fidalgo 
Is land appears identical in the field and in thin 
section to that in ophiolite bodies of California 
Coast Ranges . It is also comparable,  as well as can 
be discerned from the l i terature , to pelagic sedi
ments in some Tethyan ophiolites (Bonatti and others , 
1976) . However, the calcareous pelagic beds abundant 
in some ophiolites (Troodos,  Moores and Vine, 1 97 1 ;  
Papua, Davies , 1971)  are very sparse at Fidalgo . 

ORIGIN OF THE FIDALGO OPHIOLITE 

The tectonic setting of formation of the Fidalgo 
ophiolite is an unresolved problem. The re lative 
abundance of plagiogranite and keratophyre in this 
body and the scarcity of these l itho logies in suites 
of dredged or dri l l ed samples from the sea floor 
poses difficulty for the interpretation that the com
plex is of oceanic origin . However, the pelagic 
sedimentary rocks have all the textural and chemi cal 
features of oceanic sediments which occur only far 
from an eroding l and mass or active volcanic arc . 

An argument supporting an island arc origin of 
the Fidalgo ophio lite can be made by comparison with 
Triassic rocks in eastern Oregon. A stratigraphic 
section of the Sparta, Oregon , area is given in 
Fi gure 4 .  The lower and middle parts of this section 
are very s imilar to the Fidalgo Complex .  The upper 
part, however, differs in that (1 )  the volcanic 
section has an abundance of pyrocl astic deposits and 
interlayered coarse sediment ; and (2) the volcanic 
rock is overlain not by pelagic sedimentary rock , but 
limestone of apparent reef origin (Protska, 1963) . 
The volcanic sect ion contains some shale and radio
larian chert, but also locally conglomerate beds 
indicative of a nearby l and mass . The albite granite 
appears to be cogenetic with the overlying keratophyre 
(Almy, 1977) . The upper part of this section, at 
least the albite granite and overlying rocks,  is 
appropriately interpreted to have originated in an 

island arc rather than an ocean ridge (cf. , Protska, 
1963;  Brooks ,  1976) . The lower part of the complex 
could represent oceanic crust or plutonic rocks 
related to the arc volcanism. 

If  plagiogranite and keratophyre are associated 
with arc formation at Sparta, Oregon, the same may be 
true of the Fidalgo ophiol ite.  Conceivably, the 
pelagic sediments of the Fidalgo ophiol ite could have 
been deposited on an extinct island arc which never 
deve loped a subaerial mass or even a substantial 
apron of volcanogenic debris . The answer to this 
prob lem will  require further study, perhaps most 
profitably in the sedimentary part of the section . 

In conclus ion, the 
of ultramafic tectonite 
and pelagic sediment at 
ophiolite formed either 
poorly developed is land 
apparently did not form 
a land mass . 
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Fig . 4 .  Stratigraphic Section for the Sparta,  Oregon 
area . Based mostly on data in Prostka 
( 1963) and Almy ( 1977) . 

REGIONAL SIGNIFICANCE OF THE FIDALGO OPHIOLITE 

If the Fidalgo ophiolite is of oceanic origin, 
representing either an ocean ridge or an island arc, 
then its occurrence and that of l ike bodies should 
al low a del ineation of the maximum possible  westward 
extent of the North American plate in Jurassic times . 
Figure 1 shows the distribution of Juras sic ophiolite 
fragments in Washington, i . e . , at Fidalgo I s l and, 
Blakely Island, Point of the Arches , Ingalls  Peak and 
Tieton reservoir . Ultramafic masses , possibly 
related to ophiolite, on Cypress Island , the Twin 
Sisters and near Darrington are also shown . The 
occurrence of these bodies considered within the 
framework of other rock units of the region does not 
allow a s imple reconstruction of the Jurassic 
:ontinental margin or of the subsequent tectonic 
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history . Interesting prob l ems are posed by : ( 1 )  the 
ophi o l i t i c  material at Po int of the Arches which l ies  
far west o f  the other ophiolites and even west o f  a 
presumed Tert i ary subduct ion complex;  ( 2 )  the 
occurrence of Paleo zoic s chists and gneisses  whi ch 
appear to repres ent continent al crust on Vancouver 
I s l and west of the Fidalgo ophiolite ; and ( 3) the 
j uxtapos it i on in the San Juan I s l ands of the Juras s i c  
ophiolite with Ordovi cian p lutonic rocks of the 
Turt l eback Comp l e x .  

Of int erest i n  the context o f  thes e geological 
compl exities , whi ch are not readi ly exp l ained by a 
plate-t ectonic model , is the recognition of maj or 
tectonic dis locat ions in the regi on . Whetton ( 1 9 75)  
has defined a broad zone of int ensely sheared rock in 
the San Juan I s l ands , wh ich he terms me l ange . Maj or 
high angle faul ts  occur at the southern end of 
Vancouver I s l and , striking east into the San Juan 
I s l ands ( Mul l er and others , 1 9 74) . Danner ( 1 9 7 7) has 
propos ed that a maj or faul t ,  the "Vedder Dis cont i
nuity" , ext ends from the Fras er Val l ey of British 
Co lumbia into the San Juan I s l ands . Vance ( 1 9 7 7 )  has 
mapped a faul t ,  the "Orcas Thrus t " ,  whi ch has carri ed 
Juras s i c  ophiolite  of the Fidalgo Comp l ex over the 
Turt l eback Complex on Orcas I s l and . In the Western 
Cas cades a 40-mi l e  wide belt of blues chi sts appear 
to be an entirely allochthonous thrust plate (Mis ch ,  
1966) . It is apparent that thes e structures , and 
perhaps others yet to be recogni zed,  have great ly 
modi fied the p l ate- t ectonic configuration within 
whi ch the Juras sic ophiolite formed .  Much interesting 
res earch remains to be done in thi s region before 
these prob l ems wil l  be solve d .  
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OPH I O L I T I C  TE RRANES OF CAL I FORN I A ,  OREGON , AND NE VADA 

Wi l l iam P .  Irwin 

U.  S .  G e o l o g i c a l  Survey 
Men l o  Park , Ca l i forn i a  9 4 0 2 5  

ABSTRACT 

Oph i o l i t i c  rocks are imp or tant c omp on ent s of the 
S i e rra Nevada , Ca l i fornia Coa st Range s ,  K l amath Moun 
tains , and Ochoc o - B lue Mountai n s , and occur spar s e l y  
i n  a vague zone fr om s outhw e s t e rn t o  north - c entr a l  
Nevada . Th e rocks occur w i t h  other v o l c anic and s e d i 
mentary oceanic r o c k s  i n  b e l t - l i k e  terran e s . The s e  
terranes a r e  d e s i gnated P a l e o z o i c , Tri a s s i c , Lower or 
Midd l e  Jura s s i c , and Upper Jur a s s i c  on the b a s i s  o f  
the probab l e  age o f  the a s s o c i a ted oph i o l i t i c  rock . 
Th ey are arranged s i d e  b y  s i d e ,  and are s e quent i a l ly 
younger from east to we s t  ( o c eanward) a l th ough the 
c omp l e t e  sequence i s  not present at a l l  l a t i tude s .  
The age s a s s i gned t o  the oph i o l i t i c  rocks are var i 
ous l y  b a s ed b oth o n  i s o t opi c  age s o f  s ome i gneous 
c omponents of the oph i o l i te - - the gabb ro and p l agio 
grani te - - and on pal eont o l og i c  a g e s  of a s s o c i a t ed or 
ov er l ying s t rata . Red rad i o l ar i an ch ert that c om
mon l y  over l i e s  or i s  int e r l ayered w i th p i l l ow lavas 
a t  the top o f  s ome oph i o l i t e s  is proving to b e  par 
t icularly va luab l e  for determining the age of an 
oph i o l i te . A l s o  usefu l  are the metamorph i c  ages o f  
amphib o l i t e s  t h a t  form a dynamo therma l aure o l e  at the 
base of s ome ophi o l i tes , and the metamorph i c  ages of 
b lueschi s t s  that are deve l oped dur ing r e g i onal tec 
toni sm . 

Both l ower and upp er Pa l eo zo i c  ophi o l i t e s  are 
pre sent in the P a l e o z o i c  terrane . The l ower P a l e o z o i c  
oph i o l i t e  i s  the Tr inity u l tramafic s h e e t  of the 
eastern K l amath Mounta ins , and i t s  pr obab l e  c orre l a 
t i ve , the Feather River u l trama fic body o f  the north 
ern Si erra Nevada . The Tr inity sheet c ontains gabb r o  
and trondh j emi t e  a s  o l d  as 4 8 0  m . y .  The nor thern part 
of the Tr inity she e t  is over l a in by Orodov i c ian s e d i 
mentary ro cks , b u t  e l sewhere i s  ove r l a i n  b y  Devonian 
and younger vol canic arc rocks . Amphib o l i t i c  rocks at 
the bas e o f  the Tr inity u l t rama fic sheet are near l y  
4 0 0  m . y .  o l d ,  and tend to confirm that t h e  Tr inity 
sheet was the base o f  a tectonic a l l y  active arc during 
the Devonian . 

Upper P a l eozoic ophi o l i t e  i s  present in the 
Kings -Kaweah b e l t  o f  the c e ntra l S i erra Nevada foo t 
hi l l s  and a t  Canyon Moun t a in i n  the John Day region 
of eas t - c entra l Oregon . In b o th regions the oph i o 
l i t e  i s  i n  a me l ange o f  o c eanic rocks that inc lude 
b l ocks of Permi an l imes tone , some of which contain 
fos s i l s  o f  Te thyan faunal aspec t . P l agi ogran i t e  in 
the oph i o l i t e  of the King s - Kaweah b e l t  y i e l ds an i s o 
topic a g e  o f  3 0 0  m . y .  Hornb lende pegmati t e  that i n 
trudes the Canyon Mountain Comp lex yi e l ds a n  i s otopic 
age of 2 5 4  m . y . , and an associ ated amphib o l i te y i e l d s  
248 m . y .  

Trias s i c  oph i o l i te o ccur s in the s o - c a l l ed we s t 
ern P a l e o z o i c  and Tri a s s i c  b e l t  of the K l amath Moun 
tains , in b o th the North Fork and Rat t l e snake Creek 
terranes .  The age i s  based on the pre s en c e  of Upper 
Trias s i c  rad i o larians in red chert a s s o c i ated w i th the 
ophio l i t e . I so topic age s for th e oph i o l i t i c  rock s are 
no t avai lab l e ,  but b luesch i s t s  i n  the b e l t  are ab out 
2 2 0  m . y .  o l d . S ome of the l imes tone b l ocks in th e 

me lange contain upper P a l e o z o i c  fos s i l s  wh ich at a few 
l o c a l i t i e s  have Te thyan fauna l  affini t i e s . S ome o f  
t h e  me lange inc lude s Lower Jur a s s i c  radi o l arian chert 
and tuff . Prob ab le extens i on s  o f  the m e l ange are i n  
t h e  northern Si erra Nevada and in ea s t - c entra l Oregon . 

Oph i o l i te of prob ab l e  E ar l y  or Mi dd l e  Jura s s i c  
a g e  unde r l i e s  i s l and a r c  vo l c an i c  rocks and f l ysch in 
a w e l l -de fined b e l t  a l ong the w e s t ern K l amath Moun 
tains and S i e rra Nevada . In the K l ama th Mountains 
th e oph i o l i te is ma i n l y  the J o s ephine Peridoti te b ody 
and i ts extens ions , wh i ch i s  o ve r l a in b y  the Rogue 
and Ga l i c e  Forma t i on s  o f  Late Jura s s i c  age . In the 
Si erra Nevada the i s l and arc vo l canic r o c k s  and f l y s ch 
a s s o c i ated w i th the oph i o l i t i c  r o c k s  are ma i n l y  the 
Logtown Ridge and Mar i p o s a  F orma t i ons . Th e Smar t s 
v i l l e  c omp l ex i s  though t to repre sent the upp er l eve l 
of an oph i o l i te that probab ly l i e s  s trati graphi c a l l y  
b e l ow me t a - and e s i t e  c orre l a t i v e  w i th the Logtown 
Ridge . At the l a t i tude of the Tuo lumne Rive r ,  p i l l ow 
lava and brec c i a  of the Pe�on B l anco Vo lcani c s  i s  the 
upper part of an oph i o l i t e that i nc lud es nearby u l t ra
ma fic and gabbroic rocks . 

The Upp er Jura s s i c  ( Co a s t  Range) oph i o l i te i s  at 
the base of th e Great Va l l ey s e quen c e  of Upper 
Jura s s i c  and Cre t a c e ous f l ysch , and i s  in thrus t 
fau l t  contact w i th under l ying re g i onal b lu e s ch i s t  and 
other rocks of th e Franc i scan a s s emb l age . The oph i o 
l i t e  i s  d i s c on t i nuous l y  expos ed for much o f  the 
l ength o f  the C a l i fornia Coa s t  Range s ,  and inc ludes 
the we l l  known E l d er Cre e k ,  Red Mounta in- De l Puerto , 
San Lui s Ob i sp o ,  and P o int S a l  l oca l i t i e s .  Corr e l a 
tive oph i o l i te s  are found t o  t h e  north i n  the v i c i n 
i t y  o f  Ridd l e ,  Or e g on , and as far t o  t h e  s outh as 
Baj a Ca l i forni a .  Gabb r o s  i n  the ophi o l i t e s  have i s o 
t op i c  age s o f  1 5 1  and 1 6 0  m . y . , and the age of p l a g i o
grani te at Point Sal i s  1 6 0  m . y .  T h e  r e g i onal b lue 
schi s t  at the b a s e  of the oph i o l i t e  was formed b y  
eastward und erthrus t ing of t h e  Franc i s c an dur ing the 
E ar l y  Cr e t ac e ou s  about 1 2 0  m . y .  ago . 

Fragment s of oph i o l i t e  are part of the Franc i s 
can a s s emb lage throughout th e l ength o f  the Ca l i 
fornia C o a s t  Rang e s , and occur ch i e f l y  i n  zones of 
melange . The sour c e  o f  the ophi o l i t i c  c ompon ent s o f  
the me lange genera l l y  i s  n o t  kn own . S ome o f  the 
oph i o l i t i c  rock may be infau l t ed fr agmen t s  of the 
s truc tura l l y  over lying Coa s t  Range ophi o l i t e . Others 
may be t e c t on i c a l l y  derived from an oceanic p l a t e  that 
was sub du c t ed b eneath the Coa s t  Range ophi o l i t e  and 
Great Va l l ey s equenc e dur ing the Cretac eous . 

I NTRODUCTI ON 

The oph i o l i t i c  rocks of the western Uni t ed States 
occur main l y  in a s eries o f  subpara l l e l  l i near b e l ts 
that fo l l ow a s i nuous path northward thru the Pac i f i c  
Coa s t  region . In Ca l i fornia they are exp o s ed in the 
c entra l and northern Coast Ranges and a l ong much of 
the l ength of the S i erra Nevad a , but attain the ir 
greate s t  deve l opment in the K l ama th Mountains wh ere 
they tend to form c oncentr ic wes t - facing arcs that 
l ie acro s s  the Cali forn i a -Ore g on b oundary ( F i g . 1) . 
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Northward , most of the pre-Tertiary rocks are con
cea l ed by a b lanket of young volcanic rocks , but im
portant segments of belts of ophio litic rocks are seen 
in the Ochoco-B lue Mountains (John Day and Baker 
areas) of east-central Oregon and in northwes tern 
Washington . A few widely- spaced loca lities of sparse 
ophi ol itic rocks form an interesting but vague and 
rather enigmatic belt in north -central Nevada . A l l  
o f  these regions except northwestern Washington w i l l  
b e  reviewed briefly i n  this report for the purpose of 
documenting the ages and b e l t - like dis tribution of 
the ophiolitic and associated oceanic rocks where 
pertinent data are availab le .  More e laborate descrip
tions of ophiol ite of various parts o f  the belts are 
indicated by reference to the literature and are found 
in other papers in this volume . 

Figure 1 - Map of the Pacific Coast region showing the 
major geomorphic features referred to in 
the text . Nevadan and older rocks are in
dicated by stipple pattern . 

The terranes of ophi oli tic rocks of the Pacific 
Coast region genera l ly have an obscure but obviously 
long and comp lex tectonic history . The ophi o l i tes at 
mos t places are highly broken and di smemb ered, and 
rare ly is an op�iolite sequence seen that is  complete 
or nearly so . In  most  cases it i s  not clear whether 
the greatest deformation occurred before,  during, or 
after the ophi olite became incorporated with the con
tinental crus t .  In this regard , the dis tinction be
tween a dismembered ophi olite,  an ophio li tic melange, 
or an olistostrome may not be recogni zed as readily 
in the field as in theory . 

The Pacific Coast region inc ludes the largest 
exposures of ultramafic rocks in North America . How
ever, the greatest interest in the ultramafic rocks 

lies not in their abundance but rather in their un
usual divers ity in apparent age,  in the geometry of 
their dis tribution, and in their structural succes 
sion . Dis tribution of the ul trama fic rocks along 
the footh i l l s  of the Sierra Nevada had been estab 
lished by the c lass ic early geological surveys of 
the Mother Lode belt during the mid and late 1800 ' s  
that c lose ly fol lowed the gold rush of ' 49 .  In the 
northern Coast Ranges and Klamath Mountains , the dis
tribution of much of the ultramafic rock remained un
known unt il  the area was mapped in reconnaissance 
during the 1950 ' s .  Essentia l ly the only detailed 
studies of the ul tramafic rocks were in regard to 
associated depos its of chromi te , and these s tudies 
generally were not of a kind that related the ul tra
mafic rocks to the regional geology. However, by the 
early 1960 ' s  it was recognized that the ul trama fic 
bodies tend to mark boundaries between rocks o f  
di fferent sed imentary and metamorph ic facies and are 
probab ly of great s tructural si gnificance . During 
the early 1970 ' s  the ophiolite concept in i ts modern 
guise began to take hold in the Pacific Coast region, 
first in relation to the Coast Range ophio lite . Most 
of the u ltramafic rocks of the Pacific Coast region 
are now regarded as parts of a l lochthonous s labs of 
ophio lite . 

The ophiol itic rocks of the Pacific Coast are 
herein grouped into four genera l ly subparal lel l inear 
terranes on the basis of their presumed age ( Fig . 2) . 
In addi tion to the ophi ol ites the terranes inc lude 
large tracts of arc-related volcanic rocks and flysch, 
and these as well  as the ophiol itic rocks occur both 
as melanges and as relatively coherent bl ocks . The 
ophiolitic rocks of the t erranes are success ive ly 
younger from east to west (oceanward) . The oldest 
are Paleozoic , succeeded on the west by Triass i c ,  
next by Lower or Middle Jurassic,  and fina l ly b y  
Upper Jurassic . This comp lete age sequence is identi
fied on ly at the latitude of the Klamath Mountains 
and the northern Sierra Nevada and may not exi st  at 
most other latitudes along the Pacific Coas t .  

The most direct avai lab l e  method o f  determining 
the age of formation of an ophio l i te is the isotopic 
dating of the gabb roic and plagiogranitic rocks ,  but 
even this does not give the age of the as sociated 
ul tramafic rocks nor does it take into consideration 
any intervals  of time that may exis t  between differ
ent elements of the ophiolitic sequence ,  particularly 
the great hiatus that may exi st between the construc
tional pile  and the underlying metamorphic peridotite. 
In some ins tances the upper part of the ophiolite can 
now be dated pal eontologica l ly if the pil low lavas 
include or are capped by radiolarian chert or tuff .  
An upper limit to the age of some ophi olites can be  
det ermined by the pa leonto logic age of  over lying or 
associated strata, which are commonly flysch or arc
related volcanic deposits , but these ages are inter
preted to be the times of convergence of ophi o l itic 
plates at an island arc or at a continental margin 
rather than the time of formation of the ophiolite .  
However , within broad limits these are useful data . 
Simi larly,  certain metamorphic rocks such as amphibo
l i tes and b lueschists are thought to form during 
times of p late convergence ,  and in some instances 
these contribute to our interpretation of the age of 
an associated ophiolite . Other features that com
monly serve to p lace upper l imits on the age of the 
ophioli tic rocks are regional unconformities and in
trusive p lutonic rocks . Despite the obvious short
comings and inherent vagueness in assigning ages to 
ophiol ite b e l t s ,  the belts  thus dated nevertheless 
provide a systematic framework to guide or suggest 
further investigation as w e l l  as to emphasize certain 
tectonic aspects of the Pac i fic Coast region . Wheth
er the age i� the t ime of formation of the construe- · 
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t i onal  p i l e  at a mid- oc ean ridge , or i s  the t ime of 
tec tonic emp lac ement a l ong an i s l and arc or contin
enta l margi n ,  the ophi o l i t i c  terranes  of  the Pac ific 
Coast region s eem to be sequenti a l l y  younger from 
cont inent to ocean and support the idea that the con
tinenta l border i s  bui l t  up by accre t i on of suc c e s s ive 
s l ices of oceani c crust and related rocks . 

PALEOZO I C  OPHIOLITI C ROCKS 

The terrane of Pa l e o z o i c  oph i o l i t i c  rocks tr ends 
northwe s t  a l ong the s outhern S i erra Nevada footh i l l s ,  
curves northward t oward the Tayl orsvi l le area o f  the 
northern S ierra Nevada region ,  and then swings north
we s t  toward the eas tern part of  the K l amath Mountains 
where it  c onsti tutes a we s t - fac ing arcuate nappe . 
Paleozoic  oceanic and u l tramafic rocks are s een 
through w indows in the broad c over of Ceno zoic vo l 
canic rocks i n  the Ochoco-B lue Mountains region of 
eastern Oregon , and also at scattered loca l i t i e s  in 
north - c entra l Nevada . The ophi o l i t i c  rocks do not 
repres ent the same part of the Paleozoic  a l ong a l l  
s e gments o f  the b e lt . Those  i n  the eas tern K l amath 
Mountains are ear l y  Pa l eo z o i c  in age , as probab ly are 
some in the northern S ierra Nevada and in Nevada . 
Thos e in the s outhern Sierra Nevada and eastern 
Oregon are c ons idered to be late  Pa l e o zoic  in age . 

Klamath Mountains 

The o l d e s t  known oph i o l i ti c  rocks of  the Paci fic 
Coas t region are the Tr ini ty sheet and re lated rocks 
of  the eas tern K l amath Mountains . The Trinity sheet 
is  one of the large s t  exposure s of ul tramafic -mafic 
rock in North Amer ica , and is the easternmos t  of  the 
severa l b e l t s  of u l tramafic -mafic rock in the K l amath 
Mountains prov ince . I t s  arcuate we stern b oundary is  
virtua l l y  continuous for  a length of  more than 1 6 0  
k i l ometers , and a l though t h e  greate s t  w i d t h  of  out 
crop i s  S O  k i l ome ter s ,  the sheet probab ly under l i e s  
a l l  of the Pa l e o z o i c  and younger s trata of  the e a s t 
ern Klamath Mountains . The Tr inity sheet cons i s t s  
mos t l y  of tectoni zed har zburg ite and dunite , b oth 
part ly serpentini zed , and is intruded by gabbro,  
pyroxenite , d i abase , and p lagiogranit e . Th i s  l i thic 
as sociation l ed s ome geolog i s ts to cons ider the 
Trinity sheet an oph i o l i t e  (Mattinson and Hopson,  
19 7 2 ;  Hopson and Mattinson,  1 9 7 3 ;  I rwin,  1 9 7 3 ;  and 
Lind s ley-Griffin ,  1 9 7 3 ) . 

The Trinity ul tramafic sheet was ear l y  rec og
ni zed a s  a fundamental tec tonic e l ement of  the 
K l amath Mountains owing to its widespread and con
s i stent separation of rocks o f  di ffering h i s torie s  
( I rwin and Lipman , 1 9 6 2 ) . Th e upturned l ip o f  the 
sheet is  a long the wes tern s ide where the ul tramafic 
rock over l i e s  Devonian me tamorphic rocks . The con
tact is somewhat irregu l ar for i t  i s  folded on a l arge 
sca l e ,  in some p laces near ly  i soc lina l l y ,  and l oc a l ly  
i s  offs e t  by cross fau l t s  ( Irwin,  1 9 6 3 ;  Davis  and 
others ,  1965) . Fold  axes tend to be para l l e l  to the 
regiona l arcuate trend of the contact .  Both compos i 
tional layering and fo l i a t i on i n  the u l tramafic rock 
are para l l e l  to  the c ontact s  with the Devonian meta
morph ic rocks ( Irwin and Lipman , 1 9 6 2 ; Lipman , 1964) . 
The exposed l ip of the ul tramafic sheet genera l ly 
ranges from a few meters to a k i lometer or more in 
thickne s s ,  and at a few p laces i t  p inches  out en
tire l y .  Eas tward the ul tramafic sheet d i s appears 
b eneath the Pa leozoic s trata , in the direct i on of i t s  
root zone . The thickne ss  of  the ul tramafic sheet 
seems likely to increase eastward toward the root 
zone , i f  one j udges from the cons iderab l e  topograph ic 
re l i e f  and extreme l y  broad exposure of ul tramafic 
rock between the Yreka and Redding areas of Paleozoic 
strata . 

The ophio l i t i c  nature of the Tr inity ul tramafic 
sheet has been s tudi ed i n  most de tai l near Ca l lahan , 
at the s outh end of the Yreka area of Pa leozoic  
s trat a ,  where the  ul tramafi c rock i s  the  basa l part 
of a sequence that inc ludes succes s ive l y  over l ying 
zones of gabbr o ,  mafic dike s ,  and , loc a l l y ,  ma fic 
vo l cani c rocks ( Linds ley-Gri ffin and other s ,  1 9 7 4 ) . 
The vo l canic rock s are par t l y  interbedded w i th and 
over lain by sedimentary rocks that have an Ordov i c i an 
pa leont o l og i c  age ( L inds l e y - Gri ffin and other s ,  1 9 7 4 ) . 
Ear ly Pa l e o z o i c  i sotopi c age s have been ob tained for 
some of the gabbro and other rocks of  the sheet ( 3 3 3 -
4 3 9  m . y . , K-Ar ,  Lanphere and other s ,  1 9 6 8 ;  4 5 5 -480  
m . y . , Pb /U,  Hop s on and Mattinson , 1 9 7 3 ) , and the s e  
are c ompatib l e  with the concept that the sheet repr e 
sent s oceanic crus t o n  which the ear l y  P a l e o zoic 
s trata of  the eastern K l amath Mountains were de
posi ted . 

In the s outhern part of the ea stern K l amath Moun
tains re gion the Tr ini ty u l tramafic sheet i s  over lain 
b y  the Cop l ey Greens tone of Devonian age , wh ich con
s i s ts of  intermediate to mafic vo l c anic  f l ow s , p i l l ow 
lava s ,  brec c ias , and tu ffs , and wh ich i s  a minimum of 
1 , 1 3 0  me ters th ick . The Cop ley i s  succeeded s trati 
graphica l ly  upward by a thick  succes s i on o f  arc -re 
lated volcanic and s edimentary rocks that range from 
the midd l e  and upper Pa l e o z o i c  into the Jura s s i c  
( Irwin , 1 9 7 7 ) . 

The Devonian me tamorphic rocks that under l i e  the 
Trinity ul tramafic she et on the west are the c o -me t a 
morph ic Salmon Hornb l ende Sch i s t  and Abrams Mica 
Schi s t .  The Sa lmon , a metamorphosed mafic volcanic 
uni t ,  i s  the s tructura l l y l ower of the two uni t s .  
The Abrams is a dominan t l y  metasedimentary uni t that 
l ocal l y  contains micaceous crysta l l ine l ime s tone . 
There i s  no s trat i graph i c  evidence of the age of the 
two formations . However , Rb - Sr ages of approximate ly 
380 m . y .  are obtained from the Abrams ( Lanphere and 
other s ,  1 9 6 8 ) , and K-Ar ages of 390- 399 m . y . were 
measured b y  M. A .  Lanphere on Sa lmon ( ?) from the Yreka 
area ( P .  E .  Hot z ,  ora l c ommun . ,  1976) . These  ages of 
metamorph ism presumab ly  represent the t ime that the 
Trinity u l tramafic sheet overrode the Sa lmon and 
Abrams proto l i ths . 

Sierra Nevada 

The Feather River u l tramafic b ody of  the northern 
S i erra Nevada is thought to occupy a tectonic posi t i on 
c orre lative to that of the Trinity ul trama fic sheet of  
the K l amath Mountains ( Davi s ,  1969) . The Me l ones 
fau l t  z one , a l ong which mo s t  of the u l tramafic b od i e s  
of the Pa l e o z o i c  t errane occur , i s  a maj or s truc tural  
e l ement of the  Si erra Nevada provinc e . I t  trends 
southward for ha l f  the l ength o f  the Sierra Nevada , 
div iding the province l ongi tud inal ly to where the 
fau l t  is truncated at a l ow ang l e  by the S i erra Nevada 
b atho l i th .  The s trata east of  the fau l t  are main ly  
Pal eo zoic , inc luding b oth l ower and upper Paleozoic  
uni t s . Tho s e  west o f  the fau l t  inc lude some upper 
Paleozoic  but are main l y  Me s o z oi c . The P a l e o z oic 
rocks of  the s outhern and c entral  part of the eastern 
side  of the fau l t  are genera l ly a s s igned to the 
Calaveras Formation ,  and in the northern part to the 
Shoo F l y  Formation and various other Paleozoic  forma
t i ons of the Tayl orsvi l le area . Al though the Ca la 
veras i s  cons idered upper Pal e o z o i c , its  age i s  not 
we l l  documented pa l eont o l og i c a l l y .  Some indication 
of i t s  age i s  shown by a pyroxene diorite p luton that 
forcib ly intruded and contac t metamorphosed the Ca l a
veras and that has a U/Pb i sotopic age of 259 m . y .  
( Morgan and S tern , 1 9 7 7 ) . A recent summary of the 
regional geo l ogic units and pos s ib le tectonic evolu
tion i s  given by Schweickert and Cowan ( 19 7 5 ) . 
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NORTH AMER I CAN OPH IO LITES 

EXPLANATION FOR FIGURE 2 

TERRANE CONTAINING UPPER JURASS IC OPHIOLITE : includes Great Valley sequence in 
California and Myrtle Group in Oregon : dominantly flysch of Late Jurassic and 
Cretaceous age : depositional on Coast Range ophiol ite : ophiolitic rocks are 
indicated by dark irregular areas . 

TERRANE CONTAINING LOWER OR MIDDLE JURASSIC OPHIOLITE : includes the Galice and 
Rogue Formations in Klamath Mountains and the Mariposa , Logtown Ridge , and 
related formations in the Sierra Nevada :  mainly flysch and meta-andesite of 
a middle to Late Jurassic volcanic arc built on ophiolite:  ophiolitic rocks 
are indicated by dark pattern in irregular area . 

TERRANE CONTAINING TRIASSIC OPHIOLITE : includes rocks of western Paleozoic and 
Triassic belt of the Klamath Mountains , western areas of "Calaveras Formation" 
in the Sierra Nevada , and the Elkhorn Ridge Argillite and Burnt River Schist in 
eastern Oregon; mainly melange of upper Paleozoic and Mesozoic oceanic rocks : 
ophiolitic rocks are indicated by dark pattern in irregular area . 

TERRANE CONTAINING PALEOZOIC OPHIOLITE : mainly arc-related lower and upper 
Paleozoic of eastern Klamath Mountains and northern Sierra Nevada , the Upper 
Paleozoic Calaveras Formation of central Sierra Nevada , and the lower and upper 
Paleozoic "western assemblage" of oceanic rocks of Nevada : ophiolitic rocks 
are indicated by dark pat tern in irregular area . 

TRIASSIC VOLCANIC ARC : in northwestern Nevada and eastern Oregon 

REGIONAL BLUESCHIST: includes South Fork Mountain Schist in California , Colebrooke 
Schist in Oregon, and associated semischi sts : age of metamorphism is about 
120 m . y .  (Early Cretaceous) 

AMPHIBOLITIC METAMORPHIC ROCKS : includes Salmon Hornblende Schis t and Abrams Mica 
Schist of Devonian metamorphic age in California , and Briggs Creek amphibolite 
of Mesozoic age in Oregon . 

SMARTSVILLE COMPLEX : coherent ,  broadly antiformal block of oceanic crus t :  pillow 
lava s ,  with sheeted dikes , gabbro , and plagiogranite in the core of the anti
form, suggest an ophiolite,  but no ultramafic layer is exposed : may strati
graphically underlie Jurassic meta-andesite of Logtown Ridge Formation : 
gabbroic rocks are indicated by pattern in small irregular area . 

� � 
FRANCI SCAN ASSEMBLAGE : melange and associated regional slabs of relatively coherent 

graywacke and shale sequences ; melange in part ophiolitic , including serpentinite , 
pillow lava s ,  keratophyre, radiolarian chert ,  graywacke, shale ,  conglomerate , 
minor foraminiferal limestone , low-grade (regional) blueschis t ,  and knockers 
of high-grade blueschis t .  Coastal belt not shown . 

GRANITIC ROCKS : virtually a ll are Mesozoic in age : Salinian block includes much 
metasedimentary rock of indeterminate age . 

T Location of limestone containing fossils with Tethyan faunal affinity . 

s Location of small serpentinite bodies in Nevada . 

� Isotopic age referred to in text 

Figure 2 - Map showing the ophiolitic terranes of California , Oregon, and 
Nevada .  Compiled and modified after Brown and Thayer ( 1966) , 
Burnett and Jennings ( 1 962) , Coleman ( 1972) , Hotz ( 1971) , Irwin 
( 1977) , Jennings ( 1975) , Matthews and Burnett ( 1965) , Ramp 
( 1972) , Rogers ( 1966) , Saleeby ( 1975) , Smith ( 1964) , Stewart 
and Carlson ( 1974) , St�and ( 1967) , Strand and 

'
Koenig ( 1965) , 

Val lier and others ( 1977) , and Walker ( 1973) . 



CA LI FO R N I A ,  O R EGO N ,  A N D  N E VADA O PH I O L I T I C  T ERRAN ES - I RW I N  8 1  

The Feather River body i s  the most n orther l y  o f  
a numb er of u l trama fic b o d i e s  i n  a b e l t  t h a t  trends 
southward a l ong the Me l ones fau l t  z one to where it is 
trunc ated b y  the S i erra Nevada batho l i th . A s e r i e s  
of i s o l a ted patches of oph i o l i t e  known a s  t h e  K i ng s 
Kaweah b e l t  ( Sa l e eb y ,  1 9 7 5 )  repr e s ent a fur th e r  ex
tension o f  the ul t ramafi c b e l t  w i th i n  the s outhern 
part of th e S i erra Nevada batho l i th .  The u l trama fic 
bodi es a l ong the Me l on e s  fau l t  zone and extension 
s e em to b e  t e c t on i c a l l y re l a ted , but not a l l  are 
though t t o  repre sent the s ame part of the P a l e o z o i c . 

Somewhat s imi l ar t o  the Tr i n i t y  u l trama fic sheet , 
the Feather River b ody i s  f l anked on the east by a 
terrane that inc ludes l ower P a l e o z o i c  s trata , and 
a l though a continuous b e l t  of Devonian metamorph i c  
rocks is n o t  pres ent , as i n  t h e  K l amath Mountains , 
ther e  are a few sma l l  fau l t s l i c e s  of pos s ib l y  corre 
lative me t amorphic rocks ad j acent on the w e s t . Un 
l ike the Trini ty, the Feather River b ody i s  apparent l y  
b ounded by s t e e p  fau l t s . I f  tru l y  c orre l a t iv e  w i th 
the Trin ity shee t ,  the Feather River u l tramafic b ody 
i s  part of an ear l y  P a l eo z o i c  oph io l i te . 

The Feather River u l tramafic b ody is d e s c r ibed 
by W e i s enb erg and Ave La l l emant ( 1 9 7 7 )  a s  a meta 
morphosed a lp i ne perido t i t e  and gabbro , wi th the 
peridot i t e  having a s t eep northea s t - trend i ng t e c 
ton i t i c  fab r i c  th at i s  overprinted by a s t eep north 
we s t - trending fo l i at i on . Th e fo l i a t i on formed dur ing 
a s e c ond t ectonic event tha t  resul ted in the formati on 
of u l trama f i c  and ma fic s ch i s t s  that are c onc ordant 
wi th and l oc a l i z ed a l ong the w e s t ern b oundary of the 
Feather River body . The se g e o l o g i s t s  cons ider the 
format i on o f  the s ch i s t s  and the emp l a c ement of the 
u l tramafic body to be s yntec toni c .  Th ey rep or t that 
Ar 4 0 - 3 9  inc r emen t a l  heating data obtained on hor n 
b l ende from th e s c h i s t  b y  John Sutter show a p l ateau 
at 2 3 6  m . y . , which they regard as a c o o l i ng age r e 
lated t o  emp l ac ement of th e u l trama fic b od y  a l ong the 
wes t ern b oundary fau l t  dur ing a co l l i s i on of a 
S i erran - K l ama th i s land arc w i th the c ont inenta l mar gin 
dur ing Permian and Tr i a s s i c  t ime . 

Ac c ording to Ehrenberg ( 1 9 7 5 )  the Feather River 
ul trama fic body inc ludes peridot i t e and duni t e . The 
rock c on s i s t s  of primary o l ivine , ens tati t e ,  d i ops ide , 
and chromi te , and s e c ondary tremo l i te ,  c h l o ri t e ,  t a l c , 
anth ophy l l i te , d i ops id e ,  and s erpentin i t e . The pr i 
mary pyrox ene o f  the peridot i t e  i s  s o  thorough ly 
a l tered that it is not c l ear whe ther the original 
rock was har zbur g i t e  or l her z o l i t e . Ehrenb erg con
s i d ers the ev i d ence for the or igin o f  the u l trama fic 
b ody to be inc onc lus ive as to whe ther the b ody in
trud ed at a h i gh t empera ture or a s  a cool s l ab d er ived 
from the upper mant l e . 

The K i ng s - Kaw eah b e l t  of oph i o l i t e  t rends a l ong 
the foothi l l s  of the s outhern S i erra Nevada in the 
v i c inity o f  the Kings and Kaweah River s . It is a 
series of d i s c ont i nuous patches of ophi o l i t i c  rocks 
that , a l ong w i th Ca l averas Forma t i on ,  appear t o  be 
pendants or remnant inc lus ions i n  the S i erra Nevada 
batho l i th . The oph i o l i t e inc ludes serpent ini zed tec 
toni t i c  dunite and har zbur g i t e  w i th me tabas i te d i ke s ,  
over lain b y  cumulus pyroxeni t e ,  trocto l i t e ,  anorth o 
s i t e  and gabbro , a diabase dike c omp l ex ,  a lb i t i t e ,  
hornb l ende t ona l i te ,  p i l l ow bas a l t ,  keratophyr e ,  
cher t ,  and marb l e  ( S a l e eb y ,  1 9 7 4 ) . I n  th e Kings Ri ver 
area , severa l t e c tonic b l ocks as large as 1 7 . 5  k i l o 
meters in l ength s how a c omp l e t e  ophi o l i t e  s equenc e , 
but s outhward a l ong the b e l t  the ophi o l i t e  b l oc�s de 
crease in s i z e  and mos t o f  the b e l t  b e c omes a me l ange 
w i th a serpentini te matrix ( S a l e eb y ,  1 9 7 5 ) . Conc ordia 
p l ots (U/Pb on zircon) on p l ag i ogranite from the 
ophio li te have upper int ercepts of 300 m . y . , which i s  
taken as a pr imary crys ta l l i zat i on age that approx i 
ma tes the age o f  format i on o f  the ophi o l i t e  at a 
spreading r idge ( S a l eeby , 1 9 7 6) . The Ca l averas For-

mation i n  th i s  r e g i on i s  d e s c r ib ed by S a l e eb y  ( 1 9 7 7 )  
as an e a s tward - d i pping suc c e s s i on that c ons i s t s  o f  
c h e r t  and ar g i l l i t e wi th l ime s t one o l i s t o l i th s ,  
grad i n g  upward i n t o  ma s s iv e  whi te quar t z i t e  w i th l ime
s t one l ayer s ,  in turn grad ing upward i n to s i l i c i c  vo l 
c an i c  rocks . H e  s t ates that the l ime s t one o l i s t o l i ths 
contain Permo - Carb oni ferous fo s s i l s  and that the upper 
l ime s t one layers contain Trias s i c  and Ear ly Jura s s i c  
fo s s i l s . 

Nevada 

Serpent i n i t e  crops out at w i d e l y - spac ed l oc a l i 
t i e s  a l ong a narrow zone that trend s  north - s outh 
through north - c entra l Nevada . The se rpent i n i t e  b od i e s  
are few in numb er and are sma l l  i n  compar i s on w i th 
those of Ca l i forn i a  and Oregon , the large s t  b e ing no 
more than a ki l ome ter or two in l ength . The mo s t  
northerly reported oc currenc e of s erpent in i t e  in 
Nevada i s  at the nor th end of the Hot Spr ings Range 
( R .  W i l lden,  i n  Ro s s ,  19 6 1 ,  p .  2 9 ) . S outhward , ser
pent ini te b od i e s  o ccur a t  several l o c a l i t i e s  i n  the 
Toi yab e Range , as we l l  a s  at the wes tern edg e of the 
Toquima Rang e ,  and at Monarch Ranch ruins ( F .  J .  
K l einhamp l ,  ora l c ommun . ,  1 9 7 4 ; F .  G .  Poo l e ,  wr i t ten 
c ommun . ,  1 9 7 5 ) . The oc currenc e at the wes tern edge 
of the Toquima Range may be the s ame as that reported 
by Fergu son ( 1 9 2 4 ,  p .  4 0 ) - -perhaps the ear l i e s t  refer
enc e  t o  s erpentini te in Nevada . The most s outher ly 
reported occurrenc e o f  s erpent i n i t e  i s  in the Cand e 
lar ia d i s t r i c t . There t h e  s t ruc tura l and d i s tribu
t i ona l t rends are ea s t - we s t ,  having chang e d  from the 
g enera l l y north - s outh trend o f  the prec eed ing l o 
c a l i t i e s . A s  des crib ed by Page ( 1 9 5 9 ) , the serpen
t in i t e  of the Cand e l ar i a  d i s t r i c t  occurs in a c omp l ex 
of rocks that i nc ludes metado l er i t e  and metasedimen
tary rocks . 

Al though the s erpent i n i t e  b od i e s  are spar s e  and 
w i d e l y  spac e d ,  they fo l l ow the g enera l l i nea l configu
rati on of o ther r e g i ona l l i thofac i e s t rends in north
c entr a l  Nevada . De tai l ed d e s c r i p t ions of the ind i 
vidual oc currenc e s  are not ava i l ab l e ,  but the s erp en 
t i n i t e s  are d e s c r ib ed as sma l l  e l ongat e ,  semi - c oncord
ant bod i e s  that are t e c t on i c a l l y i n t er leaved w i th 
a l l ochth onous l ower and upp er P a l e o z o i c  oc eanic rocks 
in the upp er p l a t e s  of the Rob erts �fountains and 
Go l c onda thrus ts (Speed , 19 7 1 ;  Poo l e  and Desb orough , 
1 9 7 3 ) , the ocean i c  p l a t e  presumab ly interac t ing w i t h  
the continent a l  m a r g i n  dur ing t h e  An t l er ( La t e  
Devonian and Ear l y  Mi s s i s s ipp ian) and S onoma ( Late 
P ermian and Ear l y  Tr ias s i c )  orogeni es . The P a l e o z o i c  
ocean i c  r o c k s  a r e  d i s tributed in t w o  para l l e l  but 
s omewhat ove r l app ing be l t s , the l ower P a l e o zoic 
genera l l y t o  th e east o f  the upp er Pa l eo z o i c . Ac 
c ording to S tewart and Car l s on ( 1 9 7 4 )  the l ower P a l eo
z o i c  ocean i c  rocks are ma in l y  Ordov i c ian and inc lude 
the Vinini , Va lmy, Palme t t o ,  and Comus Formati ons tha t  
cons i s t  o f  chert , sha l e , quart zi t e ,  greens tone , and 
minor limes tone . The upp er P a l e o z o i c  oceanic rocks 
are Lat e Mi s s i s s ippian to Ear l y  P erm ian i n  age , and 
inc lud e the Hava l l ah and Pumperni c k e l  Forma t i ons o f  
cher t , argi l l i t e ,  sha l e ,  and greens tone . B o t h  the 
Rob er t s  Mountains and G o l c onda thrus ts are c ommonly 
c on s i dered t o  b e  easter l y -direc t ed ov erthrus ts , wi th 
wes tern a s s emb lages of oceanic rocks b e ing carr ied 
over ea s t ern a s s emb lages o f  trans i t i on a l  and miogeo
syn c l i na l  rock s  ( Rob erts and other s , 1 9 5 8 ) . Th e s er 
pent inite a s s o c i at ed w i th th e Go l c onda p l a t e  may b e  
der ived e i ther from remob i l i za t i on o f  the An t l er 
orogen i c  t errane during the Sonoma orogeny, or from 
new ly s l i c ed upper mant l e  ( Poo l e  and De sb orough , 
1 9 7 3) . 
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East -central Oregon 

Three l ithologica lly dis tinct terranes of pre
Tertiary rocks are present in eas t-central Oregon 
(Val lier and others, 1977) - -an oceanic, a continental 
margin, and an is land arc terrane . These terranes 
are discontinuous ly exposed through windows in a vast 
expanse of Cenozoic vo lcanic and sedimentary strata 
that separate them from exposures of somewhat simi lar 
rocks in the K lamath Mountains and north-central 
Nevada . The ophiolitic rocks are associated with both 
the oceanic and island arc terranes . 

The oceanic terrane includes dismembered ultra
mafic-mafic ophiolitic rocks , radiolarian chert,  
arg i l l i te , tuff, minor l imestone, and rarely ep i
clastic sed imentary rocks . Contacts genera l ly are 
tectonic . In the John Day region the oceanic terrane 
inc ludes the Canyon Mountain ophiolite in addition to 
a broad be lt  of ophioli tic me lange along the northern 
and western border of the complex . In the Baker 
region to the east , formations that are thought to be 
correlative with the me lange include the E lkhorn 
Ridge Argi l l ite and Burnt River Schist , and s imi lar 
rocks may extend into the Riggins area of wes tern 
Idaho . 

The oceanic terrane has been considered ma inly 
late Paleozoic based on the age of the small  lime
stone bodies which at several loca l i ties contain a 
Permian Tethyan fusul i nid  fauna . This fauna is 
different from the more typical North American 
fusul inid fauna found in the l imestone of the cont i
nental margin terrane ( Bostwick and Nestel l ,  1 967) . 
Recognition of the melange character of the oceanic 
terrane has lessened the value of the l imestone for 
dating the total assemblage of rocks . A Mesozoic 
age for the formation of the me lange in the John Day 
area is indicated by a b lock of radiolarian chert 
which was fi rst reported to be Jura ssic (Jones and 
others , 1976) but now is cons idered to be Triassic in 
age (E . A. Pessagno, Jr . ,  oral commun . ,  1977) . 

The Canyon Mountain Comp lex, the principal oc 
currence of ophiolite in eastern Oregon, is located a 
few kilometers southea st of John Day and occupies a 
nearly rectangular mountainous area about 20 k i l o
meters long (east -wes t)  by 8 kilometers wide . I t  has 
been the sub j ect of many detailed studies by T .  P .  
Thayer,  C .  E .  Brown, Hans Ave La l l emant, G .  R .  Himmel
berg, and others , and has been a popular si te for 
field excursions including the Penrose Ophiolite 
Field Conference of 1972 . The comp lex cons ists mainly 
of o l ivine-rich peridotite and gabbro, and lesser 
amounts of pyroxene -rich per idotite and pyroxenite,  
quartz diori te , and albite granite (Thayer, 1963) . 
The comp lex i s  truncated on the east and northeast 
along steep faults where it is in contact with Terti 
ary volcanic rocks,  and i s  in contact with the rocks 
now considered melange on the northwest,  wes t ,  and 
south (Thayer, 1956;  Brown and Thayer , 1966) . The 
Canyon Mountain Comp lex probab ly i s  a large alloch
thonous b lock in the melange . The melange is over
lain by re latively unde formed sedimentary and vo l 
canogenic strata of the Upper Tr iassic and Lower 
Jura ssic Aldrich Mountains Group (Brown and Thayer , 
1966) but a depositional relation i s  uncertain . Ac
cording to Hans Ave La l l emant (oral commun . ,  1977) 
hornb lende pegmatite that intrudes the Canyon Mountain 
Comp lex has an Ar4 0 - 3 9  i sotopic age of 254 m . y . , and 
an amphibolite associated with the complex has an 
Ar4 0 -1 9 isotopic age of 248 m . y .  A l l  pertinent data 
cons idered , the age of the ophi olite seems most likely 
to be late Pa leozoic (Permian?) . 

In the Sparta area, gabbro is the most abundant 
ophiolitic rock, but peridot ite,  serpentinite , quartz 
diorite,  albite granite , and diabase also are present 
(Gi l luly,  1937; Prostka, 1962) . The quartz diorite 

and the Sparta granite (p lagiogranite) both have 
Ar40 - 3 9  i sotopic ages of 218 m . y .  (Hans Ave La llemant, 
oral commun . ,  1977) . Ophiolitic rocks of the Sparta 
area are over lain by Upper Triassic rocks of a vol 
canic arc terrane (Val l ier and others , 1977) . The 
volcanic arc terrane is possib ly a detached fragment 
of the Wrangel lia terrane that is more ful ly exposed 
from Vancouver Is land northward to south-central 
Alaska (Jones and others,  in press) .  

UPPER TRIASSIC OPHIOLITIC ROCKS 

Klamath Mountains 

Ophi oli tic rocks of probab le Late Triassic age 
occur in the so-ca l l ed wes tern Paleozoic and Triassic 
belt of the Klamath Mountains (Fig . 3) . The belt  i s  
300 kilometers long from south t o  north and i s  
general ly between 4 0  and 80 kilometers wide . On the 
east the rocks of the belt are thrust beneath 
Devonian metamorphic rocks of the central Klamath 
Mountains , and on the west are underthrus t by Upper 
Jurassic flysch and volcanic rocks (Galice Formation) . 
The belt consists of both melange and coherent s labs 
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Figure 3 -

O R EG O N  

0 50 100 KILOME T E R S  

General i zed map showing lithic belts of the 
K lamath Mountains province in California 
and Oregon . Subdivis ions of the western 
Paleozoic and Triassic belt are indicated 
by letter symbol : N, North Fork terrane;  
H ,  Hayfork terrane ; R ,  Rattlesnake Creek 
terrane . 
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of ophiolite and associated oceanic rocks as we l l  as 
andes itic volcanic rocks . The southern part of the 
belt is subdivided into three para l l el  subunit s ,  which 
from east to west are the North Fork , Hayfork, and 
Rattlesnake Creek terranes ( Irwin , 1972) . Northward , 
in the Sa lmon River area and beyond , the belt includes 
rocks that are correlative with the Stuart Fork Forma
tion of Davis and Lipman ( 1 962) . I n  the Klamath Moun
tains of southwestern Oregon the belt consists of the 
App legate Group . The Paleozoic age ass igned to the 
rocks of much of the belt was based on fossils  from 
some scattered occurrences of l imestone,  but now there 
is evidence that at least some of the l imestone bodies 
are blocks floating in Jurass ic me lange ( Irwin , 1977 ; 
Irwin and others , in press) . At three local ities the 
presence of blocks of Permian limestone with foss ils  
of Tethyan faunal affinity suggests the possibi lity 
of great tectonic dis location . 

Figure 4 - A folded rodingiti zed mafic dike ( l ight 
colored) in serpentinite of the Ratt le
snake Creek terrane near Peanut , about 
60 ki lometers west - southwest of Redding . 
Note geologic hammer for scale . 

Figure 5 - Vesicular volcanic (pi llow?) breccia con
taining fragments of red radi olarian chert 
(outlined) . In ophiolite of Rattlesnake 
Creek terrane 5 kilometers west of Wi ldwood 
on Highway 36, about 65 kilometers west
southwest of Redding . 

The ophiolitic rocks are the structura ll y lowest 
exposed part of the North Fork terrane , and are vari
ous l y  succeeded upward to the east  by s i l iceous tuff, 
chert,  mafic volcanic rock, sma l l  pods or lenses of 
limes tone , phyl lite,  and local ly pebb le cong l omerate . 
The North Fork ophio l ite inc ludes serpent ini zed 
peridotite,  gabbro, diabase , p i l low basa l t ,  and red 
ribbon chert . Sparse sampling near the latitude of 
Hayfork shows that the red chert that over lies the 
p i l low basalt contains Late Tr iassic rad iolarians , 
whi l e  the cherts and s i l iceous tuff higher in the 
sequence yie ld Ear ly or Midd le  Jura ssic rad iolarians 
( Irwin , 1977 ;  Irwin and others , in press) . Red chert 
from the Rattlesnake Creek terrane , dominantly an 
ophioli tic melange, also yielded Late Triassic radio
larians . Although the radiolarian data are scanty, 
they neverthe less provide the most direct evidence of 
the age of the ophiolitic rock in the southern part 
of the western Pa leozoic and Triassic be l t .  

Northward in the Salmon River area , the North 
Fork ophio lite is described briefly by Ando ( 1977)  as 
the core of an anti form that is steep ly overturned to 

Figure 6 - Red radiolarian chert of the North Fork 
terrane in west-central Klamath Mountains . 
Exposed along Salmon River road j ust  south 
of Jennings Gulch 9 kilometers northwest of 
Cec ilvi l l e ,  about 55 kilometers north-north
west of Weaverv i l l e  . 

...... 

Figure 7 - SEM photo of an unnamed nassel lariinid 
rad io larian of probab le  Triassic age 
from the chert locality (Fig . 6) near 
Jennings Gulch . 
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the wes t .  Rocks o f  the North Fork and S tuart Fork 
terranes are on the east l imb , and rocks of the Hay
fork terrane on the wes t . A typical  oph i o l i t ic 
sequenc e of p l utonic rock is not s e en in the c ore . 
However ,  some cumulate gabbro that may be in the upper 
part grades upward a few meters into diabas e .  Dikes 
and s i l l s  are ab sent . Tec toni tic  har zburgite  occur s 
structura l ly between the diabase  and over lying p i l low 
basa l t s . And o states that the s e  features create 
d i fficulty  in compar ing the North Fork rocks to 
"c lassical"  oph io l i te s . 

Glaucophane - and lawsonite -bearing schists  are 
pre sent ( Davis , 1 9 6 8 )  in the North Fork terrane on 
the eas t  limb of the anti form s outh of the Salmon 
River , and a l s o  near the Tr inity River ( Cox,  1 9 6 7 ) , 
but i s otop i c  dates of me tamorphi sm are not avai lab l e  
for them . I n  the Yreka-Fort Jone s reg i on to  the 
north , and a l s o  in north -central Oregon , b luesch ists  
in presumab ly corre lat ive rocks  yield K -Ar i s otopic 
ages of approximate l y  220 m . y .  (Hot z and other s ,  
1 9 7 7 ) . The b luesch i s ts are not thought to repr e s ent 
me tamorpho sed oph i o l i te . Their isotopic ages , if 
Midd l e  Trias s i c ,  seem to indicate a metamorphic  event 
s omewhat o l d er than the Late Trias s ic age of th e upper 
part of the North Fork oph i o l i t e  indicated by th e 
rad i o larian chert . 

Ophi o l i t e  in the Preston Peak area , j us t  s outh of 
the Oregon border , forms the wes tern lip o f  the thrus t 
plate  of s o - ca l l ed we s t ern Paleozoic  and Triassic  
rocks . As  des cribed by Snoke ( in pres s ) , the ophi o
lite  cons ists  of a basal  sheet of serpent ini z ed tec 
tonitic  per idot ite and minor pyroxenite , over lain and 
intruded by a diabasic comp l ex,  with a metamorphic 
c ontra s t  between the two un its . The diabasic  comp lex 
is  in turn over lain by metabasa l t  and metasedimentary 
rocks . In the u l tramafic rock near the base  of the 
sheet is  a s erpent inite me lange that contains b l ocks 
of amphib o l it e . An unusual aspect of the Preston 
P eak oph i o l i te i s  the presenc e of coar s e  j acks traw 
textured talc - o l ivine rock in the peridot i t e . Snoke 
cons iders this sp ini fex - like t exture t o  result  from 
hydrotherma l a l teration of the per idot ite  rather than 
from a chi l l ed u l tramafic me l t . The ophi o l it e  i s  
b ordered o n  the west and under thrust by Upper Juras s i c  
fl ysch ( G a l i c e  Formation) . I t  i s  over lain b y  vo lcanic 
and s edimentary rocks of the wes tern Paleo zoic and 
Triassic  be lt . I s o top ic or pal eont o l ogic ages that 
are pertinent to  the age o f  the Preston Peak oph i o l i t e  
a r e  not ava i l ab l e ,  b u t  t h e  a g e  probab ly is Trias s i c  
based o n  ana logy with t h e  a g e  tentative ly ass igned t o  
the ophi o l i t e  of the North Fork and Rat t l e snake ter
ranes . 

S i erra Nevada 

In the northern S i erra Nevada , a broad b e l t  of 
interb edded chert , phyl l i t e ,  minor mafic vo lcanic 
rocks , and l imes tone trends genera l ly al ong the w es t 
ern side  o f  the Feather River ul tramafic body and i ts 
souther ly extensions along the Me lones fau l t  zone . 
Thes e rocks are referred t o  the Ca laveras Formation 
( C lark , 1 9 7 6) and are considered by some to be a 
me lange ( Sc hweickert and Cowan , 1975) . They are 
thought to be tectonic correlat ives of the so-cal led 
�estern Paleozoic and Triassic belt  of the Kl amath 
Mountains ( Davi s ,  1 9 6 9 ) . Southward the c ontinui ty of 
thes e roc k s  is disrupted by large fau l t - s lices  of arc 
re lat ed rocks of probab le Jurassic age ,  and ' may b e  
repr e sented i n  the lat itudes o f  t h e  Consumnes and 
Moke lumne Rivers by a narrow s l iver of me lange ( Duf
fi e ld and Sharp , 1 9 75)  cons i s t ing of rocks referred 
to by ear l i er workers as a we st ern be lt of Ca l averas 
Formation ( C l ark , 1964) . As with the western Pa leo
zoic and Tri a s s i c  b e l t ,  the Pa l eozoic age of the 
Ca laveras west of the Feather River u l tramafic body 

and the Me lones fau l t  z one is based on the pre s enc e of 
a few bodies of fos s i l iferous l imestone . Thr ee  l ime
stone bodies  in the narrow s l iver o f  "Ca lavera s "  in 
the latitud e o f  the Moke lumne River conta in Permi an 
fusu l inids of Tethyan fauna affinity ( Doug las , 1 9 6 7 ) . 
S imi lar ly,  l imes tone s with fos s i l s  of Tethyan fauna l 
affinity are present at three loca l i t i e s  in the wes t 
ern Paleozoic  and Tri a s s i c  b e lt of the Klamath Moun 
tains ( Irwin and Ga lani s ,  1 9 7 6 ;  Irwin , 1 9 7 7 ) . Another 
simi larity to the wes tern Pa leoz oic and Tr iass ic belt  
is the presence of b luesch i s t  in the vic inity of the 
North Yuba River ( Schweickert , 1976) , but it appar 
ent l y  is in an anoma l ous patch o f  "Ca lavera s "  rocks on 
the east of the main u ltramafic belt  rather than on 
the west . 

The "Calaveras" w e s t  of the Feather River u l tra
mafic body i s  divided into two uni ts by Hi etanen 
( 1 9 7 7 ,  and ora l c ommun . ,  1 9 7 7 ) - -the Ca laveras Forma
t i on ( restricted) on the eas t  and the Horse shoe Bend 
Formation on the we s t ,  s epara ted by i s l and -arc me ta
vo lcanic rocks of the Frank l in Canyon Format i on .  The 
u l tramafic and other oph io l itic ( ? ) rocks occur mainly 
with the Hor seshoe Bend Format i on .  They inc lude ser
pent inite ,  peridotite , metagabbro and hornb l endi te , 
metad iorite , and metatrondh j emite . The Horseshoe  
B end Format i on i s  interb edded volcanic , vol cani 
c last i c ,  and s edimentary rock s ,  with lens es of re
crys ta l l i zed l imestone that contain deformed and 
unident ified fos s i l s .  Al though cons idered probab ly 
Pa l e o zoic by Hie tanen , there i s  no direct ev idenc e of 
the age of these rocks in the Feather River region . 
However , the associ ated ophio l itic ( ? ) rocks are here 
t entativ e l y  cons idered to be Tria s s i c  by ana l ogy with 
presumab l y  corre lative rocks of the western Paleozoic 
and Tr iassic  belt of the Klamath Mountains . 

Not on ly the melange terrane of the S i erra Nevada 
but a l s o  the me lang e t errane of eas t - c entral Oregon in 
s ome ways resemb les  the western Paleozoic  and Triassic  
terrane of the  Klamath Mountains . A general resem
b lance in l i th o logy and tectonic style i s  enhanced by 
the pres enc e in Oregon o f  Permian l imes tone bod i e s  
with fos s i l s  o f  Tethyan faunal affini ties  (Bostwick  
and Ne s t e l l ,  1967)  and 2 2 0  m . y . -old b lueschist  (Hotz  
and others , in press) . For the pre s ent di scu s s i on ,  
t h e  pr inc ipal di fference l i e s  w i t h  the ophio l itic  
rocks for wh ich , as  previous ly  noted,  there i s  iso
topic evidenc e of Late Pa leozoic age in Oregon 
(Canyon Mountain Comp l ex) and pa leontologic evidenc e 
of Late Trias s i c  age in the s outhern Klamath Mountains 
( ophi o l i t e s  of North Fork and Rat t l e snak e Creek ter 
ranes) . 

LOWER OR MIDDLE JURASS I C  OPH I O L I T I C  ROCKS 

I s land arc volcanic rocks and flysch of Jurassic  
age  l ie in a b e l t  that trends along the wes tern side 
of the c entral and northern Sierra Nevada , and re
appear to the northwest where they crop out along the 
arcuate western edge of the K l amath Mountains , As so
c iated with  the s e  a r e  abundant u l trama fic and other 
rocks of probab l e  ophi o l i t ic affini ty . Corre lat ive 
rocks are not known to extend into ea s t - c entra l Oregon. 

S i erra Nevada 

In the S i erra Nevada these volcanic rocks and 
flysch are typified by the Logtown Ridg e and Mariposa 
Formati ons , and are associated with the Smartsvi l l e  
c omp l ex . The Logtown Ridge Formation ranges from 
fine -grained tuff to coarse breccia of pyroxene meta
ande s i te , and inc ludes some p i l l ow lava . It i s  about 
1 3 2 0  meters th ick at the type loca l i ty ( C l ark , 1964) 
and is Midd l e  or ear ly Late Jura s s ic in age ( Duffi e ld 
and Sharp , 1 9 75) . The Maripos a  Formation, as d e s 
crib ed by C l ark ( 19 6 4 ) , cons ists mos t ly of s l ate , 
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tuff,  graywacke , and cong l omera'te , and l oc a l l y  in
c lud es a vo l canic member that i s  l i tho l og i c a l l y  s im i 
lar to the Logtown Ridge Formation . Ch ert i s  rare . 
Thickne s s e s  of parti a l  s e c t ions measured at two l o 
c a l i ties are 8 3 0  and 1 2 30  met ers . The Mariposa 
l ocal ly over l i e s  the  Logtown Ridge Format i on and is  
Late Jura s s i c  ( Ox fordian and Kimmeridgian) in age . 

At the l a t i tude of the Tuo lumne River , Morgan 
( 19 7 3 )  des crib e s  an ophio l i t e  that l ies  in a narrow 
zone b e tween the Bear Mountain fau l t  on the w e s t  and 
faul ted Mar iposa Formation on the east . The oph i o 
l i te is  main ly  duni te , wehrl i t e ,  gabbro , p i l low lava 
and v o lcanic brec c i a . The gabbro intrudes both the 
ul tramafic and vol canic rocks . The p i l l ow lava and 
brecc ia are part of the Pe�on B l anco Vo lcanic s ,  wh ich 
c onformab ly under l ie the Mariposa Formation e l s ewhere 
and which are probab ly Late Jura s s i c  in age ( C l ark , 
1964) . Anti gor ite schi s t s  predominate near the base  
of the  ophi o l i t e . Th e  presence of b l ocks of marb l e ,  
s la t e ,  chert , greenstone , and amphib o l i te i n  the 
sch i s t s  sugge s t  a metamorph osed me lange . Morgan in
terprets the oph i o l i te as b e ing thrus t ont o  the c on
tinental margin . 

The Smartsvi l l e  c omp l ex i s  an ophio l i t e  (1-loores , 
1 9 7 5 )  that occupies  a narrow wedge - shaped area about 
70 ki l ometers l ong and 30  k i l ometer s  wide in the 
northern S i erra Nevada . I t  i s  separated from the 
a l luviated f loor of the Great Va l l ey by a narrow band 
of pyroxene meta - and e s i te that resemb l es Logtown Ridge 
Formation,  with wh ich th e ophio l i t e  i s  in c ontact 
a l ong a broad north- northwe s t - trending shear z one . On 
the eas t the Smartsvi l l e  c omp l ex is  in c ontact with 
me lange . The c omp l ex c ons i s t s  l arge ly of  p i l l ow l ava 
and shee ted d ikes  and is thought to be  a s lab of  the 
upper l ev e l  of pre- Late Juras s ic oceanic c rust that is 
surpr i s ing l y  unaffected by younger tectonic event s 
(Moores , 1 9 7 5 ) . Schweickert and Cowan ( 19 7 5 )  a l s o  
c ons ider the c omp l ex a fragment of oceanic crus t ,  but 
one that formed in an int erarc or margina l basin  
during the  Jura s s i c . The s l ab of crus t is  broad l y  
anti formal a l ong a north -northwest  axi s ,  as  described 
by Buer ( 19 7 7 ) , and for a width of 2 to 5 ki l ome ters 
a l ong the core of the ant i form near ly all o f  the rocks 
are diabase dikes that c on s i stent ly  strike north
northwe s t  and dip s t eep ly  eastward . The dikes average 
J to 2 meters th ick , have cros scutting r e l a t i ons , and 
are chi l l ed again s t  s creens of p lagiogran i t e ,  d i orite , 
and gabbro near the base of the c omp l ex ( Day,  1 9 7 7 ) . 
On the flanks o f  the dike c omp l ex i s  a sequenc e of 
p i l low lavas ab out 1 . 5  k i l ometers th ick that t oward 
the l ower contact is increas ing ly  intruded by dikes , 
and as further described by Buer ( 19 7 7 ) , the p i l low 
lavas are succeeded s trat igraphica l ly upward to the 
west by a 1 . 5  to 2 k i l ometer - thicknes s  of pyroxene 
meta-and e s i t i c  and r e l ated volcanic rocks s imi lar to 
those  west of  the Smartsvi l l e  terrane . 

K l amath Mountains 

In  western K l amath Mountains , the flysch and vo l 
canic arc. depo s i t s  with which the ul tramafic rocks are 
associated are the Gal i c e  and Rogue Forma t i on s . The 
rocks a l ong the arcuate wester ly - facing b order of the 
province are underthrus t from the west  mainly by S outh 
Fork Mountain Sch i s t  (b lueschi s t  fac ies)  in Ca l i fornia 
and by tectoni zed Dothan Format i on and related rocks 
in Oregon . On the east they are thrust beneath rocks 
of the wes tern Paleozoic and Tri a s s i c  be l t . The 
Ga l i c e  Forma t i on i s  exposed a l ong most of the 3 5 0  
k i l ometer length of t h e  western boundary o f  th e pro 
v ince . I t  cons i s ts of s l aty shal e  and graywack e ,  
with some interlayers of vol canic roc k ,  and i s  thou s 
ands of meters thick . Fos s i l s  indicate that the 
Gal i c e  is Lat e  Juras s i c  ( la t e  Oxfordian to middl e  
Kimmeridgian) in age , a n  equiva lent o f  the Mar iposa 

Formation of the wes tern S i erra Nevada . At some 
p laces the volcan ic rocks gre a t l y  predominate in the 
l ower part of the s e c t i on ,  where they are as much as 
several k i l omet ers th ick and are loca l ly known as the 
Rogue Forma t i on (We l l s  and Wa lker , 1 9 5 3 ) . The Rogue 
Formation is main ly  pyroc l a s t i c  meta-ande s i te but in
c ludes metabasa l t  and metarhyol ite . 

The l argest  expo sure of u l t ramafic rock in the 
wes tern K l amath Mountains is the Josephine Peridotite ,  
which lies  acro s s  the  boundary b etween Cali fornia and 
Oregon and which r iva l s  the Trinity u l tramafic sheet 
in s i ze . It is exp o s ed cont inuou s l y  for more than 
1 5 0  k i l ometers a l ong the w e s t ern boundary of the pro
vinc e ,  and a l though the northern and s outhern parts 
are on ly  a few k i l ometers wid e ,  th e width of  the 
midd l e  s e c t ion i s  near l y  20 k i l ometer s . 

Expo sures of cumu late gabbro , diaba s e , and 
spi l i t e  j us t  north of th e b oundary between Ca l i fornia 
and Ore gon are described by Vai l  and Dasch ( 19 7 7 )  as 
the mafic part of  an oph i o l ite that inc ludes the 
Josephine Peridoti t e . Maj or e l ement c omp o s i t i ons of 
the rocks are s imi l ar to  thos e  of other oph i o l i te s ,  
and the abundance patterns o f  t i t anium , zirconium ,  and 
rare earth e l emen t s  show c l ose  affin i t i e s  to oceanic 
ridge rocks . S late  and graywacke of the Ga l i c e  For
mat i on depos i t i ona l ly over l i e  the oph i o l ite , and 
a l though there is no b edded chert at the c ontac t ,  
minor amount s  o f  rad i o l arian chert occur between 
p i l l ows in the und er lying v o l c anic rocks . Vai l  and 
Dasch interpret the oph i o l i te as oc ean ic cru s t  that 
formed in a marginal b a s i n ,  near a c ont inent , behind 
an i s l and arc that i s  repres ent ed by Rogue and Galice  
Formations . Howev er ,  at  s ome l oca l i t i e s  the  Rogue is  
intruded by a mul t i tude of d i abase , gabb r o ,  and 
d iori te dike s ,  and the se may represent a sheet ed - dike 
part of an oph io l i te (Ramp , 1 9 7 5 ) . 

Rock s  o f  the region a l ong the northern part o f  
the Jos ephine Peridotite a r e  c a l led Rogue River I s land 
Arc Comp l ex by Garci a  ( 19 7 6 ) , who des crib es  the c om
p l ex as  con s i s ting of  three units  that are separated 
by s teep northea s t - trending faul t s . The western uni t 
i s  e s s ent i a l l y  the Josephine Peridot i te c ons i sting of 
tectoni z ed har zburgite  and dun i t e ,  c linopyroxenite , 
lher z o l i t e ,  trocto l i t e ,  b anded anortho s i t e  and gabbro , 
and quar t z  diori t e . The se  rocks were folded and meta
morphos ed prior to intrus ion of 140 m . y . - o l d  grano 
diorite . The midd le unit ,  Briggs Creek amph ib o l i t e ,  
i s  i n  fau l t  contact w i th the u l tramafic -mafic un i t . 
I t  cons i s ts of a 3 . 5  k i l ometer width of folded and 
metamorphosed mafic  i gneous and s ed imentary rock s that 
inc lude bedded chert with mangane s e  depos i t s . In 
fau l t  contact on the east is a 5 k i l omet er th ick s ec 
t i on of predominan t l y  intermed iate t o  s i l i cic  vo lcanic 
rocks of  the Rogue and Gal ic e  Forma t i ons . Garcia 
interpret s  the volcanic rocks as an i s l and arc dep o s i t  
b a s e d  o n  their c omposit ion and d ominan t l y  pyroc l a s t i c  
nature , and h e  sugge s t s  that t h e  u ltramafic -mafic and 
amph1bo l ite unit s  repre sent fragment s of oc eanic 
l i thosphere on wh ich the v o lcanic arc was bui l t . 

UPPER JURAS S I C  OPH I O L I T I C  ROCKS 

The Coa s t  Range ophio l i t e  

Th e  youngest  of  t h e  be l t s  of oph i o l i t i c  rocks 
under d i s c u s s ion i s  the Coas t Range ophio l i t e . It is  
exposed ma inly al ong the  Coast  Rang es of California 
between the latitudes of the south end of the K l amath 
Mountains and the Tran svers e  Range s ,  but important 
exposures  are present to the north in s outhwestern 
Oregon and as far to the s outh as the Vi zcaino Penin
sul a  of Baj a Ca l i fornia (Jones and other s ,  1976) . 
The Coas t Rang e oph i o lj t e  i s  the mos t  thoroughly  
s tudied and perhaps the  b e s t  understood in regard to 
struc tura l pos i t i on and regional tectonic dev e l opment 
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of any of the major divisions of ophiolites of the 
Pacific Coast region . I t  was described in broad out
line and named in a now classic paper by Bailey, 
Blake ,  and Jones ( 197 0) - -a paper that sparked much 
additional interest in the study of ophi o l ites . The 
Coast Range ophiolite is now considered by most 
workers to be the basal part of a regional thrust 
plate of Great Val ley sequence flysch , beneath which 
the Franciscan assemb lage of the Coast Ranges is 
thrust (subducted) eas tward . 

Most of the ultramafic rock of the Coast Range 
province of Cali fornia is in the northern part,  where 
the general distribution was mapped in reconnais sance 
during the 1950 ' s  ( Irwin, 1960) . At that time the 
Franciscan "eugeosync l ina l" rocks that made up most 
of the northern Coast Ranges were general ly thought 
to be "basement" on which the Late Jurassic and 
Cretaceous flysch of the Great Va l ley sequence were 
deposited . However , the reconnai ssance mapping showed 
that most of the ultramafic rock occurs as tabular 
masses that separate Franciscan rocks from flysch of 
the Great Val ley sequenc e .  The reconnaissance also 
resul ted in the dis covery of additional fossils,  and 
owing to these and other factors it became apparent 
that the Franciscan rocks are the same general age as 
the Great Val l ey sequence rather than older ( I rwin, 
1957) . To exp lain the distribution of the ul tramafic 
rock, the two facies of coeval stratigraphic units , 
and other relations , it was postulated that the Great 
Va ll ey sequence was thrust on top of Franciscan rocks 
along a great low-angle fault with a root zone to the 
east,  and that the ul tramafic rock intruded along the 
fault ( Irwin, 1964) . Along this great fault,  later 
named the Coast Range thrust (Bai ley and others , 
1970) , Great Val ley sequence was considered to b e  
thrust over Franciscan a s  much a s  8 0  kilometers west 
of the main trace of the fault ( Irwin, 1964) . With 
the advent of the plate tectonic concept in the late 
1 960 ' s , the oceanic aspect and b lueschist content of 
the Franc iscan quickly led to the interpretation of 
the Franc iscan -Great Val ley interface as a subduction 
zone al9ng a convergent p late boundary . This raised 
the possibi lity that the Coast Range thrust may have 
resulted in much greater crustal shortening than the 
minimum 80 kilometers previously envisioned . 

The Coast Range ophiolite,  as described by Bailey 
and others ( 1970) , i s  depositional ly over lain by Upper 
Jurassic mudstone, sandstone , and cong l omerate of the 
Great Va l ley sequence, and at the base is in fault  
contact with Franc iscan rocks a long the Coast Range 
thrust .  They state that typically the lowest part of 
the ophiolite is pyroxene -bearing perid ot ite that 
local ly includes dunite and minor pyroxenite and that 
genera l ly is not more than 1500 meters thick . The 
peridotite gives way upward to a layered complex con
si sting of norite, gabbro, anorthos ite, hornblend ite, 
and minor trondj emite . These rocks are over lain by a 
600- to 1500-meter thick section of volcanic rocks . 
The lower part of the volcanic section is d iabase and 
basalt,  some showing pi l low structure . Keratophyre 
or quartz keratophyre loca l ly predominate in the upper 
part of the volcanic section, which tends to be 
breccia and tuff . Chert common ly occurs at the top 
of the volcanic section, in some instances as si lici
fied tuff, and in some as rhythmica lly  bedded rad io
larian chert . On the basis of 64 analyses of rocks 
from various localities of Coast Range ophiolite, 
Bailey and B lake ( 1974) conc luded that the major 
element content i s  l ike that of rocks dredged from 
oceanic ridges , but that the data are not sufficient 
to distinguish among a spreading ridge, int erarc 
bas in,  or root zone of an is land arc , as the site of 
formation of the Coast Range ophiolite.  According to 
R. G .  Co leman (oral commun . ,  1977) the Coast Range 
ophiolite shows only oceanic hydrotherma l a lteration 

to zeolite or greenschist assemb lage s, and does not 
show evidence of b lueschist metamorphism character is
tic of some Franciscan rock s .  

The foregoing genera l i zations regarding the Coast 
Range ophiolite are based mostly on relat ions at t en 
loca lities at various intervals along the northern and 
southern Coast Ranges , some loca lities that Bai ley and 
others ( 1970) examined in the field ,  and others that 
they re- interpreted from published reports . As a re
sult of quickened interest in ophiolit es , much addi
tional research has been done on the Coast Range 
ophiolite, and much of this has been at the loca l it i es 
described by Bai ley and others ( 1970) . Two of these 
loca lities in particular are at Point Sal and the Red 
Mountain-Del Puerto area , both of which are described 
in detail  elsewhere in this volume. 

Figure 8 - Looking westward toward ophiolitic rocks at 
"The Gorge"--a narrow canyon where Thomes 
Creek cuts through the Coast Range ophiolite 
at the west edge of the Great Va l l ey near 
Paskenta . Man in foreground is standing on 
serpent inite . Pil low lavas are exposed in 
the canyon wal ls . 

A third locality mentioned by Bailey and others 
( 1 970) is an a l l ochthon of Coast Range ophiolite near 
San Luis Obispo, west of the Salinian b lock .  I t  i s  
described in more detail  by Page ( 1972) as a coherent 
sync linal remnant of mantle,  oceanic crust ,  and over
lying Mesozoic sedimentary rocks , resting on Franci s 
can melange.  The Mesozoic sedimentary rocks are 
marine sha le and sandstone of the Toro Formation, a 
correlative of the Upper Jurassic (Ti thonian) and 
Lower Cretaceous (Valanginian) rocks of the Great 
Val ley sequence.  Here the Toro is 600 meters thick,  
and at the base is  5 to 130 meters of Upper Jurassic 
radiolarian chert that Page cons iders to be  c l ear ly 
depositiona l on the pil low basalt at the top of the 
ophiolite sequence .  The upper layer o f  the ophiolite 
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Figure 9 - Schematic block diagram of east-central California showing the 
gross structural relations between the Great Va l ley sequence ,  
the Coast Range ophiolite,  and the Franciscan assemb lage . View 
is to the southeas t  along the San Andreas fau l t .  The Coast Range 
ophiolite is at the base of the Great Val ley sequence ,  and is in 
thrust fault  contact with the underlying Franciscan rocks . Blue
schists that form a regional se lvage in the Franciscan immediately 
beneath the upper p late of the thrust are not shown . 
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i s  not on l y  p i l l ow l ava but inc l ud e s  b a s a l t  brecc ia 
and k erat ophyr e . I t  i s  intruded by many d i k e s  and 
s i l l s  of d i ab a s e , gabbro , quar t z  d i or i t e , and quart z  
a l b i t i t e ,  and i s  greater than 1 2 0 0  me t e r s  t h i c k . 
Part of the upper layer i s  fau l t ed out wh ere it is in 
c on t a c t  w i th the l ower layer of the ophi o l i t e . Th e 
l ower l a yer i s  s erpen t i n i t e  that i s  derived par t l y  
from har zburg i t e  and prob ab ly dun i t e  and pyroxen i t e ,  
and i s  more than 1 4 0 0  meters th i c k . Page v i sua l i ze s  
t h i s  r emnant o f  oc ean i c  cru s t  a s  f l oa t i n g  l i ke a raft 
whi l e  Franc i scan me lange pa s s ed under it i n  the upp er 
part of a subduc t i on zone dur ing p l a t e  c onvergenc e .  

The Late Juras s i c  age a s s igned t o  the Coast Range 
ophi o l i t e  is b a s ed ma i n l y  on the r e l a t i on of the Great 
Va l l ey sequenc e to the ophi o l i t e ,  the pa l e ont o l og i c  
a g e  of t h e  ch ert in t h e  upper par t of the ophi o l i t e , 
the i s ot op i c  ages of gabbr oic par t s  of th e oph i o l i t e ,  
and on the t e c t on i c  r e l a t i on of the oph i o l i t e  t o  the 
b l uesch i s t  that r e g i ona l l y under l i e s  the Coast Range 
thrus t .  The Gr eat Va l l ey s equenc e i s  d epo s i t i ona l on 
the Coa s t  Range oph i o l i t e  ( B a i l ey and other s , 1 9 7 0 ) , 
and the b a s a l  s trata genera l ly are c ons idered t o  
r epr e s ent the midd l e  o r  upper Ti thonian S tage o f  the 
Upper Juras s i c . How ever , at an oph i o l i t e  l oc a l i ty 
near Pa skent a ,  the l owermo s t  s t rata o f  over lying 
Great Va l l ey sequenc e c ontain fo s s i l s ,  Buch i a  rugosa , 
that repres ent a midd l e  t o  l a t e  Kimmer idgian S t a g e  of 
the Upper Jur a s s i c  ( J on e s ,  1 9 7 5 ) . Rad i o larians fr om 
chert at a numb er of oph i o l i t e  l o c a l i t i e s , inc luding 
Point Sa l ,  are charac t er i s t i c  of Sub z one 2A- - the same 
age as the Buchia rugosa -b ear ing beds of the Gr eat 
Va l l ey sequenc e near Paskenta ( P e s sagno , 1 9 7 7 )  . 

K - Ar i s o t o p i c  ages wer e measured on Coa s t  Range 
oph io l i t e  at two loca l i t i e s  b y  Lanphere ( 1 9 7 1 ) - - one 
l oca l i ty a t  S outh Fork of E l der Creek n ear Paskenta , 
and the other in the Red Mountain -De l Puerto area . 
At the E l der Cr eek l oca l i t y ,  gabbro d i k e s  cut pyroxe 
n i t e  and are trunc a t ed a t  a c ontac t w i th over lying 
maf i c  v o l can i c  brecc ia . A s amp l e  of the gabbro about 
2 meters b e l ow the bre c c ia y i e lded an age of 1 5 1  m . y .  
Gabbro from the Red Mountain - De l Puer t o  u l trama f i c  
mas s yie lded an a g e  of 1 60 m . y . , and amphib o l e  from an 
i s o l ated b l ock of cumu l a t e  peridot i t e y i e l ded an age 
of 158 m . y .  At Point Sa l ,  Hop son and o thers ( 1 9 7 5 )  
report a c onc ordant U - Pb is otopic age o f  1 60 m . y .  for 
z i r c on from an a lb i t e  gran i t e  dike that cuts gabbro . 
They interpr et the i s otop i c  age to corres pond to the 
Ca l l ov i an S tage of the l a t e  Midd l e  Juras s i c . 

S outhwe s t ern Oregon 

S ev era l s i zeab l e  peridot i t e  b od i e s  l i e  west of 
the Jos ephine Peridot i t e  in c o a s t a l  s outhwe s t ern 
Oregon . The y  are the Vond ergr een H i l l  Peridot i t e  of 
Koch ( 1 9 66 )  and the Carpenterv i l l e ,  S i gna l But t e ,  and 
Snow Camp p er i d ot i t e s . The rocks of this area form 
a high l y  c omp l e x ,  dominan t l y  upper Me s o z o i c  t errane 
that c on s i sts o f  various thrus t p l a t e s  ( I rwin , 1 9 6 4 ;  
Dot t ,  19 7 1 ;  C o l eman , 1 9 7 2) . The peridotite bod i es 
probab l y  are not fragments of a s i ng l e  oph i o l i t e . 
None i s  c l ear l y  r e l a t ed to the Coast Rang e oph i o l i te ,  
and a l though one o f  them , the Snow Camp perid o t i t e ,  
superficia l l y res emb l es t h e  C oa s t  Rang e oph i o l i te , i t  
probab l y  i s  a d i s l oc a t ed thru s t  s l i ce of an o lder 
Klamath Mountains ophi o l i t e . 

The peridot i t e  b od i e s  of s outhwes tern Oregon are 
described b y  Col eman ( 1972)  as ranging from mas s ive 
serpent i n i zed har zburgi t e , dun i t e ,  and minor ortho
pyroxeni t e , to comp l et e l y  sheared and f l aky serpen
tini t e . The s erpent inite minera l s  are ma i n l y  l i zard
ite and c l i nochrysoti l e . He c ons iders much o f  the 
s erpentinite to be a me lange that contains de formed 
bodies of a l tered d i ab as e , gabbro , and diorite , a s  
we l l  as b l ocks of exo t i c  rocks such a s  Co l ebrooke 
Sch i s t ,  g l auc ophane s ch i s t ,  mafic v o l c anic rock , and 

amphib o l i t e . Th e h i gh - p r e s sure mineral a s semb l ag e  
for s ter i t e - ens ta t i t e - d i op s i d e - s pine l i s  reported from 
the four named peridot i t e  b od i e s  by Medar i s  and Dott 
( 1 9 7 0 ) , wh i c h ,  comb ined w i th o ther data , sugg e s t s  t o  
them t h a t  t h e s e  p er id o t i t e s  recrys t a l l i zed at h i g h  
tempera tur e ( l l 00 - 1 2 0 0 0C) o v e r  a range of pr es sure s 
decreas ing fr om 1 9  to 5 k i l obars . They cons ider the 
perid o t i t e s  to be derived fr om the upper mant l e  at a 
depth of SO to 60 ki l ometers a l on g  an an c e s tral 
spread ing ridge . 

The r e s emb lanc e of the Snow Camp p e r i do t i t e  t o  
t h e  Coas t Range oph i o l i t e  r e su l t s  from t h e  p r e s ence o f  
strata c orre l a t i v e  w i th the Great Va l l ey s e quenc e that 
r e s t on the Snow Camp peridot i t e , and the pr e s ence of 
r e g i ona l b lues ch i s t  ( C o l ebrook e Sch i s t )  i n  fau l t  c on 
tac t o n  the wes t o f  th e peridoti t e . The s trata 
corr e l a t iv e  w i th the Great Va l l ey s equenc e are d e 
pos i t i ona l on the Snow Camp peridot i t e acc ording t o  
D o t t  ( 1 9 7 1 ) , b u t  are cons ider ed t o  be a l l och thonous in 
r e l a t i on t o  the perido t i t e  by Co l eman ( 1 9 7 2 ,  p l . l ) , 
Un l ik e  the Coa s t  Range ophi o l i t e ,  the Snow Camp peri 
d o t i t e  is intruded by "Nevadan" d i o r i t e  p l ut ons - 
p lutons o f  C o l eman ' s  " Pearse Peak typ e " - - that c om
mon l y  y i e l d  K - Ar i s otopic ages o f  appr oximat e l y 1 4 5  
m . y .  T h e  o l d e s t  of thes e i s  t h e  C o l l i er But t e  Di or i t e  
o f  Koch ( 1 9 6 6 ) , wi th a n  age o f  1 5 1  m . y .  ( Do t t , 1 9 7 1 ) . 
In addi t i on to the " Nevadan" intrus ives , d i or i t i c  t o  
gabbroic rocks th a t  a r e  c ons idered t o  b e  part of the 
mafi c - u l tramafic c omp l e x  yi e ld K - Ar i s o t opic ages that 
are c on s i d erab l y  o l d er than wou l d  b e  exp ec t ed for the 
Coast Rang e  oph i o l i t e . Of these , the Sadd l e  Mountain 
p luton in t h e  Snow Camp peridot i t e  gave an age of 2 8 5  
m . y . , and a sma l l  gabbro ma s s  i n  t h e  h i gh l y  sheared 
Carpent erv i l l e  perido t i t e  gav e 2 1 5  m . y .  ( Do t t , 1 9 7 1 ) . 

An a l l ochth on of Coast Range ophi o l i t e  and a s s o 
c i ated s trata corr e l at ive w i th Great Va l l ey s equen c e  
oc cupy a wedge- shaped a r e a  of more t h a n  7 0 0  s quare 
k i l ometers in the v i c inity of Ridd l e  a t  the north end 
of the K l amath Mounta ins . Acc ord ing to Jones ( 1 9 7 3 )  
the Upper Jura s s i c  and Lower Cretac eous c orre l a t i v e s  
of the G r e a t  Va l l ey s e quenc e ,  in t h i s  r e g i on c a l l ed 
Myrt l e  Group , are d epos i t i ona l on the oph i o l i t e .  He 
states tha t the oph i o l i te and as s o c iated Myr t l e  Group 
are thrus t over the c o eva l Dothan Forma t i on that 
b orders the a l l ochthon on the northwes t ,  and that the 
fau l t  probab l y  is a northern equiva l ent of the Coa s t  
Range t hrus t o f  Ca l i forni a .  Jus t  northw e s t  o f  Ridd l e ,  
a l a t er i t i c  soi l deve l op ed on the ophi o l i t e  i s  the 
s ource of the on l y  s i gni ficant pr oduc t i on o f  nic k e l  i n  
t h e  Uni ted S tat e s . 

Re g i onal b l ueschi s t  

A l ong much o f  i t s  l ength of out crop in Ca l i forn ia, 
the Coa s t  Range ophi o l i t e  i s  s eparated from nonsch i s 
t o s e  Franc i s c an rocks b y  a r e l a t ive ly narrow b and o f  
b lueschis t - fac i e s  me tased imentary and inter l ayered 
metavo lcanic roc ks . The metas edimentary rock is 
l awson i t e - b earing quart z - a l b i t e -mus c ov i t e - c h l or i t e  
schis t ,  and t h e  me tavo l canic r o c k  i s  cro s s i t e -bearing 
a l b i t e - c h l or i t e - a c t i no l i t e - ep id o t e  gne i s s . Th i s  
reg i ona l l y deve l oped b lu e s ch i s t  i s  c a l led S outh Fork 
Mountain Schi s t  in Ca l i forn i a ,  in ar eas wh ere the 
metas edimentary and me tavo l canic rocks are thorough l y  
recrys ta l l i zed (B l ake , Irwin,  and Co l eman , 1967 , 
1 969) , and i s  corr e l ative with the Co l ebrooke Schist 
of Ore gon ( C o l eman , 1972) . The South Fork Mountain 
Schi s t  i s  thought b y  some geo l o g i s ts to grade down 
ward from the Coa s t  Range thrust into th e non s chi s tose 
Franc iscan ,  and to have formed by met amorph i sm o f  
Franciscan rocks dur ing subduc t i on beneath t h e  Coast 
Rang e ophi o l i t e . I so top i c  ages on the b luesch i s t  
indicate that the me tamorphic event occurred dur ing 
Ear l y  Cre taceous t ime , ab out 120  m . y .  ago ( Lanpher e ,  
B l ake , and Irwin , in pr e s s ) . Th e  r e l a t i ons between 
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the Coast Range ophiol i te , the South Fork Mountain 
Schis t ,  and the Franci scan are highly controversial 
is sues in Cali fornia geology, and for some other views 
of these relations the reader is  referred to Hsu 
( 19 7 1 ) , Maxwe l l  ( 1 974) , and Suppe ( 1972) . 

The Franc iscan as semblage 

The Franciscan assemb lage consists of northwest 
trending areas of relatively coherent graywacke-shale 
sequences that are genera l ly separated by linear zones 
of sheared and relativel y  chaotic mixed rocks . Some 
of the graywacke -shale sequences contain layers of 
radiolarian chert and mafic volcanic rocks . The areas 
of coherent rock are commonly tens of kilometers long 
and severa l ki lometers wide . The rocks of the co
herent sequences are clear ly in faul t  contact with the 
rocks of the mixed zone at many places,  but in some 
instances the contacts seem gradational . The mixed 
zone inc ludes pil low lava and other mafic volcanic 
rock,  keratophyre , radio larian chert, graywacke, 
sha le,  cong lomerate ,  b locks of schi s t ,  and serpenti
nite . The blocks of schist cons ist various ly o f  high
grade blueschist ,  low-grade (regional) b lueschi s t ,  and 
amphibolite .  In contrast to the isotopic ages of 
about 120 m . y .  for the low- grade (regional)  blue
schist,  the blocks of high-grade blueschist  and am
phibolite genera l ly yield ages of 140- 150 m . y .  ( Cole
man and Lanphere, 1971) . The coherency and size  of 
the components of the mixed zone range wide ly.  Some 
components are more than a kilometer in length and can 
be traced discontinuous ly along trend for a much 
greater distanc e .  Many occur as b locks only a few 
meters in greatest dimension in a matrix of sheared 
sha le  or graywacke , or less commonly in sheared ser
pentinite . The term melange was introduced in the 
Pacific Coast region by Hsu ( 1968) in reference to the 
zones of mixed rocks in the Franciscan , and he empha
si zed the extremely chaotic and all ochthonous nature 
of the Franc iscan . 

Figure 1 0  - View northward, looking edge-on at a 
west-dipping metasomatic zone of pecto
lite-prehnite rock at the west end of 
Black Lassie,  in the Coast Ranges 70 
kilometers southeast of Eureka . The 
zone of metasomatized rock ( l ight 
colored) is nearly a meter thick and 

' trends diagona l ly across the photo , 
separating serpentinite in the sadd le  
on  the west  ( left) from sandstone and 
sha le  of B lack Lass ie on the east 
( lower right) . 

Most of the megafossi ls found in the Franci scan 
• are from the melange and genera l ly range from Late 
Jurassic to Early Cretaceous (Blake and Jones,  1974 ;  
Irwin and others , 1974) . Most of  the Franciscan 
radiolarian chert is Late Jurassic in age (Pessagno, 
1 977)  . The on ly older fossils  known in the Franci scan 
are Early Jurassic radiolarians in chert from the San 
Rafael Mountains near Santa Barbara, and these are 
simi lar to the fauna in the cherty tuff of the North 
Fork terrane of the southern Klamath Mountains ( Irwin 
and others,  in pres s ) . 

In many instances the affi liation of the ser
pent inite, pil low lavas and other ophi olitic rocks in 
the general region of Franc iscan is not certain . 
Many of the larger occurrences of ophiolite west of 
the main Franc iscan-Great Va l ley sequence interface 
are c learly fragments of Coast Range ophiolite asso
ciated with kl ippen of Great Va l ley sequence . Some 
probab ly are fault  s l ices of Coast Range ophiolite 
that have been dragged for cons iderab le distances 
along fau l ts of the San Andreas system . Others may 
be fragments of ophi ol ite younger than the Coa st Range 
ophiolite , or , as suggested by the presence of Lower 
Jurassic radio larian chert in the Franc i scan near 
Santa Barbara, perhaps even older . Blake and Jones 
( 1974)  propose that the matrix of the Franci scan 
melange is the seaward portion of the Buchia-bearing 
basal sediments of the Great Va l ley sequence ,  and 
that the serpentinite, greenstone , and chert in the 
me lange were probab ly derived from the oceanic crust 
and upper mantle that immediately underlay the sedi
ments . 
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AB STRACT 

Th e ophio l i t i c  Canyon Moun tain Comp l ex in nor th
ea s t ern Or egon is of Early Permian age . About 80 
percen t  of the complex , which has an area of 1 5 6  km2 , 
cons i s t s  of a s t ru c tural b l o c k  o f  perido t i t e  and 
gabbro that is bordered on the so uth by a sheeted 
d ike un i t . Th e p erido t i t e  and gabbro are b e l i eved to 
f o rm a cont inuo us cumul a t e  s equence that grades from 
harzbur g i t e  ( o l ivine and chromi t e  cumulates ) through 
wehr l i t e  and cl inopyroxen i t e  (o l ivine , o l ivine
diops ide , and d i o p s i d e  cumulates ) t o  gabbro (o l ivine
plagio clase-diops ide, plagio c l a s e-diops ide-hypers th ene , 
and plagio c l a s e  cumul a t e s ) . The ultrama f ic ro cks and 
lower part o f  th e gabbro in the eas t ern part o f  the 
complex are t igh t ly folded and f o l iated . Abs ence o f  
the ear l i e s t s e t  o f  folds in gabbro i n  t h e  wes t ern 
part of the complex is a t t r ibuted to i t s  high 
s truc tural po s i t ion in the wes tward-plunging comp l ex 
and to deformat ion o f  cumu l a t e  c ry s tal mush in the 
floor of the magma chamb er during crys tall i z a t ion . 

The sheeted d ike unit cons i s t s  mo s t ly o f  intru
s ive sheets o f  basal t and d iabas e ,  and alb i t e  gran i t e  
and keratophyre tha t intergrade t exturally . Exc ept ing 
two small quar t z  d ior i t e  p lugs in gabbro , dikes in 
perido t i t e  and gabbro and in the sheeted d ike uni t  
s tr ike wes tward , paral lel to t h e  gabbro contac t .  
Dikes o f  basal t and the plagio grani t e-kera tophyre 
s equence cut each o ther and overlapped in t ime . 
Scr eens of al tered gabbro o c cur 1 . 8  km out in the 
dike swarm ; no pil low basalts o r  o ther rocks 
definitely of sur f icial o r i g in were found in the unit .  
The sheeted dike unit is in terpr eted as the sub s truc
ture of a volcan ic pile tha t  formed part of the upp er 
Paleo zoic o c ean ic crus t of the Blue Moun t a in region . 

Ro cks o f  the sheeted d ike s e quenc e fol lowed 
fractures that cut acro s s  all s t ruc tur es in perido
tite and gabbro . Gabbro was metamorpho s ed to 
epidior i t e  (ho rnb l end e-and es ine ro cks ) , and some 
pargas i t i c  hornb l ende p egma t i t es were formed by 
solut ions related to qua r t z  d i o r i t e . Early basal t 
d ikes were amphib o l i t i z ed and fol lowed by alb i t e  
grani t e ; l a t e  basal t d ikes cut all t h e  o ther rocks , 
and s ome probably were feeders f o r  Trias s i c  p i l low 
b a s a l t  flows . Intrus ion of p l a g i o gran i t e  preceded 
s erpen t ini z a t ion of perido t i t e . 

F i eld r e l a t ions and geo ch emi cal d i s p a r i t i e s  are 
c i t ed as ev idence again s t  d er ivation o f  all the rocks 
in the comp l ex from a s ingle par en tal magma . 
Ol ivine and d iops ide no rma t ive tho l e i i t e s  from the 
Mid-At lan t i c  Ridge that contain high-Al chromi t e  
migh t b e  r e l a t e d  to t h e  parent magma o f  perido t i t e  
and gabbro . 

The Canyon Mo untain Comp l ex is b e l i eved to have 
o r i g inated along a spreading ridge in the anc es tral 
P a c i f i c  O c ean , in a part i s o l a t e d  from terri ginous 
s ed imentation b e tween Early Permian and La t e  Trias s i c  
t ime . I n  t h i s  int erval , crustal r o cks repre s ented by 
the Elkhorn Ridge Arg i l l i t e  were me tamorpho s ed to 
gr eens ch i s t  and amph ibo l i t e  f a c i e s , f r agmented , and 
then in places incorporated in serpentinite melange . 
The comp lex i s  bordered on the no rth and wes t  by 
melange , who s e  forma t ion preceded is land -arc and esi
t ic v o l c anism in the La t e  Tr i a s s i c  and Jur as s i c . 
Th e Canyon Mount ain Comp lex shed d ebris into Upper 
Trias s i c  s ed iments that were d epo s i ted unconformab ly 
on and then f o lded into the melange dur ing is land-arc 
vo l canism . The comp l ex is bel ieved to have a s s umed 
i t s  p r e s ent f o rm and s t ruc ture by Lower Permian t ime , 
al though i t  probably was raised 5 , 0 00 to 6 , 0 0 0  m by 
f aul t ing dur ing the Late Trias s ic and Early Juras s i c . 

INTRODU CTION 

The Canyon Moun t a in Comp lex forms the we s t ern 
half of the S t r awb erry Range in no rtheast ern Ore gon 
and i s  named after Canyon Mount ain , at the we s t ern 
end of the range . The complex i s 1 7 -2 0 km long by 
8-13 km wide , and covers an area o f  about 1 5 6  km2 
(p l . IV) . The comp lex cons i s t s  o f  f our main kinds o f  
ro cks in the f o l l owing a r e a l  proport ions : o l ivine
r i ch p e r ido t i te* and s erpentini te , 4 0 - 4 5  percent ; 
pyroxene-rich wehr l i t i c  p e r id o t i t e  and pyroxeni t e ,  
ab out 5 per cent ; gabbro , 3 0 - 3 5  per cent ; basal t i c  
d ikes and s il i c i c  ro cks that together form a sheeted 
d ike c omp lex o r  un i t , ab out 20 perc ent . Thes e  rocks 
are d i s t r ibu t ed e s s ent ially in three e a s t -wes t b e l t s ; 

*For convenienc e , the ult rama f i c  ro cks , which 
includ e duni t e , p e r ido t i t e , pyroxen i t e , and s erpent i
nite , as a group will b e  r e f erred t o  as p e r ido t i te , 
in contras t to gabbro . Practically all the s e rpenti
nite has been derived from perido t i t e , and true pyro
xenit e  (pyroxene >90 percent ) probab ly makes up l e s s  
than 1 p e r c e n t  o f  the ultrama f i c  rocks . 
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the p e r id o t i t e  i s  o n  the north , the gabbro in the 
midd l e , and the basal t i c  d ikes and s i l i c ic rocks on 
the south . The gabbro forms the highe s t  part o f  the 
Canyon Mountain s e c t ion o f  the range , which is 2 0 0 0  
to 2 4 5 0  m i n  a l t itude and h a s  l o c a l  relief of 9 0 0 -
1 4 0 0  m .  Perido t i te and gabbro a r e  wel l exp o s e d  in 
the nor thern s lopes , wh ich were glaciated above ab out 
1500 m. The sheeted d ike uni t and border of the 
gabbro are revealed in precipitous exp o sures on the 
southern s i d e  of the range . The comp l ex is c overed 
by Tert iary vo lcanic rocks on the south , and faulted 
on the o ther three s id e s . On the e a s t  it is fau l t ed 
agains t Ter t iary vo lcanic rocks , and on the wes t  i t  
is sheared agains t or over s erpentinite melang e .  

Previous inves t igat ions and presen t  s tudy 

The f i r s t  mapp ing of the Canyon Mountain Comp l ex 
wa s done in 1 9 3 9 , when the U . S .  Geo logical Survey 
examined the chromite d epo s i t s  in the region and , in 
cooperat ion with the U . S .  Bureau of Mines , app r a i s ed 
the chromi t e  r e s ources ( Thayer , 1 9 4 0 ) . In 1 94 6 , the 
author undertook s y s t ema t i c  geo l o g i c  mapp ing o f  the 
comp l ex in a s earch f o r  gu ides to chromi t e  ore 
bodies , a s t udy that expand ed u l t ima tely to reg ional 
d imens ions (Brown and Thayer , 1 9 6 6 a , 1 9 6 6b ; Thayer , 
1 9 5 6 ; Thayer and Brown , 1 9 6 6 ) . In 1 9 7 5 ,  the p a r t s  o f  
the complex covered by t h e  S t rawberry Moun tain 
Wilderne s s , mainly the gabb ro and sheeted d ike un i t , 
were s amp l ed geochemi cally , and certain areas , 
e s p ec ially in the d ike un i t , were examined in detail 
(Thayer and S t o t e lmeyer , 1 9 7 7 ) . S tud ies were b a s ed 
p r ima rily on f ield map p ing with aerial pho tographs at 
scales o f  1 : 2 0 , 0 00-1 : 2 5 , 00 0 ,  thin s e c t ion petrography, 
and rock analy s e s . Ave; Lallemant ( 1 9 7 6 )  cont r ibuted 
petro f ab r i c  data on the p e r ido t i t e  and gabbro . 

Aim of the paper and acknowledgments 

The a im o f  this paper is to d e s c r ibe the f ield 
relat ions and s ome petro graphy o f  the rocks in the 
comp l ex , and to p r e s ent some chemical data . The 
informa t ion has l ed to in terpretat ions that d i f f e r  
from some generally a c c ep t ed p e t r o l o g i c  and s t ructural 
theo ries , but that are b e l i eved to be mor e  cons is tent 
with features s e en by the author or d e s c r ibed by 
o thers in o ther ophio l i t i c  c omp lexe s ,  

Interpre t a t ions regard ing p e t rogene s i s  and 
emp lacement o f  the various ro cks in the Canyon 
Moun tain Comp l ex have changed d r a s t i c ally in 30 years 
as work progr e s s ed , and v i s i to r s  came and went . The 
following members o f  the Geological Survey contr ibuted 
to the f ield mapp ing : C .  Ervin Brown , G . R .  Himme lberg, 
R . A .  Loney , P . W .  Guild , A . B .  Gr iggs , E . R . Forc e , and 
R . R .  Carlson . As visitors , Ian Campb e l l , E . D .  Jacks on, 
A. Nicolas , and J . W .  D ickey , Jr . ,  provided c r i t i ca l  
i d e a s  and obs ervat ions . D i s cus s ions w i t h  B . A .  Mo rgan, 
I I I  and B . R .  Lipin were invaluable in focus ing and 
incorporat ing some of the ideas into the manusc r i p t . 

PERIDOTITE-GABBRO SEQUENCE 

The rocks 

The per ido t i t e  and gabbro f orm a cont inuous 
l i thologic s equenc e ,  whi ch probably wa s emp laced into 
its p r e s ent s t ru c tural s e t t ing as a solid t e c tonic 
uni t . The sequence exemp l i f ies the harzburg i t e  
subtype o f  alp ine p e r id o t i t e-gabbro comp l exes 
(Jackson and Thayer , 1 9 7 2 ) .  The per ido t i t e  i s  
dominantly harzbur g i t e  that probably averages about 
80 percent ol ivine , in whi ch ens t a t i t e  ranges from 
10-30 percent , diopside ranges f rom 4-10 percent 
(Av� Lal leman t , 1 9 7 6 , p . 9) and podiform chromi t e •  

dep o s i t s  o c cur . T h e  perido t i t e , however ,  ranges in 
comp o s i t i on f rom duni t e  to wehr l i t e , in a p a t t ern 
that appears to char a c t e r i z e  o ther a l p ine comp l exes . 
Dun i t e  commonly forms d ikes and sma l l  l ens es in 
harzburg i t e , but the larger mas s e s  o c cur near or with 
wehr l i t e  and pyroxeni te ( shown t o g e ther as pyroxene
rich p e r id o t i t e  on the map )  near the t rans i t ion zone 
t o  gabbro . Unl ike harzbur g i te , in wehr l i t e  the 
o l ivine and pyroxene show a marked t endency t o  
s egrega t e  i n t o  len s e s  o f  duni t e  and pyroxen i t e  in 
wh ich d io p s id e  cry s t als commonly are 5 em but may b e  
as large as 1 5  em . Ol ivine i n  dun i t e  a l s o  may b e  a s  
mu ch as 1 5  em i n  s i z e . Cumulus t extures and layering 
are shown b e s t  in wehr l i t e  comp o s ed about half-and 
hal f o f  o l ivine and pyroxene that are 2 - 5  mm in 
grain s i z e . 

Pod i f o rm chr omi t e  dep o s i t s  that range in s i z e  
from a f ew kilograms t o  1 2 5 , 0 00 tons a r e  s ca t t ered 
through the p e r id o t i t e  ( Thayer , 1 9 4 0 , 1 9 5 6 ) . The 
chromite ore ranges f rom mas s ive chromi t i t e ,  in wh ich 
grains o f  chromi t e  and o c c luded o l ivines are centi
me ters acros s ,  t o  f ine-gra ined low-grad e layered 
o l ivine chromi t i t e  (d i s s eminated o r e )  that shows 
r e l i c t  net t exture ( Thayer , 1 9 6 9 ) . Nodular t extur e 
is shown in s everal depo s i t s . Und efo rmed s o l id 
nodules as much as 3 em in d iame t e r  o c cur in the 
Ha ggard and New dep o s i t  ( Thayer , 1 9 4 0 ) . Ol ivine or 
s erpent ine a f t er o l ivine f o rms the mat r ix in mo s t  of 
the depos i t s , but d io p s id e  is also p r e s ent in several 
depo s i t s  in the eas t ern part o f  the comp l ex . At the 
Celeb r ation mine , p o iki l i t i c  d i o p s id e  and a l i t t l e  
ens t a t i t e  f o rm t h e  ma t r ix be tween und e f o rmed nodul es , 
and d i op s id e  is intergrown with chr omi te in the c o r e s  
( Thayer , 1 9 6 9 , f ig .  9 ) ; s ome spec imens , however , show 
gradat ions to an o l ivine mat r ix b e tween nodules . 
C o t e c t ic d io p s id e  and chromi t e  are shown in the Aj ax 
dep o s i t  and are ind i c a t ed in s everal other s . In the 
Aj ax , d io p s ide is intergrown with h igh-Al chromi t e  in 
the cores o f  l ineated no dules that are enc l o s e d  in a 
ma t r ix of s erpent ine a f t e r  o l ivine ( Thayer , 1 9 4 0 , 
f i g . 1 3 ; 1 9 6 9 1 f i g . 1 2 ) . Textur es and d i s t r ibution 
of d io p s id e , chromi t e , and s erpent ine in higher grade 
and mor e  s t rongly l ineated o r e  a t  the Chamb ers and 
s ome o ther depo s i t s  ind icate o r i g inal c o t e c t i c  inter
growths o f  chromite and d i o p s ide . C leaned chromi t e  
f rom d ep o s i t s  i n  the Canyon Moun tain Compl ex shows 
the f o l lowing general r ange in comp o s i t ion , in we ight 
p e r c ent (Bird , 1 9 7 7 ) : C r 203 , 3 1 -63 ; Al 203 , 8 - 3 9 ; 
t o t al Fe as FeO , 1 4 - 2 2 ; MgO , 10-16 . Th is c ompo s i 
t ional var iat ion is s imilar t o  that found by 
Greenbaum ( in p r e s s )  in the Troodos Ophio l i t e  Complex, 
Cypru s . 

The gabbro ic ro cks o f  the c omplex range mo s t ly 
be tween ab out 30 and 70 p e r c ent by town i t e  or labra
d o r i t e ; o l ivine , hyp ers thene , and augite in var ious 
proport ions ; and a c c e s s o ry magnet i t e  o r· ilmen i t e . 
Pr imary brown hornblende i s  p r e s ent only in s ome 
rocks as thin r eac t io n  r ims , Al l gradat ions b etween 
feld s p a thic perido t i t e , pyroxenit e ,  anort h o s i t e , and 
gabbroic anortho s i t e  cont aining as much as 30 percent 
qua r t z  have b een found . Intense shear ing o f  quar t z 
r ich layers to qua r t z -labrad o r i t e  granu l i t e  shows 
that the quar t z  is primary . Anortho s i t e  and qua r t z  
ano r tho s i t e  o c c ur only as layers a f ew cent imeters 
thick , Layer ing is well developed over wide areas , 
and in places r emarkab l e  mineralogic contras t s  are 
shown between adj acent layers ( Thayer , 1963a , p .  5 6 ) . 
Cumulus t extures are common in unsheared gabbro and 
are imp l ied by mineral-graded band s in gne i s s i c  
fac ies . Layering is mo s t  prominent near perido t i t e , 
and mu ch gabbro near the southern border shows l i t t le 
primary s t ruc ture , The no rmal gabbro ranges from 
about 1 or 2 ,mm to about 5 mm in grain s i z e , and shows 
allotromorphic or granul i t i c  t extures . No ophi t i c  or 
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diabasic textures have b een seen in gabbro . In peg
mat i t ic d ikes and irregular masses , 10-15 em cry s t als 
are common . In mo st gabbro pegmatites  the plagio
clase is An7 5- 9 0 • both hyp ers thene and c linopyroxene 
are abundant , magne t i t e  content is low , no amphibole 
or  quart z  is present . Although pegmatites  cut both 
perido t i t e  and gabbro , they s e em to be mo s t  abund ant 
in highly deformed gabbro . 

Numerous isolated lens es o f  wehrlitic perido tite 
occur in the gabbro apparently as  much as 2 km from 
the main perido tite contact . They range in s i z e  from 
about 2 by 10 m to 150  by 2 7 5  m ,  show p o ikil itic 
(apparently cumulus ) or  coarse granular texture , are 
r ich in o l ivine , and grade into gabbro through a few 
centimeters o f  pyroxeni t e .  They are interp reted as 
small channel depos its  analogous to thos e  described 
by Myers ( 1 9 7 6 )  in the Fiskenae s s e t  Anorthos ite 
Complex in Greenl and . 

Petrologic cont inuity b e tween perido t i t e  and 
gabbro is manifes t in ou t crop , and is indicated by 
geochemis try . Complete trans itions f rom harzburgite 
through wehrl ite to gabbro by interlayer ing , by 
mineral grading acro s s  layer ing , by variation in 
composition of  minerals , and by interf inger ing of 
layers a long s t r ike , are magnif icently displayed 
along the d ivide between Pine and Indian Creeks south 
o f  Baldy Mountain , and in ridges to the wes t in Pine 
Creek basin .  The cumulus and metacumulus textures in 
chromi t e  depo s i t s  label their harzburgite ho s t  ro cks 
as cumulates or metacumulates also . The suc cess ion 
harzburgit e-wehr lite-olivine gabbro is exp lained 
mos t  logically by enri chment of MgO-rich gabbroic 
magma in CaO , Al 203 , and S i02 as the result o f  
fract ional crys tallization o f  olivine and ens tat ite . 
The app earance o f  d iopside before p lagioclase in the 
cumulate s equence indicates a high ratio of CaO to 
Al 203 in the liquid , but the coprec ipitat ion of 
high-Al chromi te ( 3 0-36  percent Al 203 ) with the 
diops ide shows that the wehrlite formed from magma 
rich in Al 2 03 . Ab sence o f  an obvious iron-enr ichment 
dif ferentiation trend from harzburgite to wehr lite  is 
cons is tent , on a larger scale , with the progr e s s ive 
decrease of  total iron in chromite that Jackson ( 1 9 6 3 )  
f ound through 9 6 0  m of  perido tite  i n  the S t illwat er 
Complex , and also ind icated in the Great Dyke and 
Bushveld Complexe s . Equilibrat ion during intense 
deforma t ion and recrystalli zation , fur thermore , would 
reduce or elimina te original zoning . 

Structure o f  the Perid o t i t e-gabb ro Block 

The peridotite and gabbro together form a 
structural unit that or iginated before intrusion o f  
plagio grani te and basal tic d ikes . Deforma t ional 
features that charac terize  the perido t i t e  and much of 
the gabbro have been outl ined previous ly by Thayer 
(1963a , 1969)  and described in c ons iderab le d etail by 
Ave Lall emant (19 7 6 ) . Such features do not affect 
the sheet ed d ikes that cut them . The overall 
struc ture and evo lut ion o f  this block s t ill are 
obscure and controvers ial in some respec t s , 

The distribution of perido tite and gabbro , and 
espec ially o f  the wehrlitic  ro cks , differs essentially 
in the east ern and west ern par ts of the complex . At 
the wes t end , a southwes tward-plunging ant icline is 
ind icated by symmetr ical distribut ion , from the 
cent er outward , of olivine-rich harzburgite , duni te , 
and the wehrlite-pyroxenite facies {py on map ) 
between gabbro in Canyon and Little Canyon Mountains . 
In the south limb of the ant i c l ine , gabbro has been 
dropped p erhaps 5 0 0  m agains t harzburgite and 
wehrlitic rocks by an eas t-west fault between Dog and 
Canyon Creeks . Between Dog and Dean Creeks the 
harzburgite-wehrlite-gabbro sequenc e is intac t , and 

exc ept for small channel-type perido tite lenses , the 
gabbro forms a homo geneous , al though complexly 
folded , mas s , South and southwe s t  of Baldy Mountain , 
perido tite  and gabbro appear to b e  intercalated in 
comp lex lenticular masses  that s trike east to north
eas t .  In this ar ea , perido t i t e  and gabbro show 
extremely complex f ield relat ions , and according to 
Av� Lallemant ( 1 9 7 6 ,  p .  1 3 ) , the gabbro shows 
isoclinal folding tha t is not present in the wes t ern 
part . 

The differenc es between the eas t ern and wes tern 
par t s  of the perid o t i t e-gabbro block may be explained 
by an overall wes tward plunge of the unit as a whole , 
and by folding and fault ing . A recent aeromagne tic 
survey o f  the comp lex (Case and Thayer , 19 7 7 )  shows 
s teep magne tic gradients which indicate that 
perid o t i t e  extends southward under the gabb ro in 
Canyon Mountain . South o f  Baldy Mountain , p o s i t ive 
magnetic anomalies over perido t ite lenses are di spro
port ionately large , and broaden into a magne tic bench 
or  terrace 900-1 2 00 m in width . A magne tic trough 
about 1 km wide slopes sou thwes tward acro s s  the we s t  
end o f  the magnetic b ench from the nor t herly salient 
in the perid o t i t e -gabbro contact wes t  of Baldy 
Mountain . The magne tic trough is believed to 
indicate a s t eep wes tward plunge o f  the mixed 
perido t i t e-gabbro zone south of Baldy Mountain und er 
the southeast  limb o f  a synclinal trough filled with 
gabbro . The magnetic trough and the ant icline at the 
wes t end of  the c omp lex appear to plunge at  s imilar 
ang les in the same direct ion . The d i s t r ibution o f  
perido t i t e  and gabb ro south and s outhwe s t  o f  Baldy 
Mountain and the magnetic bench imp ly a series o f  
ant icl inal folds i n  the per ido t i t e-gabb ro trans ition 
zone . Large t ight eas t-wes t folds and faul t s l ices , 
which were cr o s s -folded along northerly axes during 
development of Ave Lallemant ' s  F1 and F 2 folds could 
acc ount for the present d is tr ibution of  the ro cks . 
We s tward p lunge of the comp lex would bury perido tite  
in  the cres ts o f  ant i c l ines und er s trat igraphi cally 
higher gabb ro . Much more detailed mapp ing than has 
been done so far will be  needed for a realis tic 
estimat e  o f  the rela t ive proport ions or thi cknesses 
o f  gabbro and per ido t i t e  in the complex . 

Deformat ion of the magma chamber dur ing crys
tallization of  perido t i t e  and gabbro , as George ( 1 9 7 5 )  
has po s tulated i n  Cyprus , would exp lain the wes tward 
decrease in deforma tion o f  gabbro that Ave Lallemant 
has des cribed , and would be cons istent with 
peridotit e-gabbro relat ions in the ridge south o f  
Baldy Mountain . There , a s  Frank Schairer observed in 
1961 , "Perido tite and gabbro sure have been s t irred 
up with a long-hand led plat inum spoon , "  Unusual 
plas ticity of feldspathic ro cks in the presence of 
pyroxenite and gabbro magma is imp l ied by fol iated 
dikes in gabbro and perido t i t e  (Thayer , 1963a , figs , 
8 ,  9 ;  Ave' Lal lemant , 1 9 7 6 , f igs . 4c , 4 d ) . Although 
Ave Lallemant ( 1 9 7 6 ,  table 1 )  pos tulated a definite 
s equence o f  igneous phas es , o thers and I would compare 
the format ion o f  f o l iated and undeformed gabbroic r 

pegmatites ( Thayer , 1963a , f igs , 3 ,  1 0 )  to granite 
pegmatites in migmatite terrains . Whe ther the magma 
was introduced , as pos tulated by Ave Lal lemant , or 
formed inters t i t ially in mushy cumulate , deformation 
o f  perido tite  and gabbro in the presence o f intersti al 
l iquid seems ind isputable . In accordance with 
Geor ge ' s  hypothesis , the s trat igraphically higher and 
younger gabbro in Canyon Mountain would not have 
crys tallized suffic iently to t ransmit shear s tresses 
by the t ime the basal gabbro and wehr lite were folded . 
In the wes t ern end of the complex ,  however , much o f  
the gabbro is foliated and i s  mo re strongly folded 
than Ave Lallemant implies . Demons trat ion o f  
gradually d ecreas ing deformation in gabbro toward the 
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wes t ,  therefore, might be very difficul t .  

Petrogenesis of Peridotite and Gabbro 

. I 
Although preva1ling theory (Ave Lallemant ,  1976 ; 

Bailey and Blake, 1974 ; Greenbaum, in press ; Jackson , 
Green and Moores , 1975)  postulates a maj or petro
gene tic hiatus between tectonitic harzburgite as a 
refractory residuum and ultrama f ic and gabbroic 
cumulates as gravitational differentiates , comparison 
of the Canyon Mountain Complex with the Vourinos 
Ophiolite and Troodos Ophiolite Complex suggests a 
different interpretation . In the Vourinos ,  Jackson , 
Green, and Moores (1975)  found a maj or "unconformity" 
between tectonitic harzburgite and a gently folded 
cumulate sequence from dunite through wehrlite and 
clinopyroxenite to hornblende gabbro . In the Troodos , 
George (1975)  and Greenbaum (in press) have described 
a similar sequence. There ,  tectonitic harzburgite 
contains lense� of chromitite in dunite , principally 
near the border "where they grade into apophyses of 
large dunite bodies interdigitated with the harz
burgite" (George , 1975 , p .  21 ) . Dunite forms masses 
1 km or more in width (or thickness )  and grades 
upward into wehrlite , clinopyroxenite , and gabbro . 
Intense penetrative deformation dies out in the 
dunite ; chromite ore in different parts of the Chrome 
Mine ranges in texture from undeformed cumulus 
orbicular to tectonitic schlieren-banded . Cumulus 
textures in wehrlite and gabbro are undeformed . 
Chromite in the Troodos deposits ranges from about 
35 to 63 percent Cr2o3 , and shows the reciprocal 
Cr-Al variation typical of pediform deposits 
(Greenbaum , in press ) .  The principal difference 
between the peridotite-gabbro sequences in the Canyon 
Mountain , the Vourinos , and the Troodos seems to be 
that part of the gabbro in Canyon Mountain shows the 
same deformational history as the harzburgite.  

I f  the harzburgite in these complexes is not 
cogenetic with the associated wehrlitic and gabbroic 
rocks , repetition of the same suite of rocks in many 
alpine complexes mus t  be explained . The three 
complexes show almost identical cumulus mineral 
successions in ascending order : olivine , olivine
chromit e ,  olivine-diopside , olivine-diopside-plagio
clas e ,  and plagioclase-diopside-hypersthene . 
Pediform ore bodies of high-Cr chromite occur with 
dunite in the harzburgite in all three complexes , 
In the Canyon Mountain and in the ul tramafic belt in 
the Coolac Distric t ,  Australia , (Golding and Johnson, 
1971)  the unusual association chromite-diopside� 
olivine can be regarded as merely bringing together 
two minerals that form separate cumulate layers in 
the lower unit of the Vourinos stratiform complex 
(Jackson , Green, and Moores , 1 97 5 ,  p .  391) . Further
mor e ,  Smith (1958 , p .  98) portrayed a very close 
associa t ion of high-Al chromite (63 . 6  percent 
Cr203+Al203 , 22 percent Al203 ) with clinopyroxenite 
in dunite below gabbro and above harzburgite in the 
Bay of Island igneous complex in Newfoundland . 

The petrologic continuity from harzburgite to 
gabbro and absence of any magmatic structural break 
in the Canyon Mountain sequence suggests to me that 
deformation during crystall ization (George , 1 9 7 5 )  has 
led to a fundamental misconception in relation of 
tectonitic harzburgite to associated gabbroic rocks . 
The high olivine content , lack of cryptic zoning , 
scarcity or absence of d iopside and plagioclase , 
large volume , and deformed fabrics of alpine harz
burgite' seem easiest to explain by processes of 
partial mel t ing. The high olivine content and 
associated dunite , however , can be explained just as 
well by slow deposition of cumulus olivine and exten� 
sive postcumulus overgrowth. Jackson , Green , and 

Moores (19 7 5 ,  p .  391) have emphasized this process in 
the Vourinos with the statement that "The general 
paucity of space-filling postcumulus phases indicates 
that cooling took a rather long time compared with 
large layered complexes of similar depth and 
thickness . • •  " .  I believe that the Vourinos , Troodos , 
and Canyon Mountain complexes exhibit a harzburgite
wehrlite � clinopyroxenite-gabbro cumulus different ia
t ion trend that characterizes ophiolites . The 
composition of segregated chromite and absence of 
prominent orthopyroxene cumulates are only two of 
several features that set this alpine trend apart 
from the Stillwater and Bushveld magma tic lines of 
descent . More careful s tudy and consideration of the 
effects of deformation dur ing crystallization of 
cumulates should clarify the problem . 

THE SHEETED DIKE SEQUENCE 

The sheeted dike unit is a complex of silicic 
and basal tic rocks ; it is exposed over a length of 
about 13 km and a width of 0 . 8-4 km. The unit 
consists mostly of sheets of basalt or d iabase , 
keratophyre , and plagiogranite ( f i g .  1) . 

Figure 1 .  Dikes of albite granite (white) 
and basalt or diabase (gray) near the 
southern contact with gabbro , Canyon 
Mountain Complex , Oregon. At lower lef t ,  
albite granite cuts across diabase , but 
other basaltic dikes appear to cut the albite 
granite , 

Plagiogranite is a generic term for K20-deficient 
granitic rocks that range from quartz diorite to 
albite granite (Coleman and Peterman , 1 9 75 ) . 
The sheets range mostly from about 0 . 3  to 3 m in 
thickness , alternate s ingly or in groups in any 
order , dip 60° or mor e ,  and interf inger irregularly 
along strike , All three kinds of rocks are known to 
form dikes , but in many outcrops the order of 
emplacement of parallel dikes may be difficult to 
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as c ert ain . Few individual d ikes are traceable more 
than 100 m ,  al though group s can b e  fol lowed much 
farther . The proportions o f  the basal t ic and silicic 
ro cks vary widely from p lace to place and have not 
been det ermined . Plagiograni te , mo s t ly alb i t e  
grani t e ,  is concentrated as rather coherent units  in 
a belt 500  to 1 20 0  m wide next to the gabbro . The 
ma in zone of basaltic dikes appears to be about 2 km 
wid e ,  but as the d ikes die out to the north and south 
by decreasing in numbers , the l imits  o f  the zone are 
vague . Alb ite granite and keratophyre are mixed in 
various proportions over a dis tance of  2-2 . 5  km south 
of  the alb i t e  granite belt . At the widest  exposure 
of  the d ike unit , between Tamarack and Skin Shin 
Creeks , keratophyre pr edominates across the southern 
1 . 5-1 . 8  km, and basaltic d ikes are widely spaced . 
No p illow lava s , tu ffaceous materials , or fragmental 
rocks definitely of  surface origin were found in the 
dike uni t .  

The basaltic and silicic rocks related t o  the 
sheeted dike unit overlap chronologi cally . Basal tic 
dikes probably range in age from Early Permian to  
Ear ly Juras sic . The oldest  basaltic  dikes were 
recrys tall i z ed by quar t z  diorite of the plagiograni te 
suite and conver t ed to amphibolite . Dikes of  inter
med iate age in gabbro were fol lowed by alb ite 
granit e ,  which had relat ively little metamorphic 
effec t .  The younges t basaltic dikes cut alb ite 
grani te , are al tered only to ural ite and prehnite or 
zeolites , and are regarded as probab le feeders for 
Upper Tria s s ic or  Juras s ic pillow basalt flows . 
Blo cks o f  p lagiogranite and lack of dikes in Upper 
Trias sic graywacke show that all the plagiograni te is 
pre-Carnian in age . Foliat ion was found only in some 
basalt and plagiogranite d ikes that cut perido tite 
and gabbro . 

Basal tic d ikes 

The basaltic  d ikes grade from very f ine grained 
or aphanitic at the borders to med ium gra ined (1-2 mm) 
in centers o f  d ikes less than about 2 m wid e , and to 
coarse grained (3-5 mm) in d ikes mo re than abou t 6 m 
wide . Mos t  dikes show even- gra ined ophitic texture , 
but some are po rphyr itic and carry equant or tabular 
plagioclase pheno crysts . None o f  the d ikes now 
contain glas s ,  and t extures at contacts o f  mo s t  d ikes 
indicate that they were f inely crys talline ra ther 
than tachyl itic . Some pos t-plagiogranite d ikes , 
however , had glassy margins . The basaltic dikes are 
readily dist inguished from gabbro by their chilled 
margins , d iabasic and porphyr i t i c  textures ,  dark 
color , blo cky frac ture , and lack of  layer ing and 
foliation . 

Plagio granite and keratophyre 

The silicic rocks probab ly cons t i tuted a 
volcanic pile in whi ch all fac'ies from subvo lcanic 
intrus ive ro cks to near-surface dikes are represented , 
Some f lows may be present in the sou thernmos t  part o f  
the complex , but none were identified with certainty . 
The coars e- grained rocks (5-8 mm in grain s i z e )  are 
granitoid in appearance and range in comp o s i t ion from 
quartz  diorite o r  tonalite to alb ite granite . The 
quart z  diorite contains 30-40 percent of dark 
minerals , mainly hornblend e ,  whereas the albite  
granite cons ists  almo st entirely of quart z  and alb ite 
and only 5-10 percent of chlo rite and epido te , and 
weathers whi t e .  All textural gradat ions from albite 
granite to porphyr itic flow-banded keratophyre and 
quartz kera tophyre are found and in many places 
sheets of alb ite granite cut keratophyre . Lacy 
myrmekitic int ergrowths of albite and quart z  

characterize t h e  fine-grained rocks ; they form 
fringes on quar t z  phenocry s t s  and in some rocks form 
mos t  o f  the groundmas s .  Pat chy devi trification in 
some specimens shows an original high propor t ion o f  
glass . Al though quar tz  phenocry s t s  commonly are 
corroded and resorbed , many in flow-band ed ro cks and 
in holocrystalline granophyric facies show squarish 
out l ines , ind icating a high-temperature po lymorph . 
Coarse , rud e myrmekit i c  texture is present in some 
alb ite granit e ,  but is not common . Var ious degrees 
o f  brecc iation are widespr ead in albite  granit e  and 
keratophyre . None o f  these ro cks show textures 
s imilar to thos e  in the average range o f  and e s i t e  
and dacite . 

RELAT IONSHIP S BETWEEN THE CUMULATE AND VOLCANIC ROCK� 

Intru s ive relat ions and scr eens 

Intrusion of the basaltic and s ilicic rocks 
apparently was controlled or guided by a maj o r  
fracture ·system i n  the perido tite and gabbro . I n  
general , the boundary between the sheeted d ike unit 
and gabbro d ip s  s t eeply and s tr ikes wes tward parallel 
to the main perido tite-gabbro contac t .  Mo s t  dikes 
within the sheeted un it fol low the same wes tward 
trends and dip 6 0 °  or mo re , ei ther north or south . 
Basal tic d ikes are widely scat tered in perido tite  
and gabbro , but  are  mo s t  abundant near the sou thern 
border of the gabb ro , Dikes that do no t fol low 
foliat ion or layering mo s t  commonly follow wes t
tr end ing fractures or shear zones . The sou thern 
border of  the gabbro is so  splint ered by basaltic 
dikes and larger p lagiogranite intrus ions that no 
definite contac t can be plo t t ed ; that shown on the 
map is approximate , at bes t . Eas t of Skin Shin 
Creek , scr eens or s l ivers of altered gabbro were 
found between d ikes as much as 1 . 8  km south 'o f  the 
gabb ro contact as mapped . Sheets of keratophyre 
between screens of gabbro and the main body of gabbro 
mu s t  have been d ikes because of their s truc tural 
p o s i t ion ; they canno t have been surface flows . 

Simple intrus ive relations between alb i t e  
granite , d iabas e , and gabbro a r e  exemplif ied b y  the 
brec cia d ike shown in f igure 2 ,  The albite  granite 
fol lowed a d iabase d ike about 60  em thick in layered 
gabbro , wid ened the or iginal fracture by spalling 
slabs from the walls , and f loated much of the d iabase 
away , The albite granite has sharp contac t s  agains t 
both gabbro and diab as e ,  and decreases in grain s i z e  
from t h e  usual 2 or 3 mm to 0 . 5 -0 . 7 5  mm . at the 
contac t s . The d iabase has been altered to blue-green 
amphibole and alb ite  in which original calcic cores 
are ind icated by distribution o f  amphibole and 
epidote , Oph i t ic texture is rather well pres erved 
by the hornb lende and alb i t e . 

Metamorphism Rela ted to Plagiogranite 

Igneous and metamo rphic relationsh ips between 
the perido tite and gabbro as a petrologic unit and 
ro cks related to the sheeted dike uni t are complex . 
Two s to cks o f  quar t z  diorite , both 250-300 m acro s s , 
cut gabbro north and wes t  o f  Canyon Mountain , and the 
Wes t  Fork o f  Pine Creek (Norton Creek) fol lows a 
gneissic migmatite zone in gabb ro about 300  m wid e 
and 2 , 5  km long . Hornblendic and sodic alterat ion 
caused by so lut ions accompanying intrus ion of plagio
granite is widespread in the gabbro ,  and along the 
southern border much o f  the gabbro has been 
c omplet ely recrys tallized ps eudomo rphically to  
epidiorite (hornblende-andesine rock : Thayer , 197 2 ) . 
In mos t  epidior ite , the original granular gabbroic 
texture is preserved in hand spec imen by d evelopment 



98 NORTH AME R I CAN O PH I O LITES 

Figure 2 .  Breccia dike of diabase (light 
gray) and albite granite (white) in layered 
gabbro of Canyon Mountain Complex , The 
hammer lies on a block of diabase which 
extends from wall to wall . Above and below 
the hammer the dike has been widened by 
spalling of gabbro slabs from walls of the 
original dike . 

of stubby black poikiloblastic hornblende crystals 
that replaced pyroxene and plagioclase.  On weathered 
surfaces , the epidiorite has a black and chalky-white 
pepper and salt aspect that stands out against the 
warm buf f ,  green, and cream tones of fresh gabbro . 

Metamorphism by the dioritic facies of the 
plagiogranite is more intense than by albite granite ; 
it has obscured some important relations of basalt 
against peridotite and gabbro , and revealed others . 
Near the plug in the cirque at the head of Dog Creek, 
coarsely recrystallized epidiorite is irregularly 
distributed through less altered hypersthene gabbro ; 
in places , transition zones from one rock to the 
other are less than 10 mm wid e .  The feldspar i n  the 
epidiorite is andesine , and the hornblende is zoned 
from brownish green to green . Recrystallization of 
gabbro and dikes together can obscure distinctions 
between the two kinds of rocks . Much fresh gabbro 
near the southern border ranges from 1-2 mm in grain 
size , but , in the centers of thick diabase dikes , 
feldspars may be 5 mm long . Growth of poikiloblastic 
hornblende during recrystallization can form very 
similar textures in diabase and gabbro , and presence 
or absence of chilled contacts can be critical in 
distinguishing between the two rocks . My coworkers 
and I consistently have found chilled contacts 
between ophitic-textured rocks and gabbro , and have 
never found diabasic texture in fresh gabbro . We 
believe that Av/ Lallemant ' s  ( 1 97 6 ,  p .  13)  description 
of ophitic textures in gabbro along the contact with 
the sheeted dike unit is mistaken . 

Complete recrystallization of much gabbro 
destroyed the original granular textures and resulted 
in two kinds of new textures . In leucocratic and 
moderately mafic ( < 40 percent pyroxene) gabbro , 
hornblende forms stubby grains and slender prisms � 

few millimeters long , and random seriate texture 
imparts a dioritic appearance to the rock . In mafic 
gabbro , however , hornblende tends to form stubby 
subhedral oikocrysts several centimeters in size , 
and to be concentrated with feldspar in veinlets or 
dikelets . On a larger scale , irregular masses 
several meters across have been formed in which 
slender to stout hornblende pr isms as much as 20 em 
long occur in a feldspar matrix. In such masses 
random orientation of slender hornblendes resembles 
giant-grained diabase ,  although comb textures may 
occur along contacts .  Some masses may have been 
formed by replacement of gabbroic fragments in 
intrusion breccias , but some form knots in apparently 
massive layered gabbro . Well-formed dikes , however , 
that range from 5 to 30 em or more in thickness and 
cut across layered gabbro with sharp contacts 
(Ave' Lallemant , 197 6 ,  f i g ,  3)  appear to have been 

magmatic , The hornblende is pale brown to brownish 
green , weakly pleochroic , and compositionally is 
pargasite and tschermakitic hornblende . The feldspar 
apparently was andesine , but almost everywhere has 
been altered to a paste of more sodic feldspar , 
clinozois ite , prehnite , and s imilar minerals .  These 
pegmatites are completely unlike the gabbro 
pegmatites in total abs

.
ence of pyroxene or olivine 

and in freedom from penetrative deformation except 
where crossed by shear zones , 

Many basaltic dikes in peridotite and gabbro 
have been altered to foliated amphibolite , marginally 
or completely . Foliat ion is parallel to the walls , 
and although mylonitization along contacts is common , 
chilled contacts usually are recognizable . Gabbro 
wall rock as a rule shows little shearing compared to 
the dikes , but where films or thin bands of plagio
granite are present along contacts , all three rocks 
tend to be sheared into banded amphibole�quartz
albite schist or mylonit e ,  In the absence o f  
basaltic dikes , plagiogranite and gabbro form similar 
mylonite along shear zones (Ave Lallemant ,  1976 , 
fig , 7 ) , Amphibolitic basalt dikes have been found 
cutting hornblende pegmatite dikes . 

The elongate mass that is mapped as quartz 
diorite along the Norton Fork of Pine Creek actually 
is a unique mixed zone of gabbro , plagiogranite , and 
basaltic dikes , Ther e ,  angular to subrounded blocks 
of mafic gabbro and pyroxenite are enclosed in a 
matrix of gneissic leucogabbro and plagiogranite . 
The matrix shows strong flowage by bending of meso
cratic and leucocratic schlieren around mafic blocks . 
The mafic blocks are partly hornblendized , and many 
schlieren of fine-grained pyroxene gabbro are rich in 
quartz . In places , basaltic dikes have been made 
almost unrecognizable by intrusion of plagiogranite 
along fractures and by recrystallization with the 
gabbro host rock , Along the strike of this zone in 
the southern slopes of Canyon Mountain , most structure 
in the gabbro has been obscured or obliterated by 
shearing . Presence of quartz gabbro schlieren free 
of hornblende suggests that plagiogranite followed a 
weak zone of quartz-rich mylonitic gabbro similar to 
quartz-rich gabbroic anorthosite in Indian Creek . 
The breccia dike shown in f igure 2 is at the edge o f  
this mixed zone . No gneissic s tructures like those 
that dominate this zone were seen in the sheeted dike 
uni t .  

SERPENTINIZATION OF PERIDOTITE 
AND RODINGITE ALTERATION 

Just as mos t  peridotite in the Canyon Mountain 
Complex is more or less serpentinized , most gabbro is 
more or less altered to minerals of the rodingite 
suite : hydrogrossular , prehnite , clino zoisite , 
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s erpen t ine , chlor ite , tremo l i t e , and s e condary 
diop s ide . This al terat ion was superimp o s ed on the 
amphib o l i t e  and e p id iorite-type metamo rphism 
a s s o c ia t ed with p l agiogran i t e . Mu ch e p id i o r i t e  is 
laced with veinl e t s  of p r ehnit e ,  and prehni t e  and 
c l ino z o i s i t e  replace b o t h  p l a g io c l a s e  and hornb l end e . 
At the Bald Eagle p r o s p e c t  ( p l a t e  I V )  s erpentinized 
dun i t e  ma t r ix in chromi t e  a f ew m i l l imeters from the 
cont act o f  a f o l ia t ed amphibo l i t ic basalt d ike shows 
no s ign of metamorphism . Prehn i t e  replac e s  ho rnb lende 
and f e ldspar in the d ike , and serpent ine p s eudomorphs 
o f  plagioclase pheno crys ts o c cur in the chilled 
bord e r . Ab s enc e of tremo l i t e  or t a l c  in the 
serpentine and rodingite a l t e r a t ion are int erpr e t ed 
to mean that the o l ivine in chromi t i t e  was fresh when 
the d ike was amphib o l i t i z ed . High temperature 
( 6 00 ° - 7 00 ° )  during amphib o l i t i z a t ion o f  basalt would 
ac count for s t ab i l i ty of o l ivine in chromi t i t e . 
Comp l e t e  a l t e r a t ion o f  o ther amphibo l i t ic and 
unsheared basal t i c  d ikes to rodingite in serpentinite 
and p e r ido t i t e  provide wid e s p read evidence that the 
ma in s erpent ini z a t ion o c curred a f t er int ru s ion o f  the 
plagiogran i t e  and mo s t  o f  the b a s a l t i c  d ikes , 

GEOLOGIC S ETT ING AND AGE OF THE COMPLEX 

The Canyon Mountain Comp lex is b e l ieved to 
r ep r e s ent the b a s ement und er a cover of Paleo z o i c  and 
Mes o z o i c  o c eanic vo l c an i c  and s e d imentary rocks tha t 
are exp o s ed over a d i s t anc e of 3 2 5- 3 5 0  km in nor th
eas t ern Oregon and west ern Idah o . The supr acru s t a l  
rocks i n  t h e  vicinity o f  t h e  comp l ex are o f  two 
contras t ing a s s emb lages s eparated by a p r o f ound 
regional unc onformity . Ro cks of Early P ermian age , 
bel ieved to be equ ivalent to the Elkho rn Rid g e  
Arg i l l i t e , cons i s t  o f  basal t i c  and keratophyric f l ows 
and vo l c anicla s t ic r o cks , argilli t e , cher t ,  and 
widely s ca t t ered l ime s t one lens es (Vallier , Brooks , 
and Thayer , in pres s ) . The s e  have b e en int ens ely 
f o l d ed , me t amorpho s e d  t o  gr een schist and amphib o l i t e  
facies , and tec tonically inc o r p o r a t ed i n  places into 
serpent ini t e  melange . From Late Tr ias s ic t o  Late 
Juras s ic t ime about 2 0 , 000 m o f  gr aywacke , shale , 
conglomerat e ,  and tu f f s  were depo s i t ed unc onformab ly 
ac ro s s  the Permi an ro cks in a maj o r  b a s in sou thwe s t  
o f  Canyon Mountain (Br own and Thayer , i n  pr e s s ) .  
Thous and s o f  me t e r s  o f  and e s i t i c  tuff and tu f f a c eous 
graywacke ind i c a t e  a c oncentrat ion o f  vo lcanic 
ac t ivity we s t  or nor thwe s t  o f  the p r e sent c omp lex . 
Maj o r  angu lar unc onformit ie s  within the s ed imen tary 
s equenc e r e f l e c t  f o l d ing and f au l t ing on a large 
scale . The d e f o rma t ion and volcanism t o g e ther p o int 
t o  an i s land-arc environment that ext end ed eas tward 
t o  the vic inity of the p r e s ent Idaho batho l ith . 

The s e  rocks are metamorpho sed only to p r ehnite
pumpellyite me tagr aywacke f a c ies (Br own and Thayer , 
1 9 6 3 ) . The only s a t i s f ac t o ry explanat ion of the 
reg ional unconformity b e tween Lower Permian and Upper 
Trias s i c  mar ine r o cks is the format ion of the two 
rock group s in complet ely d i f f er ent s e t t ings ; a Late 
Trias s i c  i s l and arc was f o rmed on older o ceanic c rus t 
that had b e en i s o l a t ed f r om t er r igenou s sedimentat ion 
for 4 0 - 5 0  mill ion year s . The only local evid enc e  o f  
sedimentat ion dur ing the Early Permian t o  Late 
Tria s s ic interval is a b l o c k  o f  radiolar ian cher t of 
Middle Tria s s ic age (Pes s agno , wr i t t en commun . ,  1 9 7 7 )  
in melange 5 km southwe s t  o f  Miller Moun tain , An 

area in the anc e s t ral Pac ific Oc ean far from the 
present cont inental mar g in could have provided these 
cond i t ions (Dickinson , in press ) .  

The we s t ern half o f  the comp lex is ·surrounded on 
the west and north by a s erpen t ini t e  melange wh ich is 
exp o s ed over a 1 3  by 1 9  km area west o f  Canyon Cr eek 
and north of the John Day River (Brown and Thayer , 

1 9 6 6 a ) , The melange is expo s ed b e s t  and has been 
mapped in mo s t  d e t a i l  in the v i c inity o f  Mi l l er 
Mountain (plate lV ) ; and is named accord ingly . The 
melange cons i s t s  o f  rock un i t s  that range in s i z e  
f r om a f ew me ters t o  3 km susp end ed in a ma t r ix o f  
s er p en t ini te . Jus t  wes t  o f  the map area i n  the 
Mount Vernon quadrangle (Brown and Thayer , 1 9 6 6b ) , 
j umb led b locks mad e up o f  P a l eo z o i c  argilli t e , cher t , 
kerat ophyr e , greens t one , and sha l e  in various 
proport ions o c cupy an arcua t e  belt 1 3  km long . 
Juxt ap o s i t ion of p i l low basa l t , amphib o l i t e  and 
plagiogran i t e  b l o cks shows that metamo rphism prec eded 
g enera t ion of the melang e . The Trias s i c  ro cks in 
Miller Mount a in are mos t ly unsheared p i llow basal t s , 
probab l y  a f ew hundred meters thick , tha t overlie 
graywacke , mud s tone , and b r e c c ia-conglomer a t e s  r ich 
in c las t s  of alb i t e  granit e .  The s e  rocks are 
unc onf ormab l e  on the melang e , but they also have 
b e en f o lded s t eeply and faul ted down into i t . The 
melange cont ains remarkab ly f ew b l o cks of gabbro . 
Small p o d s  of chromite are widely s c a t t ered in the 
s erpent ini t e . 

The contact at the wes t  end of the comp l ex 
s e ems to be a f a irly well-def ined shear z one tha t is 
f o l lowed by Canyon Creek f o r  abou t 5 . 5  km .  

Pyroxen i t e  and gabb ro f o rm s t eep s l o p e s  eas t o f  the 
creek , and land s lides on melange c ome d own t o  i t  on 
the we s t . We s t  o f  L i t t l e  Canyon Mountain where the 
creek cro s s e s  the gabb r o , the cont a c t  of gabb r o  on 
melange d i p s  eas tward very irr egularly at angles 
b e tween about 2 5 °  and 4 5 °  over a v e r t i c a l  range o f  
3 0 0  m .  Where t h e  contac t swings eas tward acro s s  the 
mou th of the canyon j us t  s outh of Canyon C i ty , the 
gabbro dips 7 0-8 0 °  sou thward over s erpentinite , in 
wh ich there are prominent large b l o cks of amph ibo l i t e  
and phyll i t e , Between Canyon and P ine Creeks p e r ido
t i t e  adj o ins melange and the cont ac t i s  indetermina te 
because o f  marg ina l serpentini z a t i o n  and shear ing . 

Rad iome t r i c  dates on p l a g iogranit e ,  hornb lend e  
p e gma t i t e , and amphib o l i t ic d ikes in the Canyon 
Mount ain Comp l ex and on amphib o l i t e  inc lusions in the 
melange are cons i s t ent with ages ind i c a t ed by 
f u s i l inids in the s e d iment ary rocks . Hornb lend e  f r om 
p e gma t i t e s  has yielded K/Ar d a t e s  of 2 4 0 - 2 5 0  m . y . , 
and K/Ar ages b e tween ab out 1 8 6  and 2 3 4  m . y .  were 
d e t e rmined for ho rnb lende f r om amphib o l i t e  blo cks in 
melange , amp h ib o l i t i c  basalt c u t t ing gabbro , and the 
quar t z  d io r i t e  in Dog Creek ( Lanpher e ,  wr i t t en 
commun . ,  1 9 7 3 ) . Fus i l inids f rom l imestone blo cks in 
the melange we s t  o f  Dog C r e ek are o f  Early Permian 
age (Nes t e l l , wr i t t en c ommun . , 1 9 7 7 ) .  S l i d e  b r e c c ias 
of alb i t e  grani t e . and epidiori t e  in rocks of known 
Carn ian Age in the Aldr ich Mountains show that the 
Canyon Mountain Comp l ex , and the Miller Mountain 
melange as well , wer e exp o s ed t o  ero s ion by Late 
Tr ias s ic t ime (Brown and Th ayer , in p r e s s ) .  

History o f  the Canyon Mountain Comp lex 

The his tory o f  the Canyon Mounta in Comp l ex c an 
be d iv id ed into thr ee phases : 1 )  crys t a l l i z a t ion and 
p ene t r a t ive d e f orma t ion o f  the per ido t i t e  and gabbro ; 
2 )  intru s ion o f  plagio grani t e  and b a s a l t i c  d ikes and 
related metamorphism ; and 3 )  emp l ac ement into o c eanic 
crus t , and d e f o rma t i on in an is land -arc s e t t ing 
(Tab l e  2 ) , The f ir s t  two pha s e s  probably took 

place dur ing P ermian t ime , The r e g ional s e t t ing and 
geologic environmen t , according to the p r e s ent 
cons ensus , po int to o r i g in o f  the comp l ex at a 
spreading ridge in the Pacif ic Oc ean . The p e r ido t i t e  
and gabbro mu s t  have crys t a l l i z ed in a magma chamber 
at s ome depth l e s s  than 30 km ,  presumab ly near the 
c ru s t-man t l e  boundary in an ac t ive t e c tonic environ
ment . Af t er crys tallizat ion and contemporaneous 
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NORTH AMER I CAN O PH I O LI TE S  

I G N EO U S  ACT I V I TY 
DEFORMAT I O N ,  

M ETA M O R P H I S M  

STRAT I G RAPHY 

S ED I M E NTAT I O N  

J u rassic and Cretaceous orogeny; emergence a n d  deep erosion 

. _t _Lk i . f . Alteration of graywac e to prehn1te ac1es, 

gabbro and basaltic d ikes to rodingite 

In termittent andesitic 

eruptions, subordinate 

p i l low basalt, and s i l ic ic tuff l=p�tioc 

20, 000 m of tuffs, flows, volcanic 

graywacke, shale, and thin l i mestones, 

inc luding Fields c
·
reek and 

Vester Formations 

c: 
0 

·v; 
5 
c: 

c: 
0 

·.;::; 
"' 
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2 
Vl 

� 
() 

-

_L 
Keratophyre, 

Albite granite 

T 

? T 
Folding and faulting, C M C  exposed to eros ion. 

Fields Creek and Vester Formations worked 

i nto melange. 

T 
- � 

T 
Fields Creek Formation 

+ 
Angu lar unconformity 

t 
Vester Formation 

l 

G R EAT R EG I O NAL U N CONFORM ITY 

Fragmentation of Elkhorn Ridge 

Argi l l ite, formation of mela nge 

t 

Greenschist metamorphism of El khorn Ridge Argi l l i te,  
gabbro, and basalt d i kes 

---r j_ I 
Mylonite zones 

I I I 
Steep faulting 

1 
Elkhorn R idge Argi l l i te 

I Basaltic d i kes _j_-1- 1 

Basaltic and keratophyric flows and tuffs, 

argi l l ite, chert, l i mestone lenses 

1 
Quartz diorite 

T 

Gabbro 

I 
Pyroxenite 

Wehrlite 

I 
Harzburgite 

+ 
? 

Metamorphism of p i l low basalts i n  

El khorn Ridge Argi l l ite a n d  basaltic 

d i kes to amphibolite, and gabbro to 

epid iorite; hornblende pegmatites 

T � l 
? 

_L 
F2 folding of Ave' Lallemant ( 1 9 76) 

F1 fold i ng of Ave'Lallemant ( 1 976) 

Large east-west folds south of Ba ldy Mountain 

I 
I 
I 
I 
I 
+ 
? 

Table 2 . Diagrammatic outline of the geologic history of the 

Canyon Mountain Complex and related rocks . Arrows indicate the 

approximate duration of processes or even ts described between brackets . 
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de forma tion as a cumulate body , the present 
peridotite-gabbro unit probably was raised as part of 
a fault block like those along the Mid-Atlantic 
Ridge . The southern border of the gabbro is inter
preted as originally having been a s teep fault that 
was obliterated by intrusion of plagiogranite and 
dikes . The ranges of textures in plagiogranite and 
meta�orphism of basaltic dikes show that the block 
was incorporated into the subcrustal structure during 
ac tive volcanism. The plagiogranite-keratophyre 
suite is believed to represent the subvolcanic 
structure of a silicic volcanic pile on the Permian 
sea floo r ,  and the basaltic dikes are interpreted as 
feeders for basalt flows . Both kinds of rocks are 
abundant in the Elkhorn Ridge Argillite . The frac
tures that guided basaltic dikes into peridotite and 
gabbro were related to the boundary fault ,  and 
mylonite along them reflects adjustments during early 
stages in evolution of the oceanic floor . The length 
of the time interval between crystallization of 
peridotite and gabbro and intrusion of the sheeted 
dike sequence is one of the unsolved riddles of the 
ophiolite assemblage , but the consensus seems to be 
that it probably was rather short . 

The breakup of the Permian crus t and formation 
of melange probably continued over a long time , 
Boulders of gabbro and quartz diorite in Lower 
Permian conglomerate along the Snake River (Vallier , 
Brooks , and Thayer , in press) indicate that the 
oceanic crust was faulted on a large scale while it 
was being formed , just as oceanic crust now is 
faulted along slowly spreading ridges . A block of 
radiolarian chert believed to be of Middle Triassic 
age (Pessagno , written commun . ,  1977 )  suggests that 
the Miller Mountain melange was formed along an 
intraplate suture that developed as a precursor of 
Late Triassic and Jurassic island-arc andesitic 
volcanism. The larger structural relation of the 
complex to the melange , and the distance it may have 
moved as part of the melange is unknown . The rarity 
of gabbro in the melange is puzzling in view of its 
importance· in the complex . Great abundance of large 
angular albite granite clasts in Triassic ( ? )  
conglomerate under pillow lavas i n  Miller Mountain, 
only 4 km from the sheeted dike unit , suggests 
uplift of the complex along the Canyon Creek fault . 
This uplift might have coincided .with isoclinal 
folding of the Vester Formation in the Aldrich 
Mountains during Carnian time before deposition of 
the Fields Creek Formation (Brown and Thayer ,  in 
press) . Movement presumably also occurred along the 
fault during folding of the conglomerate and pillow 
lavas in Miller Mountain , which have been mapped as 
part of the Fields Creek Formation (Brown and Thayer , 
1966b) . After major deformation of the Fields Creek, 
of Carnian Age , the Canyon Mountain Complex became 
part of the hanging wall block of the Aldrich 
Mountain faul t ,  which has an estimated vertical dis
placement of 5 , 000-6 , 000 m. Serpentinization of 
peridotite probably has progressed intermittently 
since Permian time, but the main rodingite alteration 
in gabbro and basaltic dikes is believed to have 
taken place during the Jurassic , when graywackes of 
the Aldrich Mountains Group were metamorphosed to 
prehnite-pumpellyite facies (Brown and Thayer , 1963 ; 
Thayer and Himmelber g ,  1968 ) . 

Although the Canyon Mountain Complex must have 
undergone substantial internal adj ustment during two 
episodes of folding . and faulting , in Oligocene ( ? )  and 
Pliocene time , intrusion Upper Jurassic ( ? )  quartz 
diorite nearby had the most obvious effects . Then , 
gabbro and serpentinite in Little Canyon Mountain 
were altered extensively to ankeritic carbonate , and 
gold-bearing quartz-calcite veins were formed , No 

large faults of Tertiary age , except the John Day and 
Indian Creek faults , are known to cut the complex . 
Its present topographic relief is believed to have 
resulted from lower and middle Pliocene folding and 
uplift along the John Day f ault . 

THEORIES OF OPHIOLITE MAGMATIC PARENTAGE 

The One�Magma Theory 

Analyses of representative rocks (table 1 ,  
f i g .  3) show that chemically the Canyon Mountain 

SiO?. 
Al 2U3 
Fe203 
FeO 
MgO 
cao 

��&0 

H20+ J HzO-
Ti02 
P205 
HnO 
Co2 

Table 1 .  Chemical Analyses of rocks from the 
Canyon Mou n t a i n  Como l e x .  Oregon 

U l tramafic Gabbro Eoldiori te Basa l t ic 
roch Oi ke rocks 
( 1 1 )  (1) (4) ( 6 )  

42. 1 2  4 7 . 2 1  5 2 . 8 4  51 . 4 1  
1 .  7 0  1 7 . 96 1 4 .86 1 5 .86 
2 . 4 9  1 .  2 1  1 .  7 7  1 .  3 7  
4 .  79 4 . 45 6. 77 8 . 7 6  

35.59 1 0 . 70 8.49 5 . 92 
5. 58 1 4 . 5 1  9.08 8.  S7 

. 55 1 .  03 2. 92 3. 90 

.03 .06 .31 . 30 
6 . 9 4  2 . 43 2 . 46 1 .  73 

.04 . 2 5  . 5 2  1 . 36 
.02 .03 .06 . 1 4  
. 1 3  . 1 2  . 1 5  ' 20 
. 1 2  .03 .03 . 13 

100.09 99.99 100.26 99.95 

A 1 bite 
granite 

( 3 )  

76.06 
1 2 .87 

1 . 1 2  
1 . 62 

.36 
1 . 62 
5 . 24 

.25 

.98 

. 1 9  

.04 

.04 

. 14 

100.53 

Analyses made by U . S .  Geolog i c a l  Survey; ( 1 1 )  number of analyses averaged. 
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Figure 3 .  AFM diagram of rocks from the 
Canyon Mountain Complex, in mol percent . 
A=Na20+K20 ,  F=total iron as FeO , and M=MgO . 

Complex is remarkably like the Coast Range ophiolite 
in California and other ophiolite suites (Bailey and 
Blake , i974 ; Coleman and Peterman , 1975 ; Thayer , 
197 2 ) .  Because many more chemical analyses are 
needed and mineralogical studies by others are in 
progress ,  detailed discussion of minor variations in 
compositions of rocks would not be fruitful . 
Previously (Thayer , 1963b , p .  C85 ) , I interpreted the 
gabbro and plagiogranite as belonging "to a distinc
t ive line of magmatic descent , for which the name 
' alpine mafic magma stem '  is suggested . "  Then , I also 
believed that the gabbro had been emplaced into vol
canic country rocks (now mapped as the sheeted dike 
uni t )  as crystal mush . Both ideas , I now believe , 
were erroneous , and I would like to reconsider some 
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c r i t ical relations b e tween the var ious ro cks . 
Mo s t  p e t r o lo g i s t s  s e em to agree that the 

cumulate ro cks of the ophio l i t e  a s s emb lage are 
cogene t i c  d i f f erent iates with plagiograni te , kera to
phyr e , and basal t i c  d ike s from an oc e anic basalt 
magma . Bailey and Bl ake ( 1 9 7 4 , p .  6 5 2 )  summa r i z ed 
the theory very wel l : 

"Various mo d e l s  sugg e s t ed for the buildup 
of o c eanic c rus t [ ophio l i t e ]  at spr eading 
axes pos tul a t e : ( 1 )  r emova l o f  basaltic 
magma from lher z o l i t e  or related mantle 
ma t e r ial t o  yield a res idual , harzbur g i t i c  
upper man t l e , ( 2 )  c o eval extrusion o f  the 
b a s a l t i c  magma to f o rm an overlying cover 
of p i l low basal t ,  into which a related swarm 
of parallel dikes is intruded , and ( 3 )  intrus ion 
of ma fic magma a t  or near the base of the 
b a s a l t  layer t o  f i l l  chamb e r s  in wh ich the 
magma d i f f eren t i a t e s  by crys tal s e t t l ing to 
yield layered cumulates of gabb roic to anor 
tho s i tic rocks and a small amount o f  s i l i c ic 
magma that may be extruded to f o rm kera to-
phyre or cons o l i d a t e  in s i t u  as trondhj emit e . " 

Coleman and P e t e rman ( 1 9 7 5 ,  p .  1 1 03 ) d i s cu s s ed 
d i f f er ent iation of basalt accord ing to this hypo ·
thes is in mo re d e t a i l : 

"Ano ther chemo gr aph ic me thod o f  relat ing 
rocks to d i f ferentiat ion pro c e s s e s  is the MgO 
variat ion diagram . From this plo t showing 
the parent l iqu id , the cumulate gabbro s , and 
the o c eanic leuc o c r a t i c  d i f f eren t i a t e s  it is 
apparent tha t the s e l e c t ive r emoval of calcic 
plagioclas e ,  pyro xene , and o l ivine from the 
parent magma to f o rm the cumulate gabb ros 
will lead to a r e s idual magma tha t will 
crys t a l l i z e  abundant quar t z  and sadie plagio
c l a s e . The S i02 , CaO , Al 2 03 plots versus the 
MgO p l o t  show tha t the removal of predominately 
cal cic plagioclase with l e s s er amounts of 
c l inopyroxene , o r thopyroxene , and o l ivine 
could produce a r e s idual melt who s e  compo s i t ion 
is s imilar to the o c eanic plagio grani tes . 
However , the p l o t s  of FeO ( t o t a l )  and TiOz 
versus MgO show iron and t i t anium d e p l e t ion 
in both the cumulate gabbr o s  and the o c ean i c  
plag iograni tes compared with t h e  parent 
l i qu id . "  

Prob lems o f  the One-Magma Theory 

The two papers s p e c i f i ed only gabb roic and 
ano r t ho s i t ic rocks as cumulates , but they omit t ed 
ultrama f i c  ro cks wh ich should have been included , 
In the Vourino s ,  three-quarters o f  the 1 5 6 5 -m 
cumulate sec t ion d e s c r ibed by Jacks on , Green , and 
Moores ( 19 7 5 ,  p .  3 9 1 )  cons i s t s  of dunit e , wehr l i t e , 
and pyroxeni t e .  In the Troodos , George ( 1 97 5 ,  p .  2 8 )  
showed that ultramaf ic rocks make u p  about 6 5  percen t  
o f  t h e  cumulate s e c t ion , compared with a n  e s t imate o f  
4 0-50 percent ult rama f i c  by Greenbaum ( 1 9 7 2 ) .  Al l 
thr ee accounts agree that the rocks in que s ti on , f rom 
dunite to "high level" gabbro , form a c ont inuous 
cumulate sequenc e that mus t  b e  cons idered as a whole , 
Omi t t ing the ultramaf ic cumulates s imp l i f ies , but 
also gro s s ly skews , problems of p e t r o genes is , I f  
cumulate pro cesses fo rmed hundreds o f  meters of 
dunite in the Vour ino s and the Troodos ,  why no t 
harzburgite , too ? 

The d e f initive f ield relat ions o f  perid o t i t e  and 
gabbro with plagio granite and basaltic d ikes in the 
Canyon Mountain present serious problems for the one
magma theory , Derivat ion o f  plagiogranite and gabbro 
from basalt that cuts the gabbro and is cut by the 
plagiograni te (f igure 2) obviously is impo s s ible , 

Advo cates o f  a common parentage o f  all three rocks 
have p r o p o s ed a var iety of mod e l s  in wh ich basalt 
d ikes are ro o t ed in gabbro and plagiogranite is 
genera t ed a t  the top o f  magma chambers above cumu
l a t e s . Moores and Vine ( 1 9 7 1 , p .  4 6 2 )  have p r e s ented 
a mo d e l  featured by a series o f  magma c e l l s  that are 
progres s ively older , one above the o ther . Basal t ic 
magma and p lagiogranite tha t  were d i f f erentiated in 
the lowe r , younger c e l l s  f o rm d ikes in overlying 
cumulates and b a s a l t  f lows that b e c ame part of the 
thic kening roo f . 

Derivat ion of b a s a l t  d ikes that cut an exp o s ed 
perido t i t e -gabbro c omp l ex from a hypothe t i c al younger 
mas s  at d e p th p o s e s  two qu e s t ions . How many 
comp l exesl ike the Canyon Mountain Complex can b e  
super p o s ed ver t ically within t h e  narrow confines o f  
a s p reading center like t h e  Mid -At lantic Ridge 
(Moores and Vine , 1 9 7 1 ,  p .  4 6 2 ) ? If b a s a l t  d ikes 

wer e tapped from the top o f  a magma chamb er during 
the t ime when perido t i t e  and gabbro cumulat es were 
crys t a l l i z ed , they should show marked d i f f erentiat ion 
trend s . The comp o s i t ion of magma from which harz 
burg i t e  o r  wehr l i t ic dun i t e  and chromi t e  c rys t a l l i z e  
at a n  e a r l y  s t age , a s  in t h e  Vourino s , mus t  b e  very 
d i f f er ent at the s ta g e  when hyp ers thene gabbro 
crys tal l i z e s  from it , 

Mutual relat ions of fresh gabbr o , gabbro ic 
pegma t i t e s , epidiorite , and p l agiogranite in Canyon 
Mountain cas t doub t  on the d i f f erentiation s e r i e s  
f r o m  gabbr o to p l agio gran i t e  prop o s ed by Coleman and 
P e t e rman ( 1 9 7 5 , p ,  110 2 ) : 

" E ight new analy ses o f  the oc eanic plagio
granites and a s s o c iated gabb r o s  f r om the Cyprus 
ophio l i t e  are p r e s ented in Tab l e s  1 and 2 .  
High s i l i c a , low t o  mo derate alumina , low 
t o t al iron-magnes ium , and extremely low K2 0 
chara c t e r i z e  the o c eanic pl agiogranit e s  and 
their assoc iates , Norma t ive o r t ho clase is 
usually l e s s  than 4 mol % ,  and the normat ive 
An content of the plagioclase ranges from 
An2 1  to An61 · The wid e range in An content 
d emons trates d i f f er en t i a t ion f rom bas a l t ic 
comp o s i t ion t oward leucocratic typ es . Plo t t ing 
normat ive Or , An ,  and Ab from these r o cks on 
a t r iangular d iagram reveals tha t they all 
fall wi thin the low-pr essure one-feldspar 
boundary . "  

Field and p e t rographic relat ions in the Canyon 
Moun tain show beyond que s t ion that the plagiogranites 
in truded gabbro and me tamo rpho s ed it to epid io r i t e , 
a f t e r  the gabbro had b e en intensely deformed . The 
two igneous suites ar e c omp l e t ely dif feren t . One 
can , however , show an overlapp ing range in composi
t ion o f  normat ive plagio clase from fr esh gabbro to 
plagiogran i t e  as follows : fresh gabbro , An 92 -4 9 i 
epidio r i t e , An65 �3 5 i  plagio granite , An4 5 -4 • No rma
tive o r thoclase has the following ranges : Oro-2 in 
gabbro , Oro . 9 -5 . 1  in epidiorit e ,  and Orl . 4 -4 . 7 in 
plagio grani t e , It seems almo s t  certain to me that 
Col eman and P e terman ' s  ( 1 9 7 5 )  ana ly ses inc lude 
epidiorit e ,  wh ich is abundant in Cyprus . Bailey and 
Blake ( 1 9 7 4 ) expre s s ed uncer tainty about the s i gnifi
cance o f  hornblende in gabbro and c ons idered the 
p o s s ibility that it is metasomat ic . Their descrip
t ions (p . 64 0 )  o f  green hornblende as a primary 
mineral in gabbro and of pegmatitic gabbros which "in 
contrast to the layered gabbro s ,  are non•f o l ia t ed and 
commonly contain large randomly or iented crys tals of 
hornb l end e and a little quar t z "  smack of ep idio r i t e  
to me , 

Ef forts to calculate chemical balances between 
basalt as parent magma and alpine perido t i t e , gabbro , 
and plagiograni te as d i f f erent iates have not been 
no tably success ful ( Thayer , 1976) , Divorc ing 
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harzburgite from gabbro as a refractory res iduum and 
overlooking ultramaf ic cumulates help , but do no t 
solve the problem .  Coleman and Pet erman ' s  (197 5 )  
plo ts  o f  "FeO" and Ti02 versus MgO in oceanic basalt , 
gabbro , and plagio granit e show excesses in the basalt 
comparable to tho s e  in my table 1 .  In my table , 6 
basal tic d ikes average 1 0  percent "FeO" and 1 . 4  
percent Ti02 , compared to 5 .  5 percent ' 'FeO" and 0 .  2 5  
Ti02 i n  gabbro and 3 . 1  "FeO" and 0 . 2 2 percent Ti02 in 
alb ite grani te and keratophyre .  Alpine perido tite , 
gabbro , and plagiogranite j us t  do not inc lud e Fe- and 
Ti-rich members needed for a chemical balance wi th 
common varieties of basalt as the parent magma . The 
close assoc ia t ion of basaltic dikes with the plagio
grani te--keratophyre suite and their low po tash 
content suggest  that they very l ikely are comagmatic , 

Gabbroic pegmatites  present s trong evidence 
against deriva tion of tholeiitic magma from ophioli
tic gabbro mush . In the Canyon Mountain Complex , 
these pegmatites have the composition of hypers thene 
gabbro rich in MgO and CaO , contain no hornblende or 
quar t z , and have been deformed to various degrees 
(Thayer , 1963a) . They c learly are formed locally , 
and are presumed to represent inter s t i t ial l iquid 
from cumulate mush.  The ir composition is cons istent 
with the lack of zoning in the cumulus minerals and 
is far from that o f  any plagiogranite , 

The critical problem o f  the one-magma theory o f  
ophiolite parentage is that n o  one y e t  has presented 
convincing evidence either of ophio litic cumulate 
gabbro grading into diabase or of  a dif ferentiat ion 
sequence from gabbro to p lagiogranite . Both relat ions 
are common in small stratiform gabbroic complexes . 
If the one-magma concep t for ophiol i tes is valid , why 
has no one found "hard" f ield evidence t o  substanti
ate it? 

A Multi-Magma Theory o f  Ophiol i te Parentage 

The difficulties in trying to fit the var ious 
igneous components of the ophiolite assemblage into a 
s tructurally and geochemically coherent one-magma 
theory or model suggest that something is inherently 
wrong with the concept . The possib i lity o f  perido ti
tic lavas was rej ected by mo s t  geologis ts  until abou t -
8 years ago when komatiites were dis covered . Modern 
theories of plate tectonics are s t ill in rapid flux , 
but the one-magma concep t of ophiol ites seems to have 
an air of petrologic sanct ity . A more careful search 
through the many variet ies of  oceanic basalt should 
find a mo re suitable parent magma for cumulate 
perido tite and gabbro than the one Coleman and 
Peterman (197 5 ,  p ,  1103 )  selec ted ; magma that 
crys tallized as  an ordinary pillow l ava obviously 
will no t do . 

Dis covery of h igh-Al chromite by Sigurd sson and 
Schilling ( 1 9 7 6 )  in some basalt from the Mid-Atlantic 
Ridge indicates progress in the search for a more 
compatible parent for alpine perido tit e-gabbro cumu
lates . The flows are olivine and diop s ide normative 
tholeiite and Al 203-r ich picrit e .  Chromites from 
both kinds o f  rocks are typically alpine in affinity 
in that they are the high-Al variety (Al203>20 
percent , Cr203 + Al 203 >60 percent ) and show a 
reciprocal relation between Cr203 and Al 203 . 
Chromite from the tholeiite flows ranges from 3 7 . 1  to 
43 . 5  percent Cr203 and 2 3 . 7  to 30 . 8  percent A1203 , 
whereas that from picrite ranges from 1 9 . 5  to 24 
percent Cr2o3 and 43 to 4 7 . 3 percent Al 203 . Total 
iron as FeO and Ti02 range from 13 , 2 to 17 , 8  percent 
and 0 . 15 and 0 . 4 2 percent , respec tively . On a Cr : Al 
plot the samples show a strong b imodality , but a plot 
of Mg : Fe shows continuous var iat ion ; both trends 
charac terize pediform or alpine chromites ( Thayer , 

1 9 7 0 ) , This suggests thai the picrite , al though it 
is described as noncumulate , may be a remob ilized 
cumulate d i f f erentiate o f  the tholeiite . 

Variat ions in the composition o f  chromites from 
dif ferent kind s of basalts reflect close magmatic 
control that should apply also to segregated chromi
tite , In add ition to the high-Al chromite , 
Sigurds son and Schilling found dis t inctly different 
chromit e  in a low-Si02 and high-Ti02 basalt in the 
same segment of the Ridge , Tha t chromit e is 1 . 5-2 
times as rich in iron (23-24  perc ent as FeO) and 4-10 
times as rich in Ti02 (about 1 . 7  percent ) .  A Cr : Fe 
rat io o f  1 , 45 ; 1 in this chromite , in comparison wi th 
ratios of 2 ; 1 to 2 . 35 ; 1  in the high-Al chromites , 
places it squarely in the s tratiform high-Fe trend 
(Thayer , 1 9 7 0 ) . Evans and Wright ( 1 9 7 2 )  found 
liquidus chromite from Kilauea and Makaopuhi to be 
even richer in iron ( 25-33 percent as FeO) and Ti02 
(2 , 3 -3 , 2  percent ) , The chemical "sens itivity" o f  
chromite to magma compo sition would seem t o  severely 
restrict the cho ice o f  basalts that might represent 
parent magma for alpine perido t ite , gabbro , and 
chromi t i t e , 

Gabbroic part ial melts  that chemically seem 
s imilar to the tholeiites containing high-Al chromite 
have been described in lherzolite  in the Lanzo 
( Bud ier and Nico las , 197 2 )  and Serrania de la Ronda 
(Dickey , 1 9 7 0 )  complexes . The "magma t i c "  gabbros  in 
both complexes are "hyperaluminous " o livine and 
diopside normative tholeiites , contain more Cr 203 
than Ti02 , and have MgO : ''FeO ' '  ratios mo s t ly between 
3 . 2  and 4 . 6 ,  Normative feldspar ranges between 
An 60-65 in gabbro from Lanzo , and An7 7 -83 in 
Serrania de la Ronda . Bud ier and Nicolas (197 2 , 
p .  5 0 )  calculated that the gabbro represents mel t ing 
o f  25-30 percent of the lher zolite at pres sures 
between 5 and 8 kb . 

A multi-magma hypo thesis for genesis  o f  ophio
lite  does no t s implify concep tion of a plausible 
model o f  a spreading ridge ; it probably compl icates 
the problems . I believe , however , that it  emphasizes 
the need for much more explicit information on the 
physical relat ions between sheet ed dike swarms , 
plagiogranite , and alpine gabbro . Chemically and 
phys ically , the basalt dikes in the Canyon Mountain 
Complex seem cogenetically incompatible with the 
gabbro , but the plagiogranites might be related 
chemically to either . Their close s t ruc tural and 
temporal ties , however , suggest that the plagio
granite and basaltic dikes probably are related . 

The int imate associa t ion of the plutonic and 
volcanic rocks o f  the ophiolite assembl age is beyond 
argument and , in a broad sens e , they mus t  be related 
genetically through the processes o f  plate tec tonics .  
The upper mantle , however , is being recognized as a 
complex affair in which many kinds o f  rocks origi
nate ,  One might compare a spreading ridge to an 
old-fashioned barnyard . There , several kind s o f  
animal s  l ive together . Some animals , such as  
chickens and goats , obviously have very different 
ances try , Cows and horses have many features in 
common , but have evolved separately since the 
earliest Eocene . I would l ike to propose that the 
ophiol itic as semblage has many aspects of a petrolo
gic and petro genetic barnyard , in which basal t ic 
magmas belonging to different genera and species have 
been b rought together . This is the essence of the 
multi-magma theory , 

SUMMARY AND CONCLUSIONS 

Excepting p illow lavas , the Canyon Mountain 
Complex comprises all the igneous components of the 
ophiolite assemblage : a plutonic suite o f  rocks that 
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range from harzburgite to  gabbro , and a vo lcanic 
suite made up of  basaltic  dikes and silicic ro cks 
that range from quar t z  diorite to alb ite granite 
(plagiograni t e )  and keratophyr e .  The two suites o f  
rocks are complet ely separate in outcrop , s t ruc turally 
and geochemically . 

The plutonic rocks form a cont inuous sequence 
from harzburgite through wehrlite and cl inopyroxenite 
to gabbro in which cumulus textures are preserved in 
chromitite if no t in silicates . The petrologic 
sequence is remarkably s imilar to those in the 
Vourinos and the Troodos . In all three complexes 
deforma tion of  the rocks decreases upward , but the 
upper l imit of  intens e tectonism and sharpnes s  of 
break between obvious cumulates and tectonites varies 
from complex to complex .  These differenc es are 
attributed to variat ions in timing o f  accumulat ion 
and syntectonic deformation of cumulate crys tal mush , 
In the Canyon Mountain , the perido t i t e  and gabbro had 
fo rmed a solid tectonic uni t before intrusion of the 
volcanic suite . 

The ro cks o f  the volcanic suite form a compo site 
sheeted dike unit that cut s gabbro o f f  ab ruptly and 
encloses screens of i t .  D ikes of basalt and sil icic 
rocks cut each other in the sheeted dike unit and 
where intruded along fracture sys tems are chilled 
against gabbro and peridot ite . Gabbro has been 
extens ively hornblendized to epidiorite near larger 
mas ses o f  plagiograni te , and pargasitic  pegmatite 
occurs locally . Textural gradations from albite 
granite to flow-banded quartz keratophyre and classic 
int rus ive relat ions of  these rocks in basalt and 
gabbro imply that they represent the sub structure of  
a s ilicic vo lcanicc pile.  

Al though the complex is in a terrain that has 
been subj ected to maj or fold ing repeatedly , from 
Permian to Pliocene t ime , the dikes in the sheeted 
unit are bel ieved to be near their original attitude . 
The relations of basaltic dikes to gabbro in the 
Canyon Mountain are ident ical , except for details o f  
gabbro structur e ,  with tho se exposed along the coas t 
of Ratay , Turkey (Parro t ,  197 3 ) . Plagio grani te also 
cu ts gabbro and basaltic dikes there , al though in 
minor amounts . The original cover of volcanic and 
sedimentary rocks presumably has b een eroded from the 
complex , as along the beach c�iffs  of Ratay . Inter
pretation o f  the sheets as s ills that have b een 
ro tated 9 0 °  or more would involve a sect ion of crus t 
11-12 km thick , and would require also that the now 
vert ical d iorite plugs in gabbro originally were 
intruded horizontally . Progressively lower grade 
metamorphism of gabbro and basalt by plagio granite 
under cond itions that formed pargasitic hornblend e 
pegmatite and epidotic greenschis t ,  respectively , 
indicates falling temperatures that would accompany 
elevation o f  the block . The mylonitic shear zones 
in gabbro involving plagiograni te probably are all 
pre-Late Tria s s ic in age , although movements 
undoub t edly oc curred along many o f  them much later . 
The complex has been compressed in the core of a 
late Tert iary anticl ine wi th 4 0 °  d ips  in the south 
limb , so it mus t  have undergone much internal 
adj us tment . 
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THE TRINITY OPH IOLITE 
KLAMATH MOUNTA INS ,  CAL I FORNIA 

Nancy Lind s l ey - Gr i ffin 

2 1 1 1  Kingsboro Road 
Casper , Wyom ing 82601 

ABSTRACT 

The Ordov i c i an (480-455 m . y . ) Trinity oph i o l i t e ,  
located i n  the east ern K l amath Mountains of northern 
Cal i forn i a ,  i s  a large , nearly horizontal sheet of 
mafic and ultramafic rocks with minor vol canic and 
diabasi c  roc ks . A l ong i t s  northwestern edge , the 
ul tramaf i c  rocks are predominantly harzburgite and 
feldspath i s  lherz o l it e ,  with minor dunit e  and pyrox
enit e .  Three types of gabbro have been recogn i z ed :  
layered cumulate gabbro and associated diorite , 
amphibo l i t i c  gabbro with gnei s s i c  structures and a 
layer of recrys ta l l i zed c l inopyroxenite at its bas e ,  
and younger (430 m . y . ) pegmat i t i c  gabbro which 
intrudes the rest of the ophio l it i c  sequenc e .  Over
l ying the l ayered cumu l at e  gabbro and diorite and 
gradat i onal with them is a compl ex of d i abas i c  dikes 
and s i l l s  which do not appear to exhibit sheeted 
structure . The d iabase grades upward into mafic 
keratophyres and spi l i t e s . The oph i o l i t e  sequence i s  
folded and fau l ted ; some fo l d ing and fault ing pre
dates the intrusion of the 430  m . y .  pegma t i t i c  
gabbro s ,  and some i s  l at e r .  

Direct l y  overlying t h e  Trinity oph i o l i te i s  a 
melange consist ing of several assemblages of d i s tinct 
age and l itho logy. Congl omeratic l enses o f  probab l e  
midd l e  Ordovician t o  early Devonian age within one 
melange unit contain c l asts of diorite s im i l ar in 
compos i t i on and age (460 m . y . ) to d i orites of the 
ophiol ite . This rel ationship suggests that part of 
the oph i o l i t e  was upl i fted and being eroded before 
the melange formed . The melange a l so contains 
tectonic b l ocks of gabbro , pyroxenit e ,  and peridot e ,  
as we l l  a s  schist and amphibo l i t e  which may b e  meta
morphosed ophi o l it i c  rocks , and in a fenster 10 km to 
the west a s im i l ar melange contains blueschist bl ocks. 
Evidence for the mode of origin of the melange is 
contradi c tory; probab l y  the m e l ange formed by a 
combination of gravity s l id ing and tecton i c  process es.  

Over l ying both the melange and the ophiol i t e  are 
sparse mafic vo l c anic rocks , l o c a l l y  p i l l owed . Dikes 
of s imi l ar c ompo s i t i on cut melange and ophi o l i t e , 
suggest ing that these vo l canic rocks were erupted 
after mel ange and oph io l i t e  were j uxtaposed . These 
vo l c anic rocks may be coeval with the mid- Devonian to 
Jura s s i c  i s l and arc sequences southeast of the 
Trinity ophio l it e ,  and probabl y  in l at e  Paleozoic 
t ime the j uxtaposed ophio l i t e  and melange lay i n  the 
fore-arc region of an active vol c an i c  arc . 

A l s o  overlying the ophio l ite and j uxtaposed sub
duction comp l ex to the west and northwest i s  a stack 
of imbricate thrust s l ices , some of which probabl y  
represent parts of a d ismembered turb i d it e  fan . 
This thrust compl ex was probab l y  emp laced after early 
Devonian t ime , but the original relationship of i t s  
component s l ices t o  t h e  Trinity ophiol i t e  i s  not 
c l ear . 

I NTRODUCTION 

The Trinity ophi o l i t e  i s  located in the East ern 
Klamath Subprovince ( I rwi n ,  1 966) of the K l amath 
Mount ains , northern C a l i forn i a ,  j us t  west of the 
Ceno z o i c  vol canic rocks of the Cascade Range 
( F i g .  1 ) . It i s  approximat e l y  7 5  km long and 50 km 

wide , and cons i s t s  predominantly of ultramafic and 
gabbroic rocks , with minor d i abase and vo l canic 
rocks . The area which I have studied in det a i l  
(Figs . 1 ,  3)  includes about 250  square km of the 

northwestern edge of the ophi o l i t e  and the rocks 
overlying it . 

Geophys i cal data (gravity and magnet i c )  suggests 
that the Trinity ophi o l i t e  is a relatively thin sub
horizontal sheet overlying a l e s s  dense basement 
( I rwin and Bath , 1 962 ; Irwin and L ipman , 1 96 2 ;  
LaFehr , 1 966) . The geophys ical data further suggest 
that rocks of this sheet probab l y  extend westward 
under the Paleozoic s ediments and metased iment s as 
far as the Scott Val l ey (F i g .  1 ) ,  and may extend 
some d i stance southeastward beneath younger rocks 
(Gri scom , 1 9 7 7 ) . 
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Figure 1 .  Locat ion of the Trinity oph i o l i te 
( open s tipple pa ttern) . Dense s tipple pa ttern: 

--

belt of severely deformed ultramafic and mafic rocks 
which have undergone a d i f ferent tectonic h istory 
than the Tr ini ty ophio l i te and wh ich may not be 
rela ted to i t .  Area of diagonal bars : approximate 
area of Figure 3 .  
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Thi s  l arge mafic-ultramafic comp l ex was 
origina l l y  named the "Trinity Alps batho l ith" by Hinds 
( 1 935 , p .  363) . S ince then , numerous hypotheses have 

been propos ed to explain its ori gin; these have been 
summar i z ed e l s ewhere (Lindsl ey-Griffin and Rohr, 
1977) . Many workers have described the Trinity 
complex as oceanic crust (Hami lton , 1 969) or as an 
ophi o l i t e  (Mat tinson and Hopson , 1972 ; Hopson and 
Matt inson, 1 97 3 ;  Lindsl ey-Griffin, 1 97 3 ;  D ' Al lura and 
others , 1974 ) . 

Along the southwestern edge of the Trinity 
ophio l i t e ,  and continuous with it (F i g .  1 ) ,  l i es a 
thin belt o f  highly deformed and metamorphosed 
ophi o l i t i c  rocks which has undergone a d i fferent 
tectonic h i s tory . This de formed belt extends north
ward from C a l l ahan to Yreka (Fig . 1 )  where it i s  
fau lted against greens chist metavo lcanic rocks con
taining blo cks of gl aucophane - l awsonite b l ueschist 
(Hot z ,  1973 , 1 9 74) . This belt of rocks , former l y  
described as being part o f  the Trinity ophiol i t e  
( I rwin, 1 966) , should probab l y  be cons idered as a 

dist inct and separate ophio l i t e  fragment ( D ' A l lura 
and others , 1 9 7 4 ;  Cashman , 1 9 7 7 ;  Lindsl ey-Griffin, 
1 977)  . 

Prior to 1 968 , rocks of the Trinity complex were 
considered to be late Jurassic or ol der in age . In 
1 968 , Lanphere and others publ i shed K-Ar dates of 4 1 8  
and 439  m . y .  for gabbros associated with the Trinity 
ultramafic s .  The bodies samp l ed are part o f  the 
Trinity ophi o l ite a l though they l ie southwest of the 
area of detai l ed mapping shown in F i gure 3 .  The K-Ar 
ages are probabl y  a l it t l e  young ; U-Pb dates for 
diorite and layered gabbro l i e  in the range 4 5 5  to 
480 m . y . , and around 430 m . y .  for the pegmati t i c  
gabbro s ,  (Matt inson and Hopson, 1 97 2 ;  Hopson and 
Matt inson, 1 97 3 ;  Hopson, personal comm. , 1 976) . 

STRAT I GRAPHY 

Alt hough the Trinity ophiol i t e  is folded and 
faulted ,  portions of the original stratigraphy are 
pres erved within individual fau lt bl ocks . Careful 
mapping to define fau l t  bl ocks , together with 
correl ation between s imi l ar rock types , perm i t s  the 
devel opment of a columnar sect ion shown di agrammat i 
c a l l y  in Figure 2.  Thicknesses of the units shown in 
this section are maximum thicknesses s ince parts of 
the section may have been repeated by unrecognized 
fau l t s  or fo lds . 

U l t ramafic Rocks 

The lowest stratigraphi c  unit of the Trinity 
ophi o l i t e  is serpent i n i z ed ul tramafic rocks of 
variab l e  composit ion ranging from harzburgite (en + ol 
+ sp) and feldspathic lherzo l it e  (en + di + ol + sp + 

f) to duni te (ol + sp + en) interl ayered with perido
t i t e .  S e l ec t ed mineral analyses are shown i n  Tab l e  1 .  

North of China Mountain (F i g .  3 ) , the peridoti t e s  
are predominant l y  massive s erpent i n i z ed harzburg i t e ,  
loca l l y  l ayered . Ul tramafic rocks exposed southeast 
of China Mountain and South China Mountain (Fi g .  3)  
cons i s t  of inter l ayered dunite and lherzol ite with 
minor harzburgi t e .  West of Cory Peak (Fi g .  3) , the 
u l tramafic rocks are a mixture of harzburgi t e  and 
lherzo l i t e  in which the l herzo l it e  cons i s t s  of rather 
irregu lar masses which grade over a d istance of a few 
meters to a few tens of meters into harzburg i t e . 
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Figure 2 .  Di agr amma t i c  c o l umnar sect j on of the 
Trini ty ophi o l i t e .  Thicknes s e s  of un i t s  are approx
ima te . Ma f i c  v o l canic rocks (ma s s ive to brec c i ated 
s p i l i t es and kera tophy r e s )  grade downwards into di a
base d ikes and s i l l s ,  which grade downwards into 
qua rtz diori te , hornb lende d i o r i t e  and gabbro. The 
gabbro and some of the d i o r i t e  exh ib i t  cumu l a te lay
ering , and become more mafic downwa rd . Lower con
tact of laye red gabbro is sheared , and may be in
t ruded by mas s ive pegma t i t i c gabbro dikes and s t ocks . 
U l t r ama fic rocks are mas s ive to layered ser pentini zed 
perid o t i t e  w i th minor dun i t e  and pyroxeni t e .  

Occurrences of fel dspar and c l inopyroxene are 
genera l l y  d i fficult to obs erve in the field because 
of the pervasive serpent inizat ion and sma l l  grain 
s i ze of the feldspar (<0 . 5  mm) and c l inopyroxene 
(<1 mm) . Thus , det a i l ed r e l at ionships between 

harzburg ite and lherzo l i t e  have not been mapp ed . 
Layering in the peridot i t e s , defined by a change 

in the relat iv e  proport ions of pyroxene and serpentin
i z ed o l i v in e ,  ranges in thickness from a few cent i 
meters to about a met er . A fo l iation defined by 
f l attened and e l ongated pyroxenes i s  superimposed on 
the layering but i s · often masked by the pervasive 
serpent inizat ion . Where both are present , the 
fo l i at ion i s  para l l e l  or nearly para l l e l  to the 
layering . Both the fo l i ation and the layering are 
folded , and are cut by a l e s s  deformed fo l iation 
defined by asbestos- or serpentine- fi l l ed veins which 
are present local l y .  

On a microscopic scal e ,  the lherzol ites typ i c a l l y  
exhibit a texture charact eri z ed b y  grains of diopside 
c l ust ered around irregular bl ebs of saussur i t i z ed 
fe ldspar . The d i ops ide and fe ldspar are e longated 
para l l el to the fo l iat ion, and are associat ed with 
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SAMP LE 

S i 0 2  

Ti02 

A l 20 3  

Cr2o3 

F eO* 

MnO 

MgO 

CaO 

Na20 

TABLE 1 .  PRELIMI NARY ELECTRON MICROPROBE ANALYSES OF M I NERALS FROM ULTRAMAF IC ROC KS OF THE TRI N I TY OPH I O L I TE 

Orthopyroxene C l inopyroxene O l ivine Chrome - sp i n e l  

a a b a c a a b ( 1 ) 
( l arge) (smal l )  

5 2 . 4 1 5 3 . 1 8 3 7 . 2 1 5 1 . 9 1 5 3 . 07 4 1 . 2 4 - - - 9 . 8 5 

0 . 1 6  0 . 2 4  0 . 0 0 0 . 3 7 0 . 1 5  0 . 2 8  0 . 1 1  

2 .  7 7  2 . 4 2  2 . 1 1 3 . 1 8 2 . 1 8 2 8 . 0 2 4 . 2 3 

0 . 84 0 . 5 4 0 . 6 6 1 .  2 5  0 . 5 4 3 6 . 4 5 28 . 7 1 

7 . 1 7  6 . 6 1 5 . 8 7 2 . 8 6 3 . 3 5 1 1 . 1 8 2 3 . 0 2 4 3 . 2 8 

0 . 1 5  0 . 1 5 0 . 05 0 . 1 0 0 . 1 2 0 . 1 4 0 . 3 3 1 .  5 3  

3 3 . 4 8  3 4 . 1 1 3 7 . 2 4 1 6 . 5 7 1 7 . 0 0 4 8 . 8 6 1 2 . 0 6 1 0 . 1 3  

0 . 63 0 . 7 3 0 . 0 1 2 3 . 6 3 24 . 3 2 0 . 0 2 

0 . 0 0 5  0 . 1 2  0 . 0 1 0 . 2 5 0 . 1 1  

--

9 7 . 62 9 8 . 08 83 . 1 6 1 0 0 . 1 2 1 0 0 . 8 4 1 0 1 . 44 1 0 0 . 1 6 9 7 . 84 

Ana lyses p erformed at Uni ver s ity of C a l i forn i a , Dav i s , by the author . 

Samp l e  a :  
Samp l e  b :  
Samp l e  c :  

F e l d spathic l herzo l i t e ,  S c o t t  Mountain . Sma l l  opx + o l  + cpx + sp + s au s sur i t e  int er l ayered w i t h  l ar g e  opx + o l  + sp . 
S erp ent ini z ed har zburg it e ,  Rock F ence Creek . Opx + sp + s erpent ine ; no o l ivine . 
Recryst a l l i z ed c l inopyroxen i t e , China Mountain . Cpx + sp . 

c 

0 . 3 7  

2 7 . 2 3 

2 9 . 1 9 

34 . 1 5 

0 . 1 5  

9 . 0 9 

1 0 0 . 1 8  

( 1 ) Thi s  chrome- spinel app ears t o  b e  opt i c a l l y  pur e i n  both p l an e - p o l ari z ed and refl ec t ed l i ght . When the e l ectron mic roprobe anal ys es a l l  
proved t o  b e  about 1 0 %  l ow ,  an e l ement a l  s can was per formed in whi c h  the o n l y  d et e c t ab l e  anoma l y  w a s  s i l i c a .  I t  i s  p o s s ib l e  that the 
s i l ica i s  due t o  fin e l y  d i s s eminat ed s erpent ine not optic a l l y  v i s ib l e ,  as t h e  har zburg i t e s  a r e  a l l int en s e l y  a l t ered . 
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F i gu r e  3 .  G e o l o g i c  map o f  the nor t hwe s t e r n  e d ge o f  the T r in i ty o p h i o l i t e , be tween C a l l ah an and G a z e l l e ,  
C a l i f o rni a .  

LEGEND . Sur f i c i a l  d e p o s i t s : Q a l , Qua t e rnary a l luv ium ( no p a t t e r n ) ; Qg , G l a c i a l  a nd f l u v i o g l ac i a l  deb r i s  
( n o p a t t e rn ) . 

Younger igneous r o c k s : h fp ,  h o rnb l ende- fe l d s p a r  �o r phyry i n t ru s i ons ( no p a t t e r n ) ; d i , d i o r i t e  and quar t z  
d io r i t e  i n t r u s ions ( no p a t t e r n ) ; v ,  p o s t - l ow e r  Devo n i a n  vo l c an i c  r o c k s : t u f f ,  b r e c c i a ,  p i l l ow l a v a  ( " v" p a t t e r n ) . 

R o c k s  o f  the ove r th ru s t  p l a t e s : p ,  p hy l l i t e ( t igh t ,  a s ymme t r i c  f o l d  p a t t e rn ) ; c q ,  c a l c a r e o u s  q u a r t z i t e  ( op e n  
f o l d  pa t t e rn ) ; SDg , S i l ur o-Devo n i a n  Ga z e l l e  F o rma t i o n  ( ho r i z on t a l  b a r  p a t t e rn ) ; m ,  me l a nge , c o n t a i n i ng b l o cks o f  
O r d ov i c i an ,  S i l u r i a n ,  and Devo ni an s e d ime n t ary r o c k s , and o f  i g n e o u s  and me t amorph i c  r o c k s  d e r ived i n  p a r t  f r om 
the oph io l i t e  ( s t i p p le p a t te r n ) . 

L owe r O r d ov i c ian T r i n i ty oph i o l i t e : Op g ,  p e gma t i t ic g a b b r o  ( pe rp e nd i c u l a r  d a s he s ) ; Ov , ma f i c  vo l c an i c  r o c k s  
( op e n  c i r c l e s ) ;  Od , d i ab a s e  d i k e s  a n d  s i l l s ,  d i o r i t e  i n  l ow e r  p a r t  ( r and om l y  o r i e n t e d  s e t s  o f  t w o  p a ra l l e l  
l i ne s ) ;  Og , h o rnb l e nd e  g ab b r o  and d i o r i t e  ( c l o s e l y  s pa c ed p a r a l l e l  d a s he s ) ; O p , s e r p e n t i n i z e d  pe r i d o t i t e wi th 
m i n o r  dun i t e  and pyroxe n i t e  ( c ro s s e s ) .  

A-A ' : l i ne of c r o s s s e c t i o n  ( F i g .  4 ) .  

sma l l  ens t at i t e  grains , o l ivine , and chrome - spine l . 
Between the l en s e s  or bands of l h er z o l i t e  are zones 
cons i s t ing o f  har z burg i t e  ( l arge en s t at i t e  grains , 
o l iv ine , and chrome- spine l )  with l it t l e  or no 
c l inopyrox ene or f e l dspar . S imi l ar t extures d e s cribed 
at Papua (En g l and and Dav i e s , 1 97 3 )  and Ot hr i s  
(Men z i e s , 1 972 ; Men z i e s  and Al l en ,  1974)  have been 
attr ibut ed to incomp l et e  extract ion o f  part i a l  fu s ion 
products in the upp er mant l e .  

Gabbroic Ro cks 

Strat i graph i c a l l y  abov e the u l t ramafic rocks l i e  
gabbro s and diorit e s  exhibit ing cumu l at e  t extures and 
l ayering . The cumu l a t e  rocks are charac t er i z ed by 
the graded bedd ing , cro s s - b edding , cut - and - fi l l , and 
s l ump structures typ i c a l  of igneous rocks formed by 
proc e s s e s  of s ediment at i on w i thin a magma chamber . 
The s e  feature s  hav e b e en des cribed in other ophi o l i t es  
(Hop son , 1 97 5 ;  Ewing , 1 9 7 6 ;  Harkins and others , 1 9 7 6 ) .  

I n  compo s i t ion the s e  are now hornb l ende gabbro s 
and hornb l end it e s , grad ing upward into hornbl end e 
diorites and quart z diorites . The hornb l ende s  ar e 
commonly p s eudomorphous a ft er pyro x ene crys tal s .  
F e l d spars range in compo s i t ion from anorth i t e  t o  
l abradorit e ,  w i t h  a l b i t e  being c ommon in the quart z 
diorite to d i aba s e  zone . 

The cont act between the gabbr o i c  rocks and the 
ultramafic rocks i s  invar iab l y  sheared and s erpent in
i z ed . Near the contac t , s t ructures in both the u l t ra
mafic and the g abbr o i c  ro cks may strike ei ther 
paral l e l  or p erp endicu l ar to the cont act . The 
gabbroic rocks are typ i c a l l y  s evere l y  de formed near 
this contact , and exhib it gn e i s s i c  s t ructures which 
become l es s  common away from the contact . 

The fau l t -bounded , syn forma l l y  fol d ed b l o c k  o f  
gabbro exp o s ed on the west shou l d er o f  China Mountain 
(Fig . 3) i s  charact er i z ed throughout by gnei s s i c  or 

amphibo l i t i c  s t ructur e s , which are esp ec i a l ly wel l 
devel op ed near i t s  bas e .  Al ong the base o f  the b l o c k  
(to t h e  east and north) i s  expo s ed a band , 1 00 to 300  

met ers thick , o f  c l inopyroxen i t e  charac t e r i z ed by 
boudin structure s .  In thin s e c t i o n ,  thi s rock 
exhibit s even grain s i z e ,  straight or s l ight l y  curv ed 
grain boundar i e s , and equiangu l ar t ri p l e  po int s 
between grains , sugg e s t ing that it has been part i a l l y  
to comp l et e l y  recrysta l l i z ed .  This r ecrys t a l l i z ed 
c l inopyrox enite is found onl y  in a s s o c i at i on with 
amphibo l i t i c  gabbro s ,  and northwest o f  China Mountain 
(F ig . 3)  is fau l t ed against s erp ent ini z ed har zburg i t e .  

Th i s  fau l t  i s  i n  turn cut o f f  b y  an intru s ive contact 
with the 4 3 0, m . y .  pegmat i t i c  gabbros which form the 
peak o f  China Mount ain . 

Dike and S i l l  C omp l ex 

Strat i graph i c a l l y  above and gradat ional with the 
l ayered gabbro / d i o r i t e  is a comp l ex o f  mafic dikes 
and s i l l s  o f  variab l e  compo s i t ion and texture , wh ich 
typ i c a l l y  cons i s t  o f  pyroxene , hornb l end e ,  and / or 
f e l d spar phenocrys t s  in a v ery fine - grained to 
aphan i t i c  groundmas s .  The m inera l s  ar e c ommonly 
a l t ered t o  a charact eri s t i c  green s c h i s t  a s s emb l a g e  
wh ich inc ludes ep idot e ,  chlor i t e , and a l b it e . 

It is not pos s ib l e  to demonstrate sheet ed 
structure , part l y  due to the fac t  that the d i abase 
weathers read i l y  and i s  poor l y  expo s e d . However , the 
few good exposures that have b e en obs erved suggest a 
very rough ly para l l e l  s e t of dikes cut by numerous 
anas tomo s ing s i l l s  and dikes at various other 
orientations . 

As the contact b etween the gabbro / d i o r i t e  zone 
and the dike/ s i l l  zone i s  approached , a few fine
grained d i ab a s e  dikes may be obs erved , ordinar i l y  
cutt ing hornb l ende d i o r i t e  or quart z diori t e ,  but 
sometimes cutting hornb l ende gabbro . As one con
t i nu es ups ect i on ,  the amount of d i ab a s e  rap i d l y  
increas es r e l ative to t h e  diorit e ,  unt i l  the rocks 
cons i s t  pred ominat e l y  of d i ab a s e  or very fine - grained 
diorit e .  B l ocks of l ayered gabbro and hornb l endi t e  
may occur fai r l y  h i gh within t h e  d i abas i c  z one and 
presumab l y  repres ent pat ches of s c r e en . 

Vo l c ani c Ro cks 

The mafic vo l canic rocks a s s o c i at ed with the 
Tr inity ophio l it e  are sp i l i t e s  and kerat ophyr es 
exhibit ing typ i c a l  prehni t e -pump e l l y i t e  and l ow 
greens chi s t  fac i es mineral as s emb l ag e s . In the fi e l �  
phenoc rys t s  o f  fel dspar and pyroxene may be ob s erved , 
as we l l  as sma l l  grains o f  red chert or j asper . 
Cons iderab l e  amount s of secondary s i l i c a  and c a l c i t e  
a r e  pres ent ( t h e  mat rix cons i s t s  l o c a l ly o f  as much 
as 1 5 %  c a l c i t e )  and rocks o f  t h i s  uni t  wi l l  " fi z z "  
upon app l i cation o f  HC l . Contacts b etween diaba s e  
and vo l c an i c  ro cks were drawn part ly o n  thi s bas i s . 

Thi s  unit is furt her charac t eri z ed by ext ens i v e  
met al l i c  mineral i z at i on . Su l fi d e  mineral s in sma l l  
veins , o r  d i s s eminat ed , are commo n .  Numerous sma l l  
copper prospects and p i t s  dot the exposures o f  
vol canic rocks , al though none have d ev e l oped into 
l arge - s c a l e  operat i ons . 

A chemical ana l ys i s  o f  a s amp l e  o f  k erat ophyr e 
pub l i shed by Po tter and Scheidegger ( 1 97 3 )  shows the 
maj or el ement compo s i t i on o f  the s e  ro cks to be fai r l y  
charac t e r i s t i c  o f  o t h e r  oph io l i t i c  and oceanic 
vo l c ani c s  wh ich have undergone prehn i t e -pump e l lyi t e  
t o  low- greens c h i s t  met amorphi sm (Smith , 1 968 ; Hynes , 
1 9 7 5 ;  Church and C o i s h , 1 9 7 6 ) . 
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Both mas s iv e  l avas and agg l omerates are pres ent , 
and both may be s t rong l y  fo l i at ed due to the p erva
s ive shearing charact eri s t i c  of t h i s  uni t . No 
undoubt ed p i l l ow s t ructures have b e en recogni z ed ,  but 
many o b l a t e  s tructures or "ps eudo -pi l l ows " may be 
obs erved which coul d b e  sheared p i l low s t ructures . 

A l t hough the mafic vo l canic ro cks expo s ed at 
Lovers Leap ( F i g . 3) have been various l y  des cribed as 
thru s t  over the oph io l i t e  (Rohr , 1 9 7 2 ) , or as part o f  
a n  i s l and arc (Potter and others , 1 9 7 5 ) , t h e  mapped 
r e l at i onships do not support e i ther hypothes i s . The 
contact is not wel l - expo s ed but b a s ed on the sma l l  
out crops avai l ab l e ,  and on fl oat , there appears t o  b e  
a gradat i on upward from undoubted d i k e - and- s i l l  
comp l ex into a ma s s i ve fin e - grained rock res emb l ing 
the d i abas e ,  into a porphyr i t i c  rock res emb l ing the 
v o l c ani c s , and fina l l y  into undoubt ed vo l can i c  rock . 
Part i c u l ar l y c omp e l l ing i s  the obs ervat ion that in 
a l l  l o c a l i t i e s where thes e rather d i s t inc t i v e  vo l 
cani c rocks crop out , they exhibit the s ame s t rat i 
graph i c  r e l at i onship , grad ing downward into d i k e - and
s i l l  comp l ex ,  and then into d i orit e or gabbro 
( F i g s . 2 ,  3 ) . 

Pegmat i t i c  Gabbro s 

Pegmat it i c  gabbro s under l i e  South China Mount a in, 
part of China Mount ain , Kangaro o Lake , and occur as 
dikes and s ma l l  s t o c k s  throughout the mapped area 
( F i g . 3 ) . They t yp i c a l l y  cons i s t  o f  a l t ered fel dspar 
(usua l l y  s aussur i t i z ed but s omet imes a l t ered t o  hydro
garnet ) and hornb l end e - r imm ed pyroxene crys t a l s  as 
l arge as 1 0  em in d i amet er , and l o c a l l y  may exhibit 
z ones o f  med ium- or co ars e - grained ( . 2 - . 5  em) gabbro . 
The pegmat i t i c  gabbros are common l y  cut by numerous 
dikes of quart z d i orit e ,  ho rnb l ende pegmat i t e ,  and 
ap l i t e .  

F i e l d  r e l at i ons demonstrat e t hat the pegmat i t i c  
gabbro s were intruded into t h e  ophi o l i t e  comp l ex 
a ft er some fo l d ing and fau l t i ng oc curred , but b e fore 
any o f  the over l ying s ed iments or vo l can i c s  were 
pr e s ent . For examp l e ,  t h e  rel at ionships on the w es t 
shoul der o f  China Mount ain ( F i g . 3 )  ind i c a t e  th at the 
amphibo l i t i c  gabbro and recrystal l i z ed c l i nopyroxeni te 
were fau l t ed against s erpent ini z ed harz burg i t e  b e fore 
the int rus ion of the p e gmat i t i c  gabbro body whi ch 
forms the peak o f  China Mount ain . Th i s  obs ervat ion 
agrees with U - Pb dat es obtained by Mat t i n s on and 
Hop s on which sugg e s t  t hat the pegmat i t i c  gabbro s are 
about 3 0 - 4 0  m . y .  younger t han the l ayered gabbros 
( C . A. Hop s on , pers . comm . , 1 9 7 5 ) . 

Becau s e  the pegmat i t i c  gabbro s are a s s o c iated 
only with the ophio l i t i c ro cks , they are inc l uded in 
the Trinity oph i o l i t e  comp l ex .  I t  i s  l i k e l y  that 
they are the resu l t  o f  l a t e - stage magmat i c  ac t i v i t y  
w i t h i n  o c ean i c  c rust . 

Sediment ary Rocks 

The Trinity oph i o l i t e  has been deep l y  eroded . 
No p e l ag i c  sediment s are pres erved at i t s  top , and 
probab l y  most o f  the original s e c t i on o f  vo l cani c 
rocks ha s b e en removed . Some very immature vo l cano 
genic graywac kes and mud s tones are interbedded with 
the mafic v o l c an i c  rocks at Lovers Leap ( F i g . 3 ) , but 
they are of l im i t ed ext ent . 

One other s ed iment ary depo s i t  wh ich may b e  
relat ed to t h e  Trinity ophio l i t e  has b e en obs erv ed . 
Thi s  depo s i t , at the north end o f  the mapped area , i s  
marked "m?" o n  F i gure 3 .  The depo s i t  i s  an unb edded 
s ed imentary brec c i a  cons i s t ing of angu lar uns orted 
c l as t s  up to S O  em in diameter . Rock types present 
as c l as t s  include l ayered gabbro , amphibo l i t i c  gabbro, 
d ior i t e , quart z dior i t e  (a l l  sim i l ar t o  rocks of the 

Trinity ophio l i t e ) ; d i abas e ,  s i l i c e ous argi l l i t e ,  and 
quart z i t e  or recryst a l l i z ed chert . About 8 0 - 9 0 %  o f  
t h e  c l as t s  a r e  oph io l i t i c  rocks . 

My fi e l d  a s s i s t ant , Catherine Anderson , und er
t o ok a pet rograph i c  s tudy o f  c l as t s  from this brec c i a  
in 1 9 7 6  as a s enior res earch proj ect a t  the Univer
sity o f  C a l i forni a , Dav i s . She found that many of 
the fine - grained c l as t s  are actua l l y  my loni t e s , and 
that many of the coarser- grained c l a s t s  exhibit 
various s t ages o f  catac l as i s . E l ectron mi croprobe 
ana l ys e s  o f  gabbros and met agabbro c l as t s  show that 
they cou l d  hav e  b e en derived from gabbros o f  the 
Trinity ophio l i t e  (C . And erson , wri t t en comm . , 1 9 76) . 
One g abbr o i c  c l as t  c o l l ec t ed by Ms . And erson and me 
is comp o s e d  part l y  o f  d i aba s e  which was intruded 
a ft er catac l as i s  occurred . 

The brec c i a  depo s i t  over l i e s s erpent ini z ed 
har zburg i t e  of the Tr i n i t y  ophio l i t e ,  and on the east 
s i de it app ears t o  be fau l t ed against l ayered gabbro . 
Above it are the overthru s t  sha l e s  and s i l t s t ones o f  
t h e  G a z e l l e  Format ion . S im i l ar brec c i a s  have not 
b e en obs erved e l s ewhere within the mapped area 
( F i g . 3 ) . 

I t  i s  l i k e l y  that the c l as t s  in t h i s  breccia 
originat ed in an o c ean i c  fracture zone and that the 
brec c i a  i t s e l f  formed in or near such a fracture 
z one . The c omp l et e  ab s enc e of u l t rama fic c l a s t s  in 
the brec c i a  sug g e s t s  t hat it was transported t o  its 
pres ent l o c at i on subs equent t o  i t s  format i on . 

Structure 

Structure within the Tri n i t y  ophio l i t e  i s  
comp l ex .  The u l trama fic t ectoni t e s exh i b i t  a t  l e ast 
three g en erat ions o f  s truc tures ; the mafic cumu l at e s  
above them exhi b i t  l e s s  d e format ion , but at l ea s t  
o n e  generat ion o f  fo l d s  i s  p r e s ent ( L inds l ey- Gri ffin , 
in prep . ) . The cont act between the u l t rama fic and 
mafi c rocks is sheared , and l ayering (d efined in both 
l i t ho l og i e s  by a change in the r e l at i v e  proport ions 
of minera l s )  strikes into the contact at varying 
ang l es . Layering within ei ther the peridot i t e  or 
the gabbro may a l so b e  l o c a l l y  para l l e l or perpen
d i cu l ar t o  the cont act . 

S ev eral generat ions o f  fau l t ing hav e affected 
the Tr init y ophio l i t e ,  the ear l i est having oc curred 
b e fore j uxtapo s i t ion of the ophio l i t e  and the over
l ying rocks , and b e fore intrus ion of the pegmat i t i c  
gabbro s . Some o f  the ear l y  fo l d ing and fau l t ing 
probab l y  o c curred within the o c eani c  crus t ,  but some 
may have o c curred during emp l ac ement . The j umb l ing 
and l oc a l  ov erturning of fau l t  b l ocks a l ong the 
northwes t ern edge of the ophio l i t e  ( F i g . 3)  may have 
o c curred any t ime b e fore or during the j uxtapo s i t ion 
o f  the overl ying t hru s t  sheet s . Some o f  the minor 
high - ang l e  r evers e fau l t s  may be r e l a t ed to emp l a c e 
ment o f  the overl ying t hru s t  sheet s , a l t hough not a l l 
o f  these fau l t s  cut the thru s t  s heet s . 

OPHIOL IT E S  AND MELANGE 

Oph i o l i tes ar e typ i c a l ly a s so c i a te d  wi th b e l t s  

o f  me l ange , wh ich may i nc lude te c t o n i c  fr agment s o f  

b lue s ch i st ( Hs u ,  1 9 7 1 ; Co l eman and Irwi n ,  1 9 74 ) .  In 
1 9 6 8 , Hs u ( p .  1 065 ) de f i ne d  me l ange s as "mappab le 
b od i es of de f o rmed ro cks c h a rac t e ri z ed by t he inc lu
s io n  of t e c t o n i c a l ly mixed fr agme n t s or b locks , wh ich 
may r ange u p . to s e v e r a l  m i l e s  l ong , in a p e r va s ive l y  
sheared , f ine-gr ai ned and c ommo n l y  p e l i t ic m a t r ix" . 
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Hsu d i s t inguished. betwc.en nat ive b l o cks , " d i srupted 
bri t t l e layers which were once interbedded wi th the 
duc t i l ey deformed matr ix" , and exo t ic b l ocks , " t e c ton
ic inc l u s i ons d e t ached f r om some rock-s tratigraph ic 
u n i t s  foreign to the main body of the melange" ( H s u ,  
19 68 , p .  1065 ) .  Every mel ange contains native and 
e xo t ic b locks , as we l l  as a ma t r i x .  

S i nce t he n ,  nume rous worke rs have contributed t o  
t h e  cont inuing d i s c u s s ion of melange s .  Berkland and 
others ( 19 7 2 ,  p .  2 2 9 6 )  redef ined the term as " • • •  a 
mappab le body of r ock charac ter ized by the inc lusion 
o f  fragmented and gener a l l y  sheared ma trix of more 
tr actab le mater i a l . "  Th is d e f in i t i on permits the 
term melange to be applied t o  rock uni t s  of both 
tectonic and s e d i mentary ( o l i s t os troma l )  o r i g i n .  
Howeve r ,  Raymond ( 19 7 5 )  fo l l owed H s u  ( 1 968 ) in re
s t r i c t ing the term me l a nge to as semb lages c onta in
ing e xo t ic bl ocks , whereas both Cowan ( 19 7 4 )  and 
Beutner ( 1 9 7 5 )  sugge s t ed tha t th is r e s t r i c t ion is too 
l im i t i ng .  

Exo t ic blo cks may cons i s t  o f  a variet y o f  l i tho
logies i nc l uding s e d ime ntary , me tamorph ic , and 
igneous rocks ; fragments derived from oph i o l it es are 
common. Exo t i c  b lock c ompo s i t ions reported by 
Maxwe l l  ( 1 9 7 4 )  for the Franc i scan complex inc lude 
che r t , vo lc anic rocks , graywacke , s e rpent i n i t e , 
b l ue sch i s t , s c h is t ,  phy l l i t e , and greens tone . The 
di ve rse me l a nge u n i t s  may be interc alat ed w i th ,  or 
part ial ly ove r l a in by , r e l a t ive l y  und i s turbed sedimen
tary s e q uence s ;  they may a l so inc lude r e l a t ive l y  
large b l ocks i n  wh ich t h e  o r i g i nal s t rat igraph ic 
s uc c e s s i o n  is s t i l l  prese rved ( Fox , 1 9 76 ) .  

Maxwel l ' s  model ( 1 9 74 )  for the origin o f  the 
Franc i scan complex i nvokes a complex int erac t i on 
b e tween the proc e s s e s  of tectoni sm, d i ap i r i s m ,  and 
normal sed iment a t i o n  aided by gravi ty-s l id i ng in a 
trench environment to exp l a in the observed relat ion
ship s .  Varia t i ons in basement compo s i t ion as we l l  as 
detai l s  of l oc a l  pat terns of sedimen tat ion and 
tectonism produce me l ange un i t s  charac terized by 
d i s t inct assemb lages o f  exo t ic b locks . 

As Hsu ( 1 9 6 8 )  pointed out , in rock un i t s  o f  th i s  
type i t  cannot b e  as sumed t ha t  faunal as s emb lages 
cont ain no exot ic e l eme nt s ,  f o r  the princ i p l e s  of 
s t ratal cont inui t y  and s uperpo s i t ion can not be 
r i g i d l y  a p p l i e d .  In my opinion,  i t  i s  in l i thologic 
assemb lages o f  th is type that careful and exhau s t ive 
paleontolog ic s tudy becomes ind i spensab le . Once the 
d iverse me l a nge un i t s  are rec ogn ized and mapped , 
cons ideration of faunas c ontained w i th i n each d i s 
t inct un it may perm i t  recons truc t ion of the envi ron
ment and age of the source area for those rocks . 
A l t hough it might not be po s s ib le to res tore the 
ind i vidual melange u n i t s  to the i r  original pos i t i ons 
r e l a t ive to one another , s uch d a ta can be of he l p  in 
v i sua l i z ing the pal eogeography of the source are a .  
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But j us t  what i s  "melange" and how is it to be 
recogn ized? The many and o f t e n  con f l i c t ing opin ions 
i n  the l i terature sugge s t  that "melange" is a concept 
which i s  s t i l l  evo lving .  Howeve r ,  I pe rsona l l y  be
l i eve th at for the present , the more f lexible defi
nit ion of Berkland and others ( 19 7 2 )  is more usef ul , 
that is , that me l ange may be both t ectonic and sedi 
mentary in o r 1 g 1 n .  Thu s ,  I have adop ted their de fi 
ni t ion in d i s c u s s ing the eas tern Klamath Moun tains . 

Melange Re lated to the T r i n i ty Oph i o l i t e 

Structurp l l y  ove r l y i ng the Trini ty oph i o l i te 
a l ong i t s  northwestern edge ( F i gs . 3 , 4 )  i s  an as sem
b lage of rocks of d iverse age and o r i g i n .  Stratal 
cont inui ty can be demons trated loca l ly ,  but few 
l i thologic un i t s  c a n be traced more than 1 00 me te r s ,  
and mos t are much smal l e r .  Ca reful mapping b y  the 
author in some of the be tter-exposed loca l i t i es 
reve a l s  that d i s t i nct ive l i tho l ogies common l y  occur 
as lensoidal or phac oida l - s haped bod i e s  th at are of 
l imited extent , and wh ich exh i b i t sub-paral lel 
al ignment . Internal be dding with i n the lenses or 
phac o i d s  i s  rarely para l le l  to their external s hape , 
thus arguing aga ins t s imple interbed d i ng of d i fferent 
fac i e s .  

Other s ign i f i cant charac t eri s t i c s  inc lude : 
( 1 )  juxt apos i t ion o f  l i thologies o f  d i f fe rent age 
( based upon fos s i l s  c o l lected in part b y  t he author 
and i d e n t i f i e d  by A . J .  Boucot and h i s  a s s o c i a te s ) , 
( 2 )  c lo s e  j u x t apos i t ion of l i tho logies o f  d i f fe r ent 
environment of depos i t ion and provenance w i thout 
obvious s i gns o f  fau l t ing , and ( 3 )  prese nce of exo t ic 
b l ocks of ophio l i t ic fragme n t s  and metamorph ic rocks 
( Tab le 2 ) . Between the b locks of d i ve rse l i tho logy 
i s  a very poorly exposed ma trix o f  muds tone or 
s i l t stone , which does not exhi bi t bedding.  I t  is 
mass ive to poorly fo l i at ed , and is c ommo n l y  seen only 
as inc ons p icuous fragment s  in the f l oa t .  S i gn i f i c ant 
sed imentary l i th o lo g i e s  ( s ummarized in Tab le 2) 
inc lude re efal lime st one of va rious age s ,  bedded 
c hert , gr aywacke , s hale , and a variety of d i s t inc t i ve 
c ong lomerate lenses c ontai ning di f fe rent as semb l age s 
o f  c l a s t s . Bl ocks o f  igneous and metamo rphic rocks 
are rare to ab sent in some loca l i t i es but are common 
in others ( Table 2, F i g .  5 ) .  

These d a ta ind icat e tha t this assemb l age is a 
me l ange , but one in which exo t i c b l ocks are rare , 
metamorphism i s  l ow to non-ex i s tant , and i n tense 
deforma ti o n  such as i s  seen i n  much of the Franciscan 
complex is  not prese n t .  Such a me l ange might conce iv
ab ly deve l op at very shal l ow depths with i n  a trenc h ,  
o r  perhaps o n  the edge of the trench- s l ope break 
( Ka r i g ,  1 9 7 2 ,  1 9 74 ) .  In the l a t te r  case , gravi ty
s l i d i ng i n t e r s pe rsed wi th s p i l love rs from an inner 
t rench b a s i n  (Karig , 1 9 7 4 )  wou l d  l ikely be more im-

A' 

2 3 

Figure 4 .  Structural cros s sect ion along l i ne A-A ' of F i gure 3 . Symb o l s  and pa t te rns same as in F i gure 3 . 
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TABLE 2 .  MELANGE UN ITS AND THE IR CHARACT E R I S T I C  L ITHOLOG I E S .  

UN I T  L ITHOLOGIE S 

W i l low C r e ek 

Moun t a in H o u s e  

C r a t e r  C r eek 

Gregg Ranch 

Love r s  L e ap 

Cab i n  Me adow 

Sed iment ary 
( e xc l u d i n g  c o ng l ome r a t e )  

b l a c k  ch e r t  
s i l t s t o ne 
g r aywa cke 

und e f o rmed bedded ch e r t 
s t r ong l y  fo l d e d  bed ded 

chert ( may be s o f t
s e d iment d e f o rm a t i o n )  

bedded s h a l e  
ma s s ive l ime s t o ne ( a ge un

know n )  
qua r t z wacke 

bed ded s h a l e  
Devo ni an ( 2 )  l i me s t o n e  
vo l c a n o ge n i c  g r a ywa cke 

wel l -b e d ded Ordov i c i a n ( 2 )  
sh a l e  

Devo ni an ( 2 )  a l g a l  l i me-
s to ne 

mas s ive l ime s t o ne ( age 
unknown ) 

ve ry a ngu l a r  v o l c ano g e n i c  
gr aywacke 

seve r a l  l a r ge b lo c ks 
. 5- l  km i n  d i ame t er 
of O r d ov i c i an ( 4 )  

and p o s s i b ly some i n t e r 
b e d d e d  graywacke and mud
s t one 

S i l ur i an ( 4 )  l i me s t o ne 
graywa cke int e r b e d d e d  wi th 

sh a l e  

sh a l e  
ma s s ive gr aywacke 

( pa r t  of me l a nge 
ma t r ix ? ) 

C o ng l ome r a t e  typ e s  
d i s t i ng u i shed b y  c l a s t s  
(wi th gr aywa cke ma tr ix ) 

g r aywacke and s i l t s t one 

gr aywa c ke w i th Devo nian 
l ime s t o ne 

s t r on g l y  fo l i at ed c o ng l o
me ra te w i th f l a t t e ned 
c l a s t s  of gr ay l ime-
s t one , b la c k  s i l t y l ime
s t o ne , non-oph i o l i t i c  d i o 
r i t e , ch e r t , mud s to ne and 
s i l t s t one , p hy l l i t e , b e d ded 
sha l e , ch l o r i t i c  q ua r t z i t e ,  
ch e r t b r e c c i a  ( 1 )  

l ime s t o ne and g r aywacke 
round e d  ma f i c  vo l c an i c s  in 

ang u l a r  vo l canoge n i c  
ma t r i x  o f  s ame c ompo s i
t i o n  

ang u l a r  oph i o l i t i c vo l c a ni c s  
d i f fe r en t f r om t h e  ab ove , 
in m a t r i x  of s ame c ompo s i 
t i on 

s i l t s t o ne and mud s tone 
p r e d om i n an t l y  vo l c a n i c s  w i th 

mino r oph i o l i t ic d i o r i t e  
a n d  g r aywacke 

b o t h  g r aywa cke and l ime s t o ne 
in v a r y i n g  p r o po r t ions 

ent ire l y  l ime s to n e , b u t  d i f
f e r en t  type s in each l e ns 

c h e r t  g r a nu l e s  and pe b b l e s  ( 3 )  

Ordov i c i an ( 4 )  l ime s tone 
c l a s t s  

c l a s t s  o f  S i l u r i an ( 5 )  
vo l c a n i c s , r a r e  l ime s t o ne , 

s i l t s t one and gr aywa cke , 
and d i o r i t e  wh i ch i s  the 
same age and compo s i t io n  
as thos e o f  t h e  T r i n i t y  
c omp l e x  ( 6 )  

g r aywacke and s i l t s t one 
Devo n i an l ime s t o ne ; g r ay

wacke , s i l t s t o n e  

Igneou s -me t amo rph i c  

marb l e  o r  rec rys t a l l i z e d  
l ime s t o ne 

amph ib o l i t e  
l a y e r e d  h o rnb lende gabbro 

and h o rnb l e nd i t e  
pe r i d o t i t e  
ac t in o l i te s ch i s t  
ch l o r i t i c  q ua r t z i te and 

phy l l i t e 
marb l e  o r  rec rys t a l l i z e d  

l i me s t o ne 
s l a t e  o r  very s i l i c e o u s  

s h a l e  

no t o b s erved 

ma s s ive m i c a c e o u s  s i l t s t one 
( p a r t  of me l ange ma t r ix ? ) 

g r e en s t o n e  
oph i o l i t i c d i o r i t e  ( exo t i c  

b l o c k ?  o r  b a s ement 
showing through t h i n  
ve ne e r ? )  

not o b s e rv e d  

no t o b s e rved 



UN I T  

Upper G r ou s e  
C r eek 

Lowe r G r ou s e  
C r eek 

B o nn e t  Rock 
( Y r eka Quad ) 

Ho rs e s hoe Gu l ch 
( Fo r t  J o ne s  
Quad ) 

Mo f fe t t  Gu l ch 
( 1 4 )  
( Y r eka Quad ) 

TR I N I T Y  O PH I O L I T E - LI N D S LEY-G R I F F I N  

Sed iment ary 
( exc l ud ing cong l omerat e )  

mu d s to n e  and s ha l e  
qua r t z  wa cke 
ma s s ive l ime s t o ne 
i n t e r b e d d e d  s i l t s t o ne 

and s ha l e  w i th s l ump 
s t ru c t u r e s 

fe l d s p a t hi c s and s t one 

Devo n i an ( 7 )  f o s s i l i f
e r ou s  gr ay l i me s tone 

i n t e rbed ded shale and 
s i l t s t o ne 

in t e r b e d ded mud s t o ne 
and graywacke 

l a rge b l o ck ( ab out . 5  km 
d i ame ter ) c on s is t i ng of a 
s equence of gr aywa c k e s  
and che rt s c a ppe d  by m a s 
s ive l ime s t one 

red shale and s i l t s t o ne 
g r e en s ha l e  and s i l t s t one 

i n t e rbed ded wi th ve ry 
s i l ty l i me s tone 

mid d l e  O r d o v i c i an ( 9 )  s ha l e  
seve r a l  t ype s o f  l ime s t o ne 

of Ordovic i an ,  S i l ur i a n , 
and Devo n i an age ( 1 0 )  
arko s e  ( 1 0 )  

l ime s t o ne 

TABLE 2 - - cont i nued 

L I THOLOG I ES 

Cong l omerat e typ e s  
d i s t ingui shed by c l a s t s  
(with graywacke mat r i x )  

gr aywa cke 
r ound e d  vo l c a n i c s  in vo l c ano

genic m a t r ix , i n t e r b e d d e d  
w i th gr aywa cke and m i n o r  
sh a l e  

ang u l a r  c l a s t s  o f  d i or i t e , 
bu l l  qua r t z , quart z i t e 
( me tamo rph i c ) ,  qua r t z i t e 
c ong lome r a t e , qua r t z  s and 
s t o ne , ke ra tophy r e , phy l
l i t e ( not s ame phy l l i t e  a s  
t h e  o ne i n  Moun t a in Hou s e  
c ong lome r a t e ) 

ch e r t , vo l c an i c  p e b b l e s , 
qua r t z - f e l d s pa r  s an d s tone 

l i me s tone , d i o r i t e  ( 1 0 )  
lime s t o ne , gr aywa cke 
vo l ca n i c s  

I gneous -met amorph i c  

not o b s e rv e d  

s e rp e n t i n i z e d  p e r i d o t i te 
py r oxe n i t e 
pegma t i t i c  gab b r o  

vo l c a n i c s  and p i l l ow 
vo l c a n i c s  ( l o c a l  rare 
i n t e r b e d s  of pe l i t i c  
s e d ime n t s )  

se rpe n t i n i t e  ( 1 1 )  
vo l c an i c  rocks ( 1 2 )  
b l ue s ch i s t  ( 1 3 )  

marb le 
g r e en s t o ne 
b l ue s ch i s t  
t r ond j h emi te ( 1 5 )  
ma tr ix o f  g r e e ns ch i s t -
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Th i s  a s s emb l age w a s  de s c r ib e d  by Ho t z , 1 9 74 a s : 
"gr ee ns ch is t - a l  bi t e -ch l o r i  t e - e p i d o t e - a c t  ino l i t e  
s ch i s t  and phy l l i t e ;  l i me s tone l e ns e s ; mino r  s i l i 
ceous phy l l i t e  and s emi s ch i s t ; a few sma l l t e c t o n i c  
b l ocks o f  g l au c ophane- l aws o n i t e  b lue s ch i s t . "  

g r a d e  phy l l i t e and s ch i s t . 

( 1 )  

( 2 )  
( 3 )  
( 4 )  
( 5 )  
( 6 )  
( 7 )  
( 8 )  

( 9 )  
( l O )  
( 1 1 )  
( 1 2 )  

( 1 3 )  

( 1 4 )  
( 1 5 )  

Appe ara nc e i s  s t r i k i ng ly s i� i l a r  t o  th a t  o f  t e c t o n i c  me l ange de s c r ib e d  by C owan ( 1 9 74 ) and s hown 
in h i s  F i gu r e  4b . 

D a t e s  b y  A. J .  Bou c ot and a s s o c i a te s , in p a r t  b a s e d  on f o s s i l s  c o l l e c t e d  by t h e  au tho r .  
May be l ong to ove r t hr u s t  G a z e l l e  F o rma t i o n .  
D a t e s  fr om Rohr , 1 9 72 .  
A .  J .  Bou c o t , p e r s o na l  commun i c a t i o n ,  1 9 7 3 .  
Ma t t in s o n  and Hop son , 1 9 7 3 .  
S avage , 1 9 7 6 .  
B a s e d  i n  p a r t  o n  work b y  M i cb ae l  Churk i n , Jr . ( Churk i n  and Lange nh e im ,  1 9 60 ) ; o n  rec onn a i s s anc e b y  

John R .  Gr i f f i n ,  1 9 7 0- 7 1 ; s up p leme n t ed b y  rec onn a i s s ance b y  the au t ho r ,  1 9 70- 75 . 
Be rry and o t h e r s , 1 9 73 .  
Zdanowic z ,  1 9 7 1 .  
John R .  Gr i f f in , pe r s o n a l  c ommun ic a t i on , 1 9 7 4 .  
Ac c o rd i ng t o  P o t te r  and other s ( 1 9 75 ) ,  t h i s  i s  qua r t z  k e r a tophy r e  and may b e l ong t o  the Tr i n i t y  

ophio l i t e . 
Susan M .  C a s hman , wr i t t e n  commun i c a t i o n ,  Janua ry , 1 9 7 7 .  ( B l ue s ch i s t  w a s  f i r s t r e c ogn i z e d  t h e r e  by 

P. E .  Hot z ;  la te r  conf i rmed by C a s hman . ) 
Ho t z , 1 9 74 ;  s upp lement ed by r ec onn a i s s ance in 1 9 74- 75  by the au t h o r  and John R. Gr i f f i n .  
Ac c o rd i ng t o  Ho t z , 1 9 74 ,  s im i l a r  to rocks a t  Lov e r s  Le ap wh ich t h e  au t h o r  c ons i d e r s  t o  b e  p a r t  o f  

the T r in i ty ophio l i t e .  
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portant contributors of ma terial than tec tonic mixing 
of basement fragment s .  Tec toni cal ly cont rol led ba
s ins of l imi ted extent which have been desc ribed at 
accre t ing plate marg ins ( Schwe l l er and Kulm, 1 9 7 6 )  
might permit the accumu l a tion o f  r e l a t ively large 
" b locks " o f  turbid i t e  sediment in which internal 
s t rat igr aphy is preserved , or they might serve as 
c a tch-basins for s ubmarine mud f l ows or debr i s  f l ows 
carrying e xo t i c b locks acquired u p s l ope . 

Al though no b lu e s ch i s t  has yet been found in the 
me l a nge immediate l y  adj acent to the oph i o l i t e ,  b l ue
sch i s t  has been reported in Ho r s e s hoe Gulch ( S. M. 
Cashman , pe r s .  comm. , 1 9 7 7 ) ,  which l ies to the west 
( F ig . 5 ;  Tab le 2) . Hotz ( 1 974)  reported bluesch i s t  
b l ocks i n  Mof fe t t  Gulch ( F i g .  5 )  to t h e  northwe s t  of 
the Trini ty ophi o l i t e .  Assoc iated w i th the b l ue sch i s t  
i n  Mof fe t t  Gulch are a varie ty of rocks , including 
some which may be ophio l i t e fragments (Tab le 2) · 

Reconna is sance by John R. G r i f f i n  and me in 1 9 74 
sugge s t s  that these rocks may be part of a me l ange 
wh ich has expe r i enced great e r  de forma ti on and meta
morphism than the mel ange ad j acent to the Trinity 
ophio l i t e . Howeve r ,  i t  is not c lear what the 
rela tionship b e tween the two as semb l ages may be . 

The Mo f fe t t  G u l ch assemb lage might be a cont inua t i on 
of the melange exposed a l ong the edge of the Trin i ty 
ophio l i t e ,  or it might be comp l e t e l y  unrel a t ed .  

REGI ONAL S ETTING OF T HE  TRINITY OPHIOLITE 

Before d e t e rmining the time of accre t io n  of an 
oph i o l i t e onto the c ont inental margin,  i t s  r e l a t ion
ship to the sur round ing rock units must be ascertain
e d .  Of c ons iderable impo rt ance is the age and type 
of basement , i f  any , over wh ich the ophi o l i te i s  
emp laced . 

In the case of the Tri n i ty ophi o l i t e ,  howeve r ,  
ne ither older nor s t ructural l y  lower rocks have been 
d i s cove red . It has been sugges ted that the Trini t y  
c omplex was emplaced b y  t hrus t i ng or intrusion into 
rocks o f  the Cent r a l  Me tamorphic B e l t  ( Lipman, 1964;  
Davis , 1 9 6 8 ) , b u t  t h e  area where t h e s e  r e l a t ionships 
have been observed i s  50  km southwe s t  o f  the main 
body of the Trin i ty ophio l i t e .  A compa r i s o n  between 
s tructural s ty le s  and me tamo rph is m  of the two areas 
( L ipman , 1 9 64 ;  Hot z , 1 9 74 ;  Lind s ley-Gr i f fin and Roh r ,  
1 9 7 7 )  sugges t s  that the rocks a l ong the wes tern edge 
of the Trini t y  shee t ( F i g .  1 )  have expe r i enced a 
d i f ferent tectonic h i story t han the main b od y ,  and 
may even be entirely unre la ted t o  i t .  Th is strip o f  
u l t rama fic and ma fic rocks , as shown i n  Figure 1 ,  i s  
cont inuous wi th the Trinity sheet al ong i t s  south
wes t ern edge but near Cal lahan diverges from the main 
sheet and cont inue s northward as a thin septum al ong 
Scot t Val ley to northea s t  of Yreka . 

Rocks of the Ove rthru s t  Sheets 

To the we s t  and northwe s t , the Trinity ophi o l i te 
and the j ux t aposed melange are ove r l a i n  by a complex 
of imb r i c ated thru s t  sheets ( F igs . 3 , 4) which are 
composed of sedimentary and me tasedimentary rocks 
(Hotz , 1 9 74 ;  L inds ley-Gr i f f i n and Roh r , 1 9 7 7 ) .  As 
shown on Figure 3 ,  these inc lude the Gaze l le Forma
t ion, cal careous qua rtz i te and me t a s i l t s tone which 
may be �orrel a t ive to the Mo f f e t t  Creek Formation 
( Po t t e r  and othe rs , 1 9 7 7 ; Ho tz , in pre s s ) ,  and 
phy l l i t es which were originally a s s i gned to the Du z e l  
Formation o f  Wel l s and others ( 1 959)  and more recent
l y  t o  the Duzel Phy l l i t e  (Hotz , in press ) .  . 

The Gaze l le Format i o n  ( F i g .  3 )  cons i s t s of a se
quence of s i l iceou s  shales interbedded wi th t u f fa-
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m.les 
0 2 
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Figure 5.  Locat ions o f  melange units de s c r ibed 
in Tab le 2 .  

ceous s i l t s t ones , and che rty sands tones and granu le 
to pebb l e  cong l omerates . Rare interbeds o f  a very 
sa ndy ,  organic-r ich , rus ty-we athering b l ack l imes tone 
are a l s o  present . The s h a l e s  are commonly thin 
bedded , whereas the c oarser interbeds vary in thick
n e s s  from a few cent ime ters to about .5 meter s .  
Rocks o f  this thru s t  p l a te are probab l y  S i luro
Devonian in age (A. J .  Bouc ot , pers . c omm. , 1 9 74 ;  
Savage , 1 9 7 7 ) and formed i n  a quie t ,  f a i r l y  deep 
marine environment . They e xh i b i t  a s ingle generat ion 
o f  folds and have undergone l i t t le or no me tamor
ph ism. The Gaze l le Forma tion thru s t  plate directly 
ove r l i e s  the Trinity oph i o l i te in some p l ac e s , 
whereas i n  other p laces i t  overl ies the me lange sheet 
which i n  turn ove r l i e s  the oph i o l i te ( F ig s .  3 , 4 ) .  

Al t hough I have mapped t h e  l ower contact o f  the 
Gaz e l l e Forma t i o n  as a l ow-angle f au l t , Potter 
( 1 9 77 ) ,  in di scuss ing a l oc a l i ty j u s t  north of my 
area , de sc ribes th i s  c ontact as a "sheared depo s i
t ional contac t " .  Such apparen t l y  contrad i ctory 
evidence as to the na ture of c on t ac t s  is c ommon in 
melange terranes ( H s u ,  1968 ; Cowa n ,  1 9 7 4 ;  Maxwe l l ,  
1 9 74 ) .  According t o  H s u  ( 1 9 68 ) , a contact between a 
c oherent rock-s t r a t i graphic unit and a tectonic 
melange which seems to b e  al l ochthonous in one 

· l oc a l i ty and autochthonous in another may be evidence 
that the two are coeva l .  Thu s ,  the Gaz e l le Formation 
may have been depo s i t ed over the melange whi l e  the 
mel a nge was forming . 

Thrust over the Gaz e l l e Forma t i on are rocks 
which probably b e l ong to the Mof fe t t  Creek Format i on 
( P o t t e r  and other s ,  1 9 7 7 ; Hot z , i n  pres s ) .  Th is 
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thru s t  she e t , a t  l e as t  in the a r e a  o f  F igure 3 ,  i s  
c ompo s e d  o f  i n t e r b e d d e d  phy l l i te and c a l c areous 
qua r t z i t e .  Th e ra ther d i s t in c t ive quar t z i t e i s  an 
ext r eme l y  h a r d , f i ne - g r a ined , gray- b r own , qua r t z - r ich 
r oc k ,  o f t en ma s s ive in ap pe aran c e , wh ich weathe rs to 
a l i ght b rown c o l o r .  Th i s  q u a r t z i te-phy l l i t e  se
quence exh i b i t s  graded b e d d i ng , c onvo l u t e  b e d d ing and 
other f e a t ur e s  typ i c a l  o f  tur b i d i t e s e q uenc e s , and i t  
p r obab l y  r ep r e s e n t s  a p o r t ion o f  a deep- s e a  turb id i t e  
fa n .  I t  i s  a l s o  c h a r a c t e r i z e d  b y  zone s  o f  d i s ru p t e d  
b e d d i ng , s l ump f o l d s , and s e d ime n t a ry b r e c c i a ,  and 
thus probab l y  f o rmed a t  l e a s t  in p a r t  where r e l a
t ive l y  s te ep s l ope s were p r e s e n t . Th e s e  rocks have 
been me t amorpho s e d  t o  v e r y  l ow greens c h i s t  fac i e s  and 
exh ib i t  at l e a s t two g e n e r a t ions o f  t e c t o n i c  f o l d ing 
( L i nd s l ey-Gr i f f i n ,  in prep . ) . A l ong Wi l l ow Creek , 
j us t  north o f  the area o f  F i gure 3 ,  they are fau l t ed 
against the Trinity ophi o l i t e  a l o ng h i gh - ang l e  fau l t s . 

The phy l l i t e s  ( F i g .  3 )  wh ich are thru s t  ove r 
b o t h  the c a l c a r e o u s  qua r t z i te and t he Ga z e l l e  F o rma
t io n  are g r ee n ,  ch l or i te-r i ch , t h in-bedded phy l l i t es 
w i th s p a r s e  i n t e r be d s  of ve ry fine me t a s i l t s t o n e . 
They pr obab ly s h ou l d  be p l a c e d  in the D u z e l  Phy l l i t e 
( H o t z , in p r e s s ) . Th ey h ave b e e n  me tamo rpho s e d  t o  
l ow g r e ens ch i s t  fa c i e s , pe rh a p s  a l i t t l e  h i gher than 
the c a l c a r e o u s  qu a r t z i t e ,  and exh ib i t  at l e a s t  two , 
p o s s i b l y t h r e e , gener a t ions o f  fo l d i ng ( L i nd s l e y
G r i f f in , in prep . ) . Th e s e  phyl l it e s  probab l y  r epre
s ent d i s t a l  turb i d i t e s , but t h e i r  age i s  not known . 

Younger Igneous Rocks 

Th e T r i n i ty oph io l i t e i s  cut b y  nume r ou s  d i k e s  
and s t ocks , many o f  wh ich a l s o  i n t rude t h e  s e d ime n
t ar y  and me t a s e d iment ary r ocks o f  the ove r ly i ng 
thru s t  she e t s .  Some of the d ik e s  c a n  be t r a c e d  
upward i n t o  v o l c a n ic ro cks wh ich ove r l i e  b o t h  th e 
T r i n i ty oph io l i te and t h e  me l a nge in nume rou s l oc a l i
t i es ( F i g .  3 ,  Un i t  "v " ) . Th e s e  y oung e r  vo l c a n i c  
r o c k s  a r e  s p i l i te s  and ke ra tophy r e s , c ommo n l y  ch ar
a c t e r i z e d by l a rge g r e e n  p y r oxene phen oc rys t s .  Th ey 
c o ns i s t  of mas s ive to p i l lowed lavas and b re c c i a s , 
w i th r a r e  i n t e r be d s  o f  tu f f  o r  vo l canoge n i c  gr ay
wacke . F i e l d  r e l a t io n s  c le a r l y  demo ns t r a t e  tha t 
the s e  vo l canic ro cks are d i s t in c t  fr om the oph i o l i t i c 
vo l c a n i c s  and that they a re y oung e r  than b o t h  the 
oph io l i t e  and t he mel a nge . F i e l d  r e l a t ions furth e r  
s u g ge s t  t h a t  the s e  y oung e r  vo l ca n i c  r oc k s  were 
e r u p t e d  thr ough th e oph i o l i t e  and the mel a nge a f t e r  
th e i r  j uxt apos i t io n .  Unfo r tunat e l y ,  t h e i r  r e l a t i o n
s h i p  to the other thru s t  p l a t e s  ( Ga z e l l e , c a l c a r e o u s  
qua r t z i te ,  Du z e l ) i s  n o t  c le a r , a s  th e vo l c a n i c s  a r e  
fau l t ed a g a ins t ro cks o f  t h e  Ga z e l le p l a t e  a n d  a re 
no t in c ont a c t  w i th the o t her tw o .  

S t o cks and dik e s  o f  d i o r i t e ,  q u a r t z  d i o r i t e ,  
and h o rnb lend e - fe l d s par p o rphy r y  i n t ru de th e T r in i t y 
oph i o l i t � , the mel ange , and t he Ga z e l l e  F o rma t i o n ,  
and a r e  fr eque n t l y  l oc a l i z ed a l ong maj o r  s h e a r  z o nes 
( F i g .  3 ) . Al t hough th e s e  intru s i o n s  have not b e e n  
d a t e d  r ad iome tr i c a l l y ,  they a r e  c l e a r l y  younge r  than 
the fau l t ing wh ich a f fe c t ed l ower Devo n i an rocks o f  
the G a z e l le F o rma t i o n  thru s t  p l a t e . I n t r u s ions o f  
s i m i l a r  c ompo s i t io n  in to t h e  T r in i ty oph i o l i t e  t o  the 
e a s t and s outh o f  th e a r e a  shown in F i g u r e  3 h ave 
been d a ted as 2 2 4  m . y .  ( C a s t le Cr ag s )  and 1 3 3 m . y .  
( C r ag gy Pe ak )  ac c ord i ng t o  Lanph e r e  and o t her s 
( 1 9 6 8 ) . 

TECTON IC H I S TORY OF THE TRI NITY O PH IOL ITE 

Th e T r in i ty oph i o l i te p r e s umab ly fo rmed at an 
oc e an i c  s pread i ng c e nt e r  during e ar l y Ordovic i an t ime 
(480  to 4 55 m . y . ) .  Th i s  s p r e ad i ng c e n t e r wh i ch may 
h ave b e e n  l oc a t ed a l ong a mid- o c e an r id ge or in a 

mar g i n a l  ba s i n  was not immed i a te l y  a d j ac e n t  to a 
c o nt inent d ur i ng the e a r l y  P a l e o z o i c  ( L i nd s l e y
G r i f f i n ,  1 9 7 6 ;  Chur k i n  and McKe e ,  1 9 74 ) . Sh o r t l y  
a f t e r  i t s  forma t i o n  the oph i o l i t e expe r i enced s ome 
f o l d i n g  and fau l t ing ( p e rh ap s  r e l a t e d  to t r an s form 
f au l t ing o r  to i t s  emp l a c eme nt ) and was the n intr uded 
by the p e gma t i t i c  gab b ro s a t  ab out the end o f  the 
O r d ov i c i an .  

Th e oc cur renc e w i th in the me l a nge o f  c ong lomer
ate wh ich c ont a i ns c l as t s  of the same age and compo s i
t i o n  as the T r i n i ty ophio l i te ( Hop s o n  and Ma tt ins o n ,  
1 9 7 3 )  i s  s i gni f i cant . E i the r a p a r t  o f  the T r in i t y 
o p h i o l i t e , or ano t h e r  oph i o l i t e of s i m i l a r  age and 
c ompos i t io n ,  was s i t u a t e d  i n  a l o c a t i o n  wh i ch pe rm i t
t e d  i t  to shed l a r ge c l a s t s  into c o ng l ome r a t ic 
d e p o s i t s ,  or p o s s i b ly i nt o  s ubma r i n e  d e b r i s  f l ows . 
G e o l o g i c  rel a t i o n s h i p s  s u g ge s t  t h a t  t h i s  may h ave 
o c c u r r e d  as e a r l y  as mid d l e  O r d ov � c � an , but no l a t e r  
t h a n  e a r l y  Devoni an . Th u s , s ome t ime dur ing t h a t  
int erv a l , o c e a n i c  cru s t  may h ave b e e n  emp l a c e d  o n  the 
l e ad i ng e d g e  o f  the ove r r i d ing p l a t e a s  up l i f t ed 
abduc t e d  s l ab s , or p e rhap s se rpe n t i n i z a t i o n  of the 
l e ad i ng edge of the ove r r i d ing p l a t e  occur red due to 
dewa t e r i ng of subduc t e d  s e d ime n t s ,  p e rm i t t ing it to 
be u p l i f t ed .  

Th e s e d ime n t a r y  r o c k s  now i n c luded a s  b l ocks 
wi th in the me l a nge a p p a r en t l y  formed dur ing the 
p e r i o d  f r om mi d d l e  O r d ov i c i an t o  early Devonian ; a t  
l e a s t , r o cks o l der or youn g e r  t h a n  th a t  h a v e  n o t  ye t 
b e e n  o b s erved w i thin the me l ange . Howeve r ,  the age 
of f o rma t ion o f  the me l ange in a subduc t i on z one c an 
no t b e  de t e rmined s o l e l y  f r om the age s o f  b l oc k s  
c on t ained wi th in t h e  me l ange ( H s u , 1 9 6 8 ) . I t  i s  
po s s ib l e  tha t t h e  me l ange was forming cont inuou s l y  
dur ing t h e  t ime f r om mid d l e  O r d ov i c i an t o  e a r l y  
Devo n i an , or i t  may h ave f o rmed o n l y  a f t e r  t h e  e a r l y  
Devo n i an , or i t  may h a v e  fo rme d i n  s ev e r a l  s t ag e s  a t  
v a r i o u s  t ime s . 

If the c on t a c t  b e twe en the me l ange and the 
S i l ur o-Devo n i a n  G a z e l l e F o rma t i o n  i s  indeed dep o s i
t i onal in p l a c e s  ( P o t t e r , 1 9 7 7 ) , then the two are 
c o eva l , at  l e a s t in p a r t . Thu s , a subdu c t ion z one 
c o u l d  h ave b e e n  ac t ive in the ear l y  Devo n i an , and 
p o s s ib l y dur i ng the l a te S i l u r i an .  S i nce there is no 
evidence for a ne arby vo l c a n i c  arc in the ear l y  
Devonian , t h i s  subduc t i on z one m a y  h ave been t o o  
sho r t - l ived f o r  an arc t o  deve l o p .  An al t e r n a t e  
pos s ib i l i ty i s  tha t the d i p  o f  the subduc t ion z one 
was ve ry s ha l low , cau s i ng the v o l c a n i c  arc to deve l op 
a t  a g r e a t  d i s tanc e f r om the tr ench . 

S i n c e  the me l ange i s  n o t  s i gn i f i c ant l y  me tamo r
phos ed and ex o t i c  b l ocks a r e  ra r e ,  a r e a s o nab l e  
env i r onme nt f o r  i t s  forma t i on wou l d  be the uppe r 
po r t i o n  o f  the t r ench s l o pe , near the t r ench- s l ope 
b r e ak ( Ka r i g , 1 9 7 4 ) .  The p r e s ence of s ome me tamo r
pho s e d  s e d ime n t a ry and oph i o l i t i c fr agmen t s  sugge s t s , 
howeve r ,  t h a t  s ome in- s hu f f l ing o f  d e e p e r  b a s ement 
and s ubduc t e d  s e d ime n t s  was o c c urr ing--probab l y  a l ong 
h i gh-ang le reve r s e  f au l t s  d i p p i ng away f r om the 
t r ench . P o r t i o n s  of the s e d ime n t ary r o cks wi thin the 
me l ange may h ave been t r a p ped i n  fau l t - c on t r o l l e d  
b a s ins , s u p p l i e d  by dens i t y  f l ows o r  by gr avi t y
s l i d i ng o f  b l ocks fo rmed e l s ewh er e .  

The f a c t  th a t  the pegma t i t i c  gab b r o s  intrude 
o n l y  t h e  oph i o l i t e and not the me l ange sugges t s  tha t 
t he thru s t  she e t  c ons i s t i ng o f  me l ange arr ived in i t s  
p r e s e nt po s i t io n  re l a t ive t o  the oph i o l i t e  a f t e r  
ab ou t 430  m . y . , or s ome t ime a f t er t h e  e n d  o f  the 
Ordov i c i an .  Howev e r , the ac t u a l  t ime of ar r i v a l  of 
the me l ange and of the o ther thru s t  p l a te s  c anno t be 
d a t e d  p r e c i s e l y .  Neve rthe l e s s ,  i t  wou l d  not be 
unreaso nab l e  t o  conc lude tha t the emp l a c ement o f  the 
mel ange she e t , and p o s s ib l y the other thru s t  she e t s  
a s  we l l ,  wa s r e l a t ed t o  t h e  emp l a c eme n t  o f  the s t r ip 
o f  u l t r ama f i c  and amph ib o l i t i c  rocks a l ong the we s t ern 
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e d ge o f  the thrust  c ompl e x  ( F ig .  1 ) .  K-Ar d a t e s  for 
the me tamo rph ism o f  the s e  amph i b o l i tes  o f  382 and 3 9 1  
m . y .  ( Ho t z , 1 9 74 )  sugge s t s  emp l a c ement of  th i s  
u l t rama f i c  be l t  i n  the ear ly  Devoni an , wh ich i s  a l s o  
t h e  mos t  l ike ly t ime f o r  t h e  me lange t o  h ave formed . 

Th e ab s e nc e  o f  a wel l-deve l oped , thick  i s l and 
arc s equence of e a r l y  P a l e o z o i c  age in the Klamath 
Moun t a ins is  puz z l i ng , s ince  e ar l y  P a l e o z o i c  i s l and 
arc s  have been ment ioned frequent l y  in the l i terature 
( Hami l t o n ,  1 9 6 9 ; Cond i e  and Snans ieng , 1 9 7 1 ; Churkin 
and McKe e , 1 9 74 ;  Bur ch f i e l  and Dav i s , 1 9 7 5 ; to  name 
only a few) . The earl i e s t ind i sp u t ab l e  preserved 
i s l and arc s e que nc e in the eas tern Klama ths i s  mid d le 
to l a t e  P a l e o z o i c  ( D ' A l lu r a  and others , 1 9 74 ) . The s e  
r ocks a r e  mid d l e  Devoni an ( E i f e l i an ,  Boucot  and 
other s , 1 9 7 4 )  through P e rm i an ( S tr and , 1 9 64 )  in age , 
and are ove r l a in unconformab lv bv Tria s s ic and 
Ju ras s ic vo lc anic and s e d imentary rocks ( F i g .  1 ) .  
Th is  sequence p r ob ab l y  i s  c or re l a t ive wi th the 
7-km-thick  se que nce of the same age in the S i e rra 
Nevada ( D ' A l lura and others , 1 9 74 ) .  

Al t hough no thick  i s land arc  s e q ue nc e  is  known 
to exi s t  for the early  P a l e oz o i c  in the Klama th 
Mount a ins , it is  prob ab le th at  the re was s ome vo l c an
i c  ac t iv i ty nearby , and i s land arcs  may h ave exi s ted 
a t  s ome d i s t anc e .  Many of  the sed iments  wh i ch make 
up the various c ompone nt s  of the mel a nge ove rlying 
the Tr ini ty oph io l i t e are at l e as t part i al ly vo l c anic 
in or igin ( Tab l e  1 ) .  I t  might b e  hypothe s i zed t h at 
any vo l c anic arc  wh ich deve l ope d could  l i e  to the 
ea s t  o f  the present  l oca t ion o f  the T r in i ty ophio
l i t e , c onveni ent l y  h id de n  by t he l a te P a l e o z o i c , 
Mes o z o i c , and Cenoz oic  vo lc anic arcs now l o c a t e d  
there  ( F i g .  1 ) .  An al t e rn a t e  hypo t hes is migh t b e  
tha t such a n  ar c w a s  l a ter removed b y  t rans fo rm 
fau l t ing . However , the mos t reas o nab l e  c on c l u s ion is 
tha t no i s land arc deve l oped in the near v i c i nity of 
the T r in i ty ophio l i t e  dur ing the e ar l y  P a l e oz o i c , 
perhap s becau se  subduc t ion dur ing tha t t ime was too  
sho r t - l ived t o  p r oduce mo r e  than mino r  vo l ca n i c  
act iv i t y .  

The Devoni an or young e r  vo l canics wh ich uncon
formab l y  ove r l i e  b oth th e mel a nge and the Trini ty 
oph io l i te ( F i g s . 3 ,  4 )  are very minor in v o l ume , and 
it is probab le tha t they a re rel a t ed to the devel op
ment of the pos t- l ower Devoni an i s l and a r c  s e q uence 
( shown as uppe r P a l e o z oic on F i g .  1 )  lying to  the 
eas t and south e a s t o f  the T r in i ty ophio l i t e .  Thu s , 
during the l a te P a l e o z o i c , the Trini ty oph io l i te ,  the  
j uxt aposed mel ange rel a t ed t o  i t ,  and pos s ib ly s ome 
or al l of the ove r l y i ng thru s t  p l a te s , lay in the 
fore-arc region o f  an i s land arc  and was the s it e  o f  
mino r v o l canic ac t iv i ty .  

CONC LUS I ON 

The Tr inity oph i o l i t e  meet s the general strat i 
graphi c  and petro l o g i c  requirement s for an ophio l i t e , 
but it has some pecu l i arit i e s  wh ich either are not 
part of the definit i on of ophi o l i t e s  (Anon . ,  1 9 7 2 )  or 
which are d i fferent from most prev i ous l y  d e s cribed 
ophiol it es : 1 .  The u l t ramafic ro cks include a 
relatively l arge proport i on of l h erzo l i t e  and fe l d s 
pathic l her zo l i t e ,  a l though both t h e  fel dspar and the 
c l inopyroxene are very sma l l  and thus d i fficu l t  to 
recogni z e  in the f i e l d . Are there other ophio l i t e s  
i n  which lherzo l i t e  i s  a l so common but d i fficu l t  t o  
recogn i z e  and map ? 2 .  Sh eeted structure do@s not 
appear to be pres ent · in the d i abas e .  There is a 
distinct diabas e zone , but int ernal structures are 
comp l e x ,  and cros s - cutting relationships suggest 
s everal sequent ial ep i s odes of dike and s i l l  intru
sion . Is it po s s ib l e  that this is charact eri s t ic of 
most ophio l it e s  or of ophi o l it e s  formed in a part icu
lar tectonic setting? 3. Farly (pre - empl a cemen t )  

fo l d ing and fau l t ing app ear to hav e been import ant 
in the Tr inity ophi o l i t e . Is thi s rel at ed to s ome o f 
the other pecu l iari t i e s  of the Trini ty ophio l i t e , or 
is i t  common in a l l  oph i o l i t e s ?  

L i k e  many other ophio l i t e s , the Trini t y  has 
exp er i enced a l ong and comp l ex t ectonic h i s t ory s ince 
i t s  format ion . Knowl edge of regi ona l r e l at i onships 
is s t i l l  incomp l e t e , and there wi l l  always be s ome 
qu e s t ions that c an never b e  answered . Thus , i t  i s  
n o t  pos s i b l e  a t  t h i s  t ime t o  con s t ruct a spec ific 
model for the emp l acement and subs equ ent h i s t o ry of 
the Trinity oph io l i t e .  
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THE GEOLOGY AND PETROLOGY OF THE DEL PUERTO OPHIOliTE , 
DIABLO RANGE , CENTRAL CALIFORNIA COAST RANGES 

Russell C .  Evarts 

Dep artment o f  Geology ,  
S tanford University , S t anford , California 94305 

ABSTRACT 

A dismembered remnant of the late Juras sic 
ophio litic basement o f  the Great Valley sequence is 
exposed in the Del Puerto (Red Mountain ) a rea o f  the 
no rthern Diablo Range . Rocks representing s everal 
levels within the original ophiolite section are 
preserved in four faul t-bounded blo cks along the 
maj or tectonic contact between the Great Valley 
sequence and the Franciscan Comp lex . The larges t 
block is a mas s of alpine-type (metamo rphic tectonit� 
peridotite consisting of:  1 )  a unit o f  refractory 
harzburgite ( depleted mantle ) , 2 ) , a unit o f  dunite 
and lesser wehrlite cont aining podiform chromitites 
and mafic minerals somewhat less magnesian than those 
o f  the harzburgite ( interpreted as a penetratively
deformed o l ivine+chromian spinel±clinopyroxene cumu
late ) , and 3) various kinds of s erpentinites , includ
ing ant igorite s chists . A fault marked by dis tinctive 
black serpentinite separates the tectonized perido
tites from the overlying cons tructional parts o f  the 
ophiolite . Two small fault blo cks contain plutonic 
igneous ro cks from the middle levels of the original 
sect ion . These consist of peridotite and gabbro 
cumulates , ho rnblende gabbros ,  and hornblende quartz 
diorites cons idered to be parts o f  a s ingle differen
tiated maf ic pluton . These ro cks have been intensely 
fractured,  faulted , and intrud ed by dikes and 
irregular bodies of diabas e ,  microdiorite,  and 
plagiogranite . The top of the ophiolite is preserved 
in a block of volcanic f lows and breccias and 
hypabys s al intrus ions , mainly s�lls . Earlier mafic 
to intermediate lavas may represent liquids periodi
cally tapp ed from the differentiating pluton , whereas 
younger intermediate to silicic lavas are apparently 
related to the intrus ive bodies cutting the p luton . 
All igneous ro cks in the ophiolite are the products 
of  differentiat ion o f  hydrous low-K subalkaline 
basaltic magma , in which an early trend of iron
enrichment was terminated by crystallization and 
settlin g  of ho rnblende and lesser magnetite , the 
ultimate products being extremely s ilica-rich 
plagiogranites and quartz keratophyres .  Deposited 
on the ophiolite volcanic rocks are tuf faceous cherts 
interbedded with volcaniclastic sands tones derived 
from an active calc-alkaline volcanic arc ; ophiolitic 
debris is absent . Zeolites and o ther s econdary 
minerals in the sediments are ascribed to burial 
metamorphism, but mos t  o f  the al teration of  the 
ophiolite ro cks is  attributed to low-P metamorphism 
contemporaneous with igneous activity . 

The fragmental nature of the occurrence and the 
pervas ive secondary alteration impede satisfactory 
evaluation of the tectonic s e t t ing of ophiolite 
formation , but a marginal basin o rigin is considered 
mos t  probable . Formation within an island arc is 
also plausible , but generation at a normal mid-ocean 
ridge , as now understoo d ,  is unlikely . 

INTRODUCTION 

Ultramafic rocks, mainly serpentinites , have long 
been recognized as distinctive and characteristic 
components o f  the late Mesozoic Francis can terrane of  
the California Coast  Ranges (Bailey and o thers , 1 9 6 4� 
Such ro cks are particularly p revalent in the vicinity 
o f  the fundamental geo logic boundary s eparat ing the 
structurally comp lex and metamo rphosed clastic and 
volcanic rocks of the Francis can Complex (Berkland 
and others , 1 9 7 2 )  to the wes t  f rom coeval but 
essentially undeformed and unmetamo rpho sed clastic 
sediments to the eas t ,  referred to as the Great Vall� 
s equence (Bailey and o thers , 19 6 4 ) . The nature of 
this contac t ,  which is crucial to tectonic and 
paleogeo graphic interpretat ions of the region, is 
disputed (Taliaferro , 1 9 4 3 ; Bailey and others , 1964 , 
1 9 7 0 ;  Bailey and Blake , 1 9 6 9 ; Erns t ,  1 9 7 0 ; Maxwell , 
1 9 7 4 ) . Along much of this boundary , the two great 
lithologic belts are phys ically separated by sub
stantial exposures of serpentinized peridotite , 
raising the ques tion of whe ther the ultramafic rocks 
are linked in some fashion with ro cks of one of the 
o ther of the two belts , or are unrelated solid 
intrus ions inj ected along a preexisting contact . 

The recognition that in many localities these 
ultramafic bodies are intimately asso ciated with 
various maf i c  to silicic plutonic and volcanic ro cks , 
forming a typ i cal ophiolite affiliation (Bailey and 
o thers , 1 9 7 0 ) , has had a pro found effect on recent 
geo logic models o f  the Coas t Ranges . These autho rs 
proposed that the ophiolite oc currences represent 
fragments of o ceanic lithosphere upon whi ch the late 
Juras s i c  to lates t  Cretaceous Great Valley s equence 
was depo s ited , and that the Great Valley ro cks plus 
basal ophiolite had formed the lip of an upper,  North 
American continental plate that was thrus t over the 
Francis can assemblage and its underlying Pacific 
O cean crust during late Cre taceous time . The contact 
between the Franciscan and ultramafic rocks was 
therefore considered to mark the surficial expression 
of this maj o r  fault , named the Coas t Range Thrust .  

Whole-rock chemical data from numerous scattered 
localities wi thin the ophio lite belt have been 
collected by Bailey and Blake ( 1 9 7 4 ) , who s tressed 
the chemical s imilarities with ophiolite occurrences 
elsewhere in the world and with oceanic crustal rocks . 
The data also indicate an impres s ive chemical diver
sity among the ophiolitic rocks , especially pronounced 
with respect to the vo lcanic lithologies . The highly 
silicic nature of some ophiolite volcanics from the 
southern Coas t Ranges is s ingularly s t riking . I t  
thus appears that the Great Valley ophiolite is far 
from a s ingle homogenous petrologic entity,  and it 
may in fact be composed of several discrete ophiolite 
"plates" , created by somewhat different processes , 
in disparate tec tonic environments , and perhaps at 
slightly but signif icantly different times . Detailed 
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s tudies of individual occurrences using combined 
geologic, petrologic, and geochemical tools will be 
necessary to substantially improve our understanding 
of the role of the ophiolites in western North 
American Meso zoic geology . This paper is a brief 
presentation of some of the results of one such 
investigation . 

GEOLOGIC SETTING 

The Del Puerto (or Red Mountain) ophiolite 
(locality 5 of Bailey and others , 1970) is located 

along the eastern margin of the Diablo Range in cen
tral California, approximately 100 km southeast of 
San Francisco . The Diablo Range (fig . 1) is a topo
traphic and geologic entity composed of a central 
core of Franciscan rocks exhibiting a characteristic 
disrupted structure and complicated metamorphic 
history (Kerrick and Cotton, 1971;  Ernst ,  197la ;  
Cotton, 1972 ; Raymond, 1973 ; Cowan , 1974) . The core 
is flanked on nearly all sides by outward-dipping 
strata of the Great Valley sequence . The two units 
are j uxtaposed across a series of faults that together 
comprise the local segment of the Coast Range Thrust . 
The present structural configuration of the range is 
attributable to postthrusting diapiric uplift of the 
Franciscan core in late Cenozoic time , resulting in 
rotation of the original thrust surface along the 
borders of the uplifted block into its current,  near 
vertical position . Erosion has completely stripped 
the upper plate rocks from most of the elevated area, 
revealing the subjacent Franciscan assemblage . 
Because of this late movement ,  original, undistrubed 
contacts along the Coast Range Thrust are rarely, if 
ever , preserved (Raymond ,  1973) . 

2 5  Km 

N 

I 

Figure 1 .  Geologic sketch map of the northern 
Diablo Range, California, showing distribution of 
maj or rock unit s :  Franciscan Complex (gray) , Great 
Valley sequence (diagonal rule) , Cenozoic rocks �laruv, 
ultramafic and associated igneous rocks of ophiolite 
affinity (black} . SJ a San Jose , MH a Mount Hamilton, 
PP • Pacheco Pass . Del Puerto area outlined . 

Highly sheared serpentinite commonly intervenes 
between the Franciscan and Great Valley units along 
the boundary faults , though it is much less abundant 
here than in the northern Coast Ranges . Unsheared 
and only partially serpentinized peridotites are 
restricted to a pair of large outcrops in the north
ernmost parts of the Diablo Range--in the Red Moun
tain area described in this paper, and the Cedar 
Mountain area to the northwest --both of which are 
associated with o ther typical ophiolitic igneous 
rocks (Bauder and Liou , 1976) . The two occurrences 
may actually be parts of a s ingle ophiolite fragment 
that have been offset by a north-northwest-trending 
right-lateral s trike-slip fault (Ernst , 19 7la) . 

A simplified geologic map of the Del Puerto area 
(fig . 2) shows the scattered distribution of the 
various members of the ophiolite . The immediately 
surrounding Franciscan terrane is a graywacke-chert 
melange containing slabs of coherent stratigraphic 
sections , up to several hundred meters long, in a 
pervasively sheared argillitic matrix which is easily 
eroded and thus rarely exposed . The graywacke is 
j adeite-bearing, and typically possesses a distinct 
foliation, being similar in this respect to the 
semischist described by Cowan (1974) from the Pacheco 
Pass area . Structural trends in the Diablo Range 
Franciscan are generally oriented north-northwest,  
but near the ophiolite peridotite they swing sharply 
east-west parallel to the contact . High-grade 
blueschists (Coleman and Lanphere, 1971) are distrib
uted irregularly throughout the melange (see Maddock, 
1964) and are not exceptionally abundant along the 
contacts with the ultramafic rocks . 

DEL PUERTO OPHIOLITE 

The ophiolite occurs as four separate pieces 
strewn on both sides of the Franciscan-Great Valley 
bounda� fault,  each of which is petrologically dis
tinct and all o f  which have faulted contacts with 
adj acent units (see fig . 2 ) . The reconstructed 
sequence ( fig . 3) would presumably consist o f ,  from 
the base upwards , an alpine peridotite member , a 
complicated plutonic member ( found in two fragments , 
the eastern one representing a higher structural 
level) , and a volcanic member . The volcanic rocks 
are overlain by tuffaceous cherts and volcaniclastic 
sandstones that form the lowest stratigraphic unit 
of the Great Valley sequence in this area . These 
s trata grade up into clay shales and nontuffaceous , 
continent-derived sandstones that are the more 
typical Great Valley sequence rock types . Latest 
Jurassic (Tithonian) megafossils have been recovered 
from the shales (Maddock, 1964 ) , placing a minimum 
age on the underlying ophiolite . The exposed thick
ness of the Great Valley sequence in the Del Puerto 
area totals nearly 10 km (Maddock, 1964 ; - Bishop, 
1970) . The section immediately to the east o f  the 
ophiolite outcrops has been described by Bishop 
(1970) . 

Alpine Peridotite Member 

The largest single fragment of the Del Puerto 
ophiolite consists of an alpine-type peridotite o f  
the harzburgite subtype (Jackson and Thayer ,  1972) 
which is one o f  the best samples o f  relatively 
" fresh" ultramafic rock in the entire Coast Ranges . 
The peridotite is divisible into several distinct 
mappable units (fig . 4) which are discussed sepa
rately below. 
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Figure 2 .  S implified geologie map o f  the Del Puerto area . Franciscan Complex (blank) , Great Valley sequence 
shales of late Jurassic-early Cretaceous age ( diagonal rule) , late Jurassic basal volcaniclastic sandstones and 
cherts of Great Valley sequence (horizontal dashes) . Ophiolite components : alpine peridotite member and ser
pentinite outliers (dotted) , plutonic member ( random dash pattern) , and volcanic member (V-pattern) . 

Harzburgite Unit . --The mos t  abundant rock type 
in the alpine peridotite is a rather monotonous ,  
massive harzburgite virtually identical in most re
spects to the well-studied occurrences at Burro 
Mountain, California (Burch, 1968;  Loney and other s ,  
1971) and Vulcan Peak, Oregon (Himmelberg and Loney, 
197 3 ;  Loney and Himmelberg , 1976) , the most obvious 
difference being the very poor development of foli
ation and compositional layering in the Del Puerto 
body . The weak layering that is discernible displays 
a consistent orientation (N . 70°-80° E . ,  near-vertical 
dips) throughout the mass ,  which therefore canno t 
have been folded subsequent to emplacement into its 
current position (Maddock, 1964; Saad , 1969) . 

Contacts with the surrounding Franciscan meta
sediments are predominantly high-angle faults .  The 
peridotite in a wide zone (up to 200 m) adj acent to 
the contacts is intensely sheared and serpentinized . 
Gravity data suggest that this sheared serpentinite 
extends beneath the central area of massive harz
burgite at a shallow depth (Thompson and Robinson, 
1975) so that the peridotite body, despite the steep 
contact s ,  has the general form of a horizontal sheet. 

The harzburgite, like all alpine-type perido
tites , is a metamorphic tectonite . Its microstruc
ture is remarkably uniform throughout ,  being compo sed 
of an interlocking mosaic of anhedral , equant to 
amoeboid grains of olivine and orthopyroxene averag
ing 3-4 mm. Minor clinopyroxene is f iner grained 
( <2 mm) , and occupies interstitial positions relative 
to the two o ther s ilicates . Chromian spinel 
( 0 . 5-2 . 0  mm) is a persistent accessory phase that 
varies in shape from equant and rounded to highly 
irregular . Lenticular dunite bodies are scattered 
through the harzburgite, and these often contain 
minor spinel concentrations which display apparently 
cumulus textures (Thayer, 1964 , 1969 , 1970) . In 
addition to a uniform texture , the harzburgite also 
has a uniform modal composition ( f ig .  5) , which is 

matched by a very limited variation in bulk rock and 
mineral chemistry . The ratio : lOOMg/Mg+Fe* in bulk 
rock analyses of harzburgites and associated dunites 
ranges from 90 . 3  to 91 . 4 ,  CaO and Alz0 3 are very 
low, and the alkalies are present in negligible 
amounts (Bodenlos, 1950; Himmelberg and Coleman , 
1968) . Electron microprobe analyses of the constit
uent minerals reveal the following ranges in 
lOOMg/Mg+Fe* ( see fig . 6) : olivine , 9 0 . 7-91 . 8 ;  
orthopyroxene,  9 0 . 6-91 . 8 ;  clinopyroxene, 9 3 . 7-95 . 0 ,  
with 0 . 4-1 .4  weight percent Cr 20 3 .  Chromian spinels 
show much greater compos itional variation 
(Cr/ Cr+Al=0 . 33-0 . 7 3 ;  Mg/Mg+Fe 2+=0 . 42-0 . 68) , and dis
play a negative correlation between Mg/Fe 2+ and 
Cr/Al that is a universal characteristic of alpine 
peridotites ( Irvine, 196 7 ;  Irvine and Findlay, 1972) . 
Olivine in the associated dunites is slightly more 
magnesian ( 100Mg/Mg+Fe*�9 1 . 5 -9 3 . 2 ) , and the coexis ting 
spinel is richer in chromium (Cr/Cr+Al=0 . 74-0 . 82) . 

Olivine microfabric analyses (Evarts,  unpub . 
data) of two typical harzburgites reveals the presence 
of strong X= [Ol O ]  maxima oriented approximately 
normal to the plane of the compositional layering . 
Combined with the general absence of a dimensional 
preferred orientation of the olivine in these rocks , 
and the large percentage of optically strain-free 
crystal s ,  the strong fabric suggests that syntectonic 
recrystallization under high-temperature ,  low-strain
rate conditions was the dominant deformat ion process 
Av� Lallemant and Carter, 1970;  Loney and others , 
1 9 7 1 ;  Av� Lallemant ,  1975) . Such conditions are 
likely to exist within the upper mantle,  especially 
in the vicinity of a spreading center , hot spot ,  or 
in the roots o f  an island arc . The chemically 
refractory nature of the peridotite is mo st readily 
explained as due to extensive partial melting of a 
lherzolitic parent mantle and removal of most of the 
segregated mel t ,  perhaps at the same time the rock 
was being subj ected to deformation (for example , 
Irvine and Findlay , 1 9 7 2 ;  Ringwood, 1975) . 
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Figure 4 .  Geologic map and cross-sections of the 
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alpine peridotite member of the Del Puerto ophiolite . 
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Knoxv i l le-l ike , thin-bedded c l ay shales and s i l t s t ones : 
contain l a t e s t  Jura s s i c  (Ti thonian) fo s s i l s  ne a r  b a s e .  

Thin-bedded t u f faceous cher t s  i n t e r l ayered w i th vo l c ani
c l as t i c  turb i d i te s ands tones derived from an a c t ive 
c a l c -a lkal i ne ande s i t i c  a r c .  

Sed iments r e s t  conformably upon ophi o l i te vo l cani c  rocks . 

Quar t z  keratophyre s i l l s  i n t ruded along con t a c t  w i t h  
overlying s e d imen t s ,  and l o c a l l y  w i t h i n  lower p a rt 
of sed imen t a ry s e c t i o n .  

Vo l canic b r e c c i as , massive f lows , rare p i l low lavas , and 
shal low-level i n t rusive bodies of a l t e re d  b a s a l t s , 
andes i t e s ,  and daci tes ( s p i l i t e s , keratophyre s ,  and 
qua r t z  keratophyre s ) . 

Pump e l l y i t e 
- - Epfdo te I s o g rad 

Ext rus ive rocks of ma f i c  compo s i t i on predominant in 
upper ha l f  o f  v o l c a n i c  membe r .  Rocks having more 
s i l i c i c  comp o s i t i ons gradua l l y  inc rease in abundance 
toward the base of the membe r .  

S i l l  comp l e x :  cons i s t s  mainly o f  nume rous dikes and 
s i l l s  of keratophyre and q ua r t z  keratophyre , and 
lesser s p i l i te s . Host rocks i n c lude e a r l i e r  i n t ru
s ives and e x t rus ive f lows and b r e c c ias p re s e rved 

�-'2r��������uc���� FAULT 

as smal l s c reens and i n c l us ions . 
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Hornblende quart z d i o ri t e s : banded to homogeneo us , f o l i 
a t e d  and/ o r  l ineated rocks bearing p r imary hornb lende . 

Hornblende gabb ro s :  texturall y-mo d i f ie d  p la g i o c l ase+ 
pyroxene cumu l a tes wh i ch grade i rregu l a r l y  into the 
q u a r t z  d io r i t e s , 

+A"'M�-<>;� X':,.�:...:_:l FAULT 

Gabbro cumu l a t e s :  p lagioc lase+pyroxene cumulates , in
tensively f r a c t ured and faul ted , and - l ike a l l  parts 
of the p lutonic memb e r  - c u t  by a myriad of small 
i n t rusive bodies comp o s e d  of d i abase , m i c rod i o r i te , 
and p lagiogran i t e s . 

P e r i do t i te cumu l a tes : o l ivine+s p inel±ci inopyroxene 
cumula tes . 

FAULT 
B l ack s e rp en t i n i t e : con t a i ns nume rous inclus ions o f  

gne i s s i c  gabb ro , py�oxcni te ,  a n d  p lag . p e r i do t i t e . 

Dun i t e -Weh r l i te uni t :  p a r t i a l l y  s e rpentini zed massive 
dun i t e  and lesser wehrl i t e . C l inopyroxe n i t e  laye r s , 
p o d i f o rm chromi t i tes , and pyroxeni te dike swarms 
dccur sporadically throughout uni t . Contact w i t h  
harzburgi t e  i n t e r d i g i t a t i n g ,  comp lexly fo l de d  (? ) 

Harzbur g i t e  uni t :  p a r t i a l l y  serpen t in z e d ,  uni fo rm ,  
massive harzburgi t c  p o s s e s s i n g  weak fo l ia t ion and 
comp o s i t ional laye ring, and con taining s ca t tered 
i r regular to tab ular bodies o f  dun i te wh ich rare ly 
contain concen t ra t ions of chromian s p i ne l .  

-""111!11!11!!!1ilii!li!illli!ilillil 
H i ghly-sheared p e r i do t i te and s e rpen t i n i t e  ( l i z a rd i t e+ 

chryso t i le )  at margins of u l t rama f i c  mass . 
FAULT 

An t igo r i t e  s ch i s t :  coarse-grained a n t i g o r i t e  rock found 
l o c a l l y  along con t a c t  of p e rido t i t e  with F ranc i s can . 

FAULT 
Francis can Comp l e x :  graywacke+chert melange 

b l ue s c h i s t  f a c i e s  metamo r p h i c  mineral a s s emblage s ,  
i n c l ud i n g  widespread j ad e i t i c  pyroxene i n  c l a s t i c  rocks . 

Figure 3 .  S chema t i c  recons t r u c t ion o f  the De l Puerto oph i o l i t e  sequen ce . 
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Figure 5 .  Olivine(OL) -orthopyroxene(OPX) -clinopy
roxene( CPX) triangular diagram showing modal composi
tion of rocks from harzburgite unit ( triangles ,) 
dunite-wehrlite unit ( circles) , and pyroxene-rlch 
dikes cut t ing dunlte-wehrlite unit (squares) . Rock 
nomenclature from lUGS classificat ion (Streckeisen , 
1976) ; OPXITE = orthopyroxenite , CPXITE = clinopyrox
enite . 

Dunite-Wehrlite Unit . - -A second maj or unit in 
the alpine peridotite , as shown on figure 4 ,  is 
composed primarily of dunites tha t ,  unlike the 
smaller dunite bodies dispersed throughout the 
harzburgite, invariably contain at least traces of 
clinopyroxene, and locally grade into wehrlites . 
Sets of cltnopyroxenite layers ( f ig .  7) occur 
sporadically, but harzburgites are uncommon, ortho
pyroxene rarely exceeding 5 percent . The range of 
modal variation in the major minerals is shown in 
figure 5 .  Chromian spinel in the dunites is ubiqui
tous in amounts of 1-2 percent ; in addition, podifonn 
chromitites , as described by Hawkes and others ( 1942h 
are scattered through the dunite-wehrlite unit, and 
in fact are restricted to it . As in the harzburgite 
unit , plagioclase is totally absent . 

The contact between the dunite-wehrlite and 
harzburgite units is in most p laces a steeply 
dipping fault marked by intensely sheared serpen
tinite . Where not destroyed by faulting, the 
original contact is extremely difficult to trace 
in the f ield ,  because of extensive serpentinization 
and because it is exceedingly irregular . It appears, 
however, that the two units interdigitate in a 
complex fashion . 

Microstructural evidence of plastic deformation 
of olivine is much more common in the dunites and 
wehrlites than in the harzburgites : nearly all 
olivine crystals contain numerous ,  closely spaced 
kink-band boundaries , and so-called porphyroclastic 
textures (Mercier and Nicola s ,  1975;  Pike and 
Schwartzman , 1977)  are well developed in olivine 
clinopyroxenites . In addition , the average grain 
size is distinctly smaller (1-2 mm) . Predictably, 
these deformed rocks possess rather strong olivine 
microfabrics , s imilar to thos e  in the harzburgites 
(Evarts ,  unpub . data) . 

A distinctive petrographic feature of the 
dunites and wehrlites is the delicate interstitial , 
cuspate to holly-leaf habit of the clinopyroxene 
(fig.  8) . The pyroxene shows no evidence of the 
extens ive strain exhibited by the coexisting olivine , 
so must have formed after deformation ceased . It is 
suggested that , during the deformation event , the 
dunitic rocks contained minor amoun ts of interstitial 
silicate liquid , and that postdeformation crystalli
zation of this liquid produced the strain-free , holly
leaf clinopyroxene Brains . 

Rocks of the dunite-wehrlite unit are readily 
distinguished from those of the harzburgite unit by 
bulk-rock and phase chemistry . lOOMg/Mg+Fe* of the 
bulk rocks can be as high as that in the harzburgites 
(91 . 8) , but ranges to lower values (82 . 5) . CaO is 
higher, due to the presence of clinopyroxene , but 
Al20 3 remains low ( table 1, analysis lx) . The com
ponent s il icates are of course also lower in magnesia 
and are more variable . lOOMg/Mg+Fe* in olivine, for 
example, ranges from 9 0 . 5  to about 8 4 . 0 ,  and in clino
pyroxene, 9 3 . 4 -89 .4 . Orthopyroxene coexists only 
with the more iron-rich olivines , and is similarly 
iron-rich ( 88 . 0-85 . 0) ( see f ig .  6) . Accessory chromian 
spinels exhibit a range in Cr/Al nearly identical to 
that found in the harzburg ites , but are decidedly 
richer in iron and have higher Fe 3+J Fe2+ ratios ( fig . 
9) . 

En  

Figure 6 .  Maj or element compositions o f  coexisting 
clinopyroxene ( triangles) , orthopyroxene ( s quares) , 
and olivine ( circles) in peridotite and gabbro 
cumulates . Also shown are compositional f ields of 
same minerals from the metamorphic or tectonite 
harzburgite ( gray) and dunite-wehrlite ( st ippled) 
units . Pyroxene trend lines (heavy lines) for the 
Skaergaard and s imilar tholeiitic layered intrusions 
(Brown , 1967) shown for reference . 
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The dunite-wehrlite unit i s  provisionally inter
preted as consisting of olivine+spinel±clinopyroxene 
cumulates that underwent considerable solid state 
penetrative flow prior to complete solidification of 
trapped intercumulus melt,  now represented in the 
dunites by the holly-leaf clinopyroxenes . This sug
gestion is supported by the occurrence of cumulus 
textures in the podiform chromitites,  as well as the 
ferrous compositions and coherent " cryptic" vari
ation displayed by the coexisting silicates . This 
interpretation is essentially the same as that suggest
ed by George ( 1 9 7 5) to explain very s imilar structural 
relationships in ultramafic rocks of the Troodos 
ophiolite complex . 

Yet another feature which sets the dunite-wehrlite 
unit apart from the harzburgite unit is the widespread 
occurrence in the former of irregular to tabular 
intrusive bodies of coarse-grained pyroxenites and 
gabbros . These rocks exhibit a bewildering variety 
of textures and compositions ; some have been strongly 
deformed along with their host rocks whereas others 
appear to be unstrained and presumably postdate the 
deformation event . Counterparts to these intrusives 
have not been encountered in any o ther units of the 
ophiolite; little work has been done on them, and 
their origin and s ignif icance is an unsolved problem . 

Serpentinites . --The other mappable units that 
are part o f  the alpine ultramafic body are serpen
tinites of various sort s .  The most common serpen
t in ites consist of the low-temperature (Wenner and 
Taylor, 1971) assemblage: lizardite+chrysotile+ 
magnetite±brucite, and include both massive and 
sheared types (Coleman, 1 97la) . Formation of this 
kind of serpentinite may be continuing at present 
under near-surface conditions (Barnes and O ' Neil , 
1969) . 

Antigorite serpentinite that predates the 
lizardi�e-chrysotile assemblage is found in small 
patches scattered throughout the harzburgite , 
particularly in the western half of the mass . 
Larger bodies of coarse-grained antigorite rock 
occur at sporadic localities along the outer margins 
of the harzburgite uni t ,  most notably at the southern 
end of Red Mountain , where antigorite schist is in 
direct contact with s chistose j adeitized metagray
wacke ; the foliation in both rocks is parallel to 
their mutual contact,  which dips b eneath the peri
dotite at a moderate angle . This contact may repre
sent a rare preserved segment of the original fault 
surface of the Coast Range Thrust in the Diablo Range . 
Antigorite from a sheared serpentinite lens east of 
the main ultramaf ic outcrop yielded an oxygen iso
tope temperature estimate of 225°C (Wenner and 
Taylor ,  1973) , which is compatible with inferred 
temperatures obtaining during blueschist metamorphism 
o f  the Franciscan Complex (Taylor and Coleman, 1968;  
Ernst,  1 9 7lb , 1973 ; Ernst and others , 1970) . 

A third type of serpentinite, here referred to 
as the black serpentinite, forms a unit of thoroughly 
sheared and strongly foliated chryso tile-rich rock 
characterized by a j et-black color ,  often carrying 
overtones of deep blue to purple . This serpentinite 
is restricted to the fault zone that separates the 
tectonized ultramafic rocks of the alpine peridotite 
member from the overlying plutonic member of the 
ophiolite, in which the rocks are totally free of 
penetrative defo rmation features . The fault zone 
dips eastward beneath the block of plutonic rocks at 
the eastern margin of the peridotite ( f igs . 2 and 4) 
and flattens to a horizontal attitude toward the 

Figure 7 .  Interlayered clinopyroxenite 
and dunite of the dunite-wehrlite unit . Note lentic
ular nature of clinopyroxenite layers . Both rocks 
exhibit strong plastic deformation and recrystalli
zation in thin section . Black disk = 6 em . 

Figure 8 .  Photomicrograph of wehrli te. Cuspate 
clinopyroxene ( dark gray) occupying inters tices 
between olivine (white) largely altered to serpentine. 
P lane polarized ligh t .  Bar = 1 mm. 

west . Several small klippen of the plutonic member 
lie west of the main outcrop, resting on black s er
pentinite which in turn grades downward into the 
dunite-wehrlite unit . The age and origin of the 
black serpentinite fault zone are uncertain, but 
possibly it wa's created by imbricate slivering of the 
ophiolite base o f  the upper plate during movement 
along the Coast Range Thrust . The black serpent inite 
contains numerous tectonic inclusions of mechanically 
resistant pyroxenites and gabbros obviously derived 
from the rock units above and below, and the serpen
tine matrix itself was formed largely from the dun
itic parts of the underlying dunite-wehrlite uni t . 

Plutonic Member 

Various lithologic units representative of the 
middle levels of the ophiol ite sequence occur in two 
lenticular fault blocks alongside the Franciscan
Great Valley boundary fault ( f ig .  2 ) . The western 
block rests structurally above the peridotite member 
as j ust described, whereas the eastern block abuts 
against the northern border o f  the volcanic member ; 
the eastern block contains rock types that would 
have been fo�nd at a higher structural level than 
those in the western block prior to tectonic dismem
berment of the ophiolite ( f ig . 3 ) . 
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Figure 9 .  Compositions of cumulus chromian spinels 
(X' s) in peridotites of plutonic member with respect 
to trivalent cations ( ferric iron calculated from 
microprobe analyses assuming stoichiometry) . Fields 
of spinels from the harzburgite (vertical rule ) and 
dunite-wehrlite (stipple) units also shown . Heavy 
arrow indicates general compositional trend of 
chromian spinels from the Stillwater Complex (Jack
son, 1969) . Dashed line is composit ional variation 
shown by spinels in metamorphosed ultramafic rocks 
(Bliss and MacLean , 19 7 5 ;  Evans and Frost , 1975) . 

Cumulate Roaks . --The western block consists o f  
peridotite and gabbro cumulates intruded b y  a pro
fusion of .tabular to irregular masses of metadiabase, 
microdiorite, and coarse- to medium-grained plagio
granite . The entire sect ion is intensely fractured 
and faulted, so that no large coherent section o f  
cumulate rocks remains . 

The ultramafic cumulates consist of cumulus 
olivine and chromian spinel , commonly accompanied by 
clinopyroxene, and rarely by orthopyroxene; the pyrox
enes may occur as postcumulus phases as well , along 
with ubiquitous poikilitic plagioclase ( f ig . 10) . All 
of the peridotite cumulates thus far examined possess 
heteradcumulus textures (Wager, 1968) in which pyrox
ene and plagioclase oikocrysts may attain 2-3 em in 
diameter . Reaction textures (Jackson, 1961) involving 
replacement o f  olivine by either pyroxene are common , 
and textures suggesting replacement of orthopyroxene 
by clinopyroxene, and vice versa, are present in a 
few specimens . In addition, the pyroxenes o ften ex
hibit variable degrees of replacement by late-magmatic 
pale green hornblende . Serpentinization of olivine 
and concomitant calcium metasomatism of adjacent 
plagioclase grains are widespread features,  resulting 
in textures and mineralogy identical to those describ
ed from the S t illwater Complex by Page ( 1976) . 

The appearance of plagioclase as a liquidus phase 
gives rise to plagioclase-two pyroxene cumulates 
(gabbronorites) having adcumulus textures ( fig . 11) . 
Rocks containing both olivine and plagioclase as 
cumulus minerals have not been encountered . S trong 
preferred orientations of tabular orthopyroxene and 
plagioclase impart a distinct igneous lamination 
(Wager, 1968) to all of the gabbroic cumulate s ,  but 

layering due to f ine-scale variations in grain size 
or modal mineralogy is exceedingly rare , nor is there 
visible lineation (Jackson and o thers , 1975) . The 
absence of layering or any other sedimentary struc
ture in the gabbros impl ies deposition under extreme
ly quiescent conditions . As in the peridotite cumu
lates , postcumulus hornblende may occur as a replace
ment of the pyroxene crystal s .  Also notable is the 
presence of subpoikilitic titanomagnetite in many of 
the gabbros ,  in some cases reaching up to about 8 
percent of the mode . I t  is not apparent whether this 
mineral is entirely a postcumulus space f iller , or is 
a result of extensive overgrowths on settled magnetite 
crystals .  

In the eastern block of plutonic rocks , only 
gabbroic cumulates are present, and these grade irreg
ularly into hornblende gabbros formed by reaction of 
settled pyroxenes with intercumulus melt .  Relict 
clinopyroxene cores within the hornblende are common
ly present , but in some rocks replacement is to ta l .  
I n  habi t ,  the hornblende ranges from small inter
stitial patches to subhedral crystals up to 1 em long 

Figure 1 0 .  Photomicrograph of typical peridotite 
cumulate . Euhedral olivine and clinopyroxene (gray) 
poikilitically enclosed by plagioclase crystal 
(white) . Plane polarized light . Bar = 1 mm .  

Figure 1 1 .  Photomicrograph o f  typical gabbro 
cumulate showing adcumulus texture and an igneous 
lamination formed by tabular p lagioclase and 
orthopyroxene grains . Crossed polars . Bar • 1 mm .  
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poikilitically enclosing plagioclase tablet s .  This 
enclosed feldspar is unzoned, and exhibits a conspic
uous preferred orientation inherited from the primary 
igneous lamination . In contrast ,  late-stage plagio
clase outside of the hornblende crystals is markedly 
zoned (bytownite-andesine) and unoriented . 

Closely associated with the hornblende gabbros 
are banded hornblende quartz diorites ( f ig .  12) that 
are not of apparent cumulus origip . Relationships 
are unclear due to faulting and poor exposures , but 
contacts between the hornblende gabbros and quartz 
diorites appear to be irregular and mutually grada
tional . The mineralogy of the quartz diorites con
sists of euhedral prisms of primary green hornblende , 
subhedral zoned plagioclase (labradorite-oligoclase) , 
anhedral titanomagnetite , and interstitial quartz 
( see f ig .  12 ) .  The streaky banding is similar

· 
to 

that observed in some large granitic plutons ( for 
example, Wilshire , 1968) , and likewise is possibly a 
result of segregation of suspended crystals during 
flow of a crystal-rich mush . Nonbanded quartz 
diorites are also present, and in these the hornblende 
crystals form a strong lineation, unaccompanied by a 
foliation, that is also attributed to magmatic flow . 

The peridotites and gabbros having cumulus tex
tures,  the hornblende gabbro s ,  and the hornblende 
quartz diorites are inferred to have been generated 
by fractional crystallizat ion of a mafic melt within 
a s ingle magma chamber of moderate s ize ( perhaps a 
few hundreds of meters thick) . The deformed olivine
rich rocks of the dun ite-wehrlite unit may have formed 
the lowest part of the original cumulus section, 
although this remains highly speculative because the 
black serpentinite fault zone between the dunites 
and the undeformed cumulates has an unknown amount of 
displacement .  The petrography of the cumulates sug
gests a crystallizat ion sequence comparable to those 
described from other ophiolite complexes : olivine+ 
chromian spinel, olivine+chromian spinel+clinopyroxene± 
orthopyroxene, plag ioclase+clinopyroxene+orthopyroxene± 
magnetite, plagioclase+hornblende+magnet ite±(noncumu
lus) quartz (Greenbaum , 19 7 2 ;  Hopson and others , 1975; 
Jackson and o thers , 19 75) . The exact posit ion of 
orthopyroxene in this sequence is not entirely clear 
from the petrography ; orthopyroxene appears to have 
occurred as a minor cumulus phase sporadically through
out the original section, but only in plagioclase 
cumulates does it occur in s ignif icant abundance 
(more than about 5 percent) . The hornblende quartz 
diorites are the most differentiated rocks recognized 
as part of the inferred intrusion . Even s o ,  some have 
rather mafic compositions ( see table 1 ,  analysis 5x, 
of a typical nonbanded rock) that are probably due to 
hornblende accumulation . More s iliceous rocks from 
higher stratigraphic levels of the pluton have pre
sumably been eliminated by faulting, but they may be 
represented by some of the extrusive rocks of the 
volcanic member of the ophiolite . 

The cumulus minerals involved in this differen
tiation process all exhibit the expected trends of 
chemical variation ( see f ig .  6) . lOOMg/Mg+Fe* ranges 
for the mafic silicates are: olivine, 84- 7 6 ;  ortho
pyroxene 85-6 2 ;  clinopyroxene , 87-72;  hornblende 
replacing pyroxene , 68-65 ; primary hornblende , 65-56 . 
Plagioclase is remarkably calcic : intercumulus plagio
clase in the peridotites is An 9 5_ 9 3 ,  whereas cumulus 
plagioclase in the gabbros is An 9 3- 5 5 ;  Or does not 
exceed 0 . 3 .  Only in the interst itial feldspar of the 
hornblende gabbros and in the quartz diorites do less 
calcic compositions appear .  

Figure 12 . Banded hornblende quartz diorite . 

Cumulus chromian spinel in the peridotites exhib
its a continuous compositional variat ion from chromite 
to chromian t itanomagnetite along a trend that is 
apparently magmatic in origin, and not attributable 
to subsol idus alteration or metamorphism (Evans and 
Frost,  197 5 ;  Bliss and MacLean, 1975) ( fig . 9) . In 
most large stratiform intrusions,  such as the Muskox 
( I rvine and Smith, 1969) , a maj or compositional and 
stratigraphic gap separates chromian spinel in the 
ultramafic cumulates from Cr-poor magnetite found at 
higher levels . The termination of chromite crystal
lization in these cases roughly coincides with the 
first appearance of cumulus pyroxene, a connection 
that can be explained as due to a peritectic reaction 
relationship involving Cr-bearing pyroxene , chromian 
spinel , and s ilicate melt ( Irvine, 196 7 ;  I rvine and 
Smith, 1969) . The data from the Del Puerto cumulates 
indicates that clinopyroxene and a spinel phase crys
talized s imultaneously with olivine, along a eutectic 
rather than a peritectic type of liquidus boundary 
curve, and that crystallization of an oxide mineral 
was more or less continuous all during d ifferentiatio� 
Higher oxygen fugacity in the ophiolite magma may have 
caused this different kind of behavior (Hill and 
Roeder , 1974) . 

Mafic dike rocks . --Minor intrusives of mafic to 
intermediate composition are found cutting through 
the cumulate sequence everywhere but do not form any
thing approaching a sheeted complex . Most of these 
rocks fall into one of two categories : plagioclase
clinopyroxene metadiabases ( f ig . 14) , or microdiorites 
containing primary igneous hornblende and minor 
amounts of quartz ( f ig .  15) . The metadiabases have 
suffered varying degrees of low-grade recrys talliza
tion and metasomatism, in extreme cases having been 
converted into epidosites; even in these rocks , how
ever , relict ophitic to subophitic textures remain . 
In a few of the less altered samples,  fresh clino
pyroxene or calcic plagioclase may be found ( f ig . 14) . 

The microdiorites have less secondary alteratio� 
the most widespread effect being partial conversion 
of the calcic cores of zoned plagioclase grains to 
clinozoisite . These intrusives are generally younger 
than the metadiabases , and it may be that they post
date the major period of metamorphism responsible for 
the alteration of the latter . Representative modes 
of microdiorites are included in figure 13,  and a 
typical snal�sis is given in table 1 ( analysis 7) . 
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Figure 13 . Quartz (Q) -plagioclase(P) -hornblende+ 
oxides+chlorite(M) diagram showing modal variations 
in hornblende quartz diorites at top of cumulus 
section ( triangles) , microdiorite dikes cutting 
cumulates ( s quares) , and plagiogranite intrusives 
cutting cumulates ( c ircles) , Bar along base of 
triangle shows range of hornblende gabbros ( tex
turally modified gabbro cumulates) • Rock nomencla
ture from lUGS classification (Streckeisen, 1976) . 

Figure 14 . Photomicrograph of metadiabase dike 
rock from plutonic member , Thoroughly uralitized 
clinopyroxene (gray) and unaltered bytownite (light 
gray and white) . Crossed polars . Bar = 1 mm .  

P�agiogranites. --The cumulates are cut b y  an 
additional group of even younger, very leucocratic 
rocks equivalent to the oceanic plagiogranites of 
Coleman and Peterman ( 19 75) . These occur as thin 
dikes or larger irregular bodies measurable in tens 
of meters . Coarser rocks from the larger bodies are 
hypidiomorphic granular to aplitic ( figs .  16 , 17) , and 
consist o f  zoned sadie plagioclase ( andesine to albite) 
plus quartz ,  along with minor amounts of hornblende, 
magnetite, ilmenite, and chlorite ( fig . 13) . Grano
phyric textures exist in some of the smaller dikes 

( fig . 18) . The plagiogranites are totally devoid of 
potassium feldspar or biotite, and are characterized 
chemically by extremely low K20 contents ( see table 1, 
analyses 9x and 10) . That the plagiogranites were 
hydrous and lost water upon crystallization is shown 
by the development of horn blend i te reaction zones 
within the host rock cumulates at the intrusive con
tacts . Associated with the emplacement of the leuco
cratic magmas was inj ection of numerous late-stage 
veins of quartz . 

Volcanic Member 

The volcanic member of the Del Puerto ophiolite 
consists of a sequence of submarine f lows ,  breccias, 
and hypabyssal intrusive rocks that crop out as a 
single fault-bounded block east of the alpine perido
tite ( f ig .  2) . The gross stratigraphy within this 
block strikes north-south and dips uniformly to the 
west at 60° to 7QO , Along the wes t margin of the 
exposure, the ophiolite volcanic rocks are deposi
tionally overlain by the basal sedimentary rocks of 
the Great Valley sequence , whereas the eastern margin 
is a steep normal fault along which the volcanic 
section has been uplifted several kilometers relative 
to the adj acent shales . The exposed thickoess of the 
volcanic pile above the faulted base is approximately 
2� km, somewhat greater than in most other described 
ophiolites (Coleman, 197lb) . 

Massive f lows, some of them pillowed, are volu
metrically subordinate to monolithologic volcanic 
breccias ( f ig .  19) that appear to be hyaloclastites 
having a (now completely a ltered) tuffaceous matrix . 
In the lower portions of the section , s ills become 
increasingly abundant , Epiclastic sediments are 
virtually absent . 

Chemically , the rocks range from mafic to s ilic
ic, with the average composition of the entire section 
probably falling in the mafic andesite range . All 
have undergone low-grade alteration to albite-bearing 
assemblages and are petrographically representatives 
of the spilite-keratophyre suite . Chronologically, 
the mafic extrusive units precede the more silicic 
rocks ; the latter tend to be massive nonvesicular 
types that are evidently s ills emplaced within the 
older mafic section . Near the faulted base of the 

Figure 15 . Photomicrograph of typical microdiorite 
dike from plutonic member . Zoned plagioclase (white), 
hornblende ( dark gray) , magnetite (black) , and minor 
quartz (also white) , P lane polarized light . 
Bar • 1 mm .  
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Figure 16 . Photomicrograph of hornblende tonalite 

(plagiogranite) . Blocky plagioclase and subhedral 
hornblende grains,  anhedral quartz ,  and minor chlorite. 
Crossed polars . Bar = 1 mm .  

Figure 17 . Photomicrograph of quartz albitite 
(plagiogranite) dike rock . Albite+quartz ( 95 percent) 
exhibit allotriomorphic texture ; remainder is chlo
rite and epidote . Crossed polars . Bar = 1 mm . 

Figure 18 . Photomicrograph of plagiogranite dike 
rock displaying granophyric intergrowths of sadie 
plagioclase ( gray) and quartz (white) . Crossed 
pOlars . Bar • 1 mm . 

member , sills of silicic composition are predominant , 
forming a crude sill complex analogous to those known 
to exist within the Point Sal and San Luis Obispo 
ophiolite sequences of the southern California Coast 
Ranges (Page, 1972 ; P ike , 1974;  Hopson and other s ,  
1975) . 

The maj ority of the volcanic rocks are vesicular , 
sparsely porphyritic varieties bearing phenocrysts of 
albitized plagioclase . Unaltered igneous clinopyrox
ene phenocrysts are common in the spilitic samples 
( fig . 20) , which may contain rare recognizable pseudo
morphs after euhedral olivine phenocrysts as well . 
In a number of cases, these olivine pseudomorphs 
include tiny octahedral crystals of chromian spinel 
( f ig . 2 1) . Quartz j oins plagioclase as a phenocryst 
in many of the highly silicic quartz keratophyres , 
exhibiting S-quartz morphology and resorption texturffi 
common in normal calc-alkaline dacites and rhyolites 
( fig . 22) . As is true of the plutonic rocks , there 
is no evidence for the prior existence of primary 
potassium-bearing phases , such as biotite or sanadine, 
in any of the volcanic rocks . Hornblende is exceed
ingly rare , being observed as partly altered micro
pheno crysts in only two porphyritic quartz keratq>hyJ£B . 

A well defined pattern in secondary mineralogy 
is exhibited by the volcanic member . Iron-rich 
pumpellyite is widespread and often abundant in the 
upper 1 km or so of the section, giving way rather 
abruptly to abundant epidote in the deeper levels . 
Prehnite occurs in very minor amounts throughout . 
The pumpellyite-epidote isograd is parallel to the 
upper surface of the ophiolite volcanic pile . 
Metastable igneous c linopyroxene persists to levels 
below that of the pumpellyite-epidote transition, 
but the approximate horizon at which it is replaced 
by uralitic amphibole is difficult to pin down due 
to the paucity of rocks of appropriate (mafic) compo
s itions in the lower half of the sequence . A similar 
metamorphic pattern occurring within the volcanic 
portion of the Point Sal ophiolite (Hopson and other s ,  
1 9 7 5 )  has been attributed to a comb ination of hydro
thermal alteration and contact metamorphism ("ocean
floor metamorphism") ,  the f luid involved being circu
lating sea water , and the heat source being the 
subjacent magma chamber represented by cumulate and 
related rocks . A closely s imilar origin seems 
applicable to the metamorphism of the Del Puerto 
locality . 

Figure 19 . Volcanic breccia (hyaloclastite) . 
Note large irregular amygdules filled with white 
calcite . Black disk • 6 em. 
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Figure 20 . Photomicrograph of metabasalt ( spilite) 
flow from volcanic member . Phenocrysts of albitized 
plagioclase and unaltered clinopyroxene in a ground
mass of feldspar microlites set in mesotasis of 
chlorite,  magnetite , and pumpellyite . Crossed polars . 
Bar = 1 mm . 

Figure 21 . Photomicrograph of calcite pseudomorph 
of olivine phenocryst in metaba�alt (spilite) flow 
from volcanic member . Minute black grains within 
pseudomorph are unaltered chromian spinel octahedra . 
P lane polarized light . Bar = 1 mm .  

Figure 2 2 .  Photomicrograph of porphyritic quartz 
keratophyre . s- quartz phenocrysts (white,  and 
black-at extinction) in aplitic groundmass composed 
of albite+quartz . Highly altered plagioclase 
phenocrysts are also present but difficult to dis
tinguish from groundmass . Crossed polars . Bar c 1 mm. 

BASAL SEDIMENTS OF THE GREAT VALLEY SEQUENCE 

Directly above the ophiolite volcanic member 
rests a distinctive sedimentary unit c omposed of 
interbedded tuffaceous radiolarian cherts ( f ig . 23)  
and volcaniclastic sandstones and conglomerates 
derived from a nearby active volcanic source . The 
beds of this unit, which totals roughly 400 m thick, 
were laid down conformably on top of the ophiolite , 
but the original contact has been modified in most 
places by faulting, extensive replacement of rocks 
on both sides by l aumontite, or emplacement of quartz 
keratophyre sills along the contact horizon . Locally, 
sill-like bodies o f  keratophyre are found at some
what higher levels within the sedimentary section , 
indicating overlap in time of silicic ophiolite 
volcanism and hemipelagic sedimentation . No evidence 
for subaerial or submarine erosion of the ophiolitic 
rocks has been recognized . 

The coarse-grained clastic sediments of the unit 
are turbidites consisting of essentially 100 percent 
volcanic debris of nonophiolitic provenance . The 
most common lithic clast type ( fig . 24) is a typical 
calc-alkaline andesite (Ewar t ,  1976) bearing copious 
phenocrysts of intermediate (labradorite-andesine) 
plagioclase, c linopyroxene , magnetite, and green 
hornblende . The ubiquitous hornblende, in particular , 
provides a striking contrast to the ophiolite vol
canics , which lack that phase almost entirely . 
Stained slabs of volcanic lithic c lasts show that the 
groundmass of these rocks contains considerably more 
potassium than is found in even the most silica-rich 
ophiolite samples , but neither sanadine nor biotite 
phenocrysts have been seen . Clasts of basaltic and 
dacitic volcanics also occur, but are much less 
abundant than the andesites . 

Except where swamped by calcite cemen t ,  the vol
caniclastic sandstones invariably contain at least 
traces of secondary zeolites,  both in the rock matrix 
and replacing detrital feldspar . The most common 
zeolites are analcime and a member of the heulandite
clinoptilolite series . With the exception of the 
previously mentioned replacement deposits along the 
ophiolite-sediment contact, laumontite is restricted 
to sparse narrow veinlets . Other zeolites that have 
been identified from limited areas include stilbite, 
epistilbite, natrolite , and thompsonite . The original 
glassy material in all of the sandstones has been 
c ompletely replaced by smectite clay minerals .  
Prehnite occurs as very fine grained mats in a number 
of samples , but pumpellyite is apparently absent . 

Figure 2 3 .  Thin-bedded tuffaceous cherts immediate
ly above ophiolite volcanic rocks . 



1 34 NORTH AME R I CAN OPH I O L I TE S  

The very low-grade incomplete alteration repre
sented by these secondary minerals is ascribed to 
burial metamorphism beneath an estimated 10 km of 
Cretaceous strata of the Great Valley sequence 
( compare Dickinson and others , 1969) . The effects 
of this event on the previous ly altered ophiolite 
suite was minimal , apparently being limited to depo
sition of laumontite in scattered veins in the vol
canic member and of prehnite in veins within the 
lower plutonic section . Because pumpellyite appears 
so abruptly at the top of the ophiolite, and shows 
the definite relationship to epidote in the volcanic 
section, it is believed to have formed during the 
earlier low-pressure metamorphism, although .the 
development of some pumpellyite during burial cannot 
be entirely discounted . The same problem exists 
with respect to laumontite , but at least some 
laumontite must have been generated long after 
activity within the ophiolite ceased, as shown by 
the veins within the upper strata of the volcani
clastic sandstone-chert unit . 

DISCUSSION 

Most available chemical analyses of rocks from 
the Del Puerto ophiolite have been plotted on the 
AFM diagram of figure 25 . The trend shown by the 
data is strictly neither tholeiitic nor calc-alkaline 
in nature, but possesses elements of both . A simple 
petrogenetic interpretation of the trend is rendered 
impossible by two important fact s :  1) the extrusive 
and hybabyssal rocks that def ine the trend are 
generally metamorphosed and have undergone metaso
matic alteration to an extent that is difficult to 
evaluate, and 2) the field relations clearly demon
strate that the ophiolite was generated by a series 
of separate events ,  and the magmas intruded at one 
point during the evolution of the complex need not 
bear any petrologic relation to magmatic events 
occurring at other times . Nevertheles s ,  it does 
seem to be true that all of the rocks share some 
fundamental characteristic s ,  the most basic of which 
are the subalkaline low-potassium nature of the 
magmas , and the clear tendency to produce ultimate 
differentiates very high in silica and low in iron . 

Figure 24 . Photomicrograph of hornblende-clino
pyroxene andesite clast from volcaniclastic sandstone 
bed interlayered with tuffaceous cherts . Plagioclase 
phenocrysts (white) , partly altered to heulandite, 
are much more abundant than in typical ophiolite 
volcanic rock (compare with Fig . 20) . Crossed 
polars . Bar • 1 mm. 

Feo* 

MgO 

Figure 25 . AFM diagram on which are plotted most 
of the analyzed rocks from the Del Puerto ophiolite . 
Harzburgite uni t :  squares ; dunite-wehrlite unit : 
open triangles; peridotite and gabbro cumulates from 
plutonic member : solid circles ; hornblende quartz 
diorites from top of cumulus section : diamonds ; 
microdiorite dike rocks in·truding cumulates : X' s ;  
plagiogranites intruding cumulates : open circles ; 
rocks f rom volcanic member:  inverted solid triangles . 
Large solid star is average oceanic tholeiite from 
Melson and others ( 1976) . Large open star is average 
greenstone from Mid-Atlantic Ridge (Melson and van 
Andel ,  1966) . The line separates the fields of 
tholeiitic and calc-alkaline rocks (Irvine and 
Baragar, 1 9 7 1) . 

The apparent sequence of events as now understood 
commences with the extrus ion of mafic lavas , which, 
j udging from their high vesicularity and the prevalence 
of breccia units , probably took p lace in relatively 
shallow water--possibly at depths less than 500 m. 
These lavas may represent extrusive equivalents of 
the low-K tholeiitic magma that gave rise to the 
cumulate sequence; some of the more silicic early 
extrusives may have crystallized from supernatant 
liquids periodically tapped from the top of the magma 
chamber as differentiation via fractional crystalli
zation progressed . The lower most olivine-rich cumu
lates (dunite-wehrlite unit) were laid down on a 
substrate of depleted mantle (harzburgite unit) , and 
penetratively deformed along with the subjacent peri
dotite shortly thereafter . The black s erpentinite 
zone contains tectonic inclusions of feldspathic 
peridotite and gabbro with s trong gneissic fabrics,  
indicating that high-temperature ductile deformation 
affected some plagioclase-bearing cumulates as well . 

After the pluton had completely s�idified and 
cooled , mafic to intermediate magmas , SDme of them 
hydrous , were inj ected into it,  and crystallized as 
diabases and microdiorites . These were followed by 
the extremely leucocratic plagiogranites , which are 
chemically equivalent to the h ighly silicic quartz 
keratophyres that represent the last manifestation of 
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Tab le 1 .  Chemical analys e s  o f  s e l e c t e d  rocks f r om the Del Pue rto ophiol ite , Calif o rnia 

S i0 2 
Al2o 3 
Fe2o 3 
FeO 
MgO 
CaO 
NazO 
K20 
TiOz 
MnO 
PzO s 
H2 o+ 
H2 o -
COz 

Total 

M-value* 

S . G . * *  

l x  2 

4 1 . 0  40 . 5  
1 . 0 4 . 4  
8 . 4  6 . 2  

7 . 6  
3 3 . 4  2 9 . 4  

5 . 8 5 . 2 
. oo . 0 8 
. 0 0 . 08 
. 0 4 . 1 0 
. 1 3  . 1 7  
. 0 2 . 05 

1 0 . 0 5 . 5 
. 2 2  
. 0 4  

9 9 . 8  9 9 . 5  

88 . 6  7 9 . 7  

2 . 85 3 . 1 0  

3 4x Sx 

4 7 . 6  44 . 4  5 0 . 9  
17 . 8 1 8 . 3  16 . 9  

2 . 9 1 2 . 4 1 3 . 1  
6 . 3 
9 . 0 8 . 0 4 . 8  

14 . 6  11 . 3  8 . 4 
. 5 2  1 . 0 2 . 0 
. 0 7  . 09 . 3 7  
. 3 7  . 4 9  . 6 3 
. 15 . 2 0  . 1 8  
. OS . 0 8 . 0 8  
. 70 1 . 8 1 . 6  
. 06 
. 02 

100 . 1  9 8 . 1 9 9 . 0  

6 3 . 9  5 6 . 1  4 1 . 8  

3 . 0 4  2 . 9 7 2 . 9 1  

1 .  Wehr lite f rom dunite-wehrlite uni t . ( 65 - 3 9 )  

6 

5 1 . 0  
1 7 . 8  

2 . 2 
5 . 5 
6 . 6 

1 2 . 1  
1 . 5 

. 0 7 

. 3 2 

. 12 

. 0 8  
1 . 5  

. 1 1 

. 08 

9 9 . 0  

60 . 8  

2 . 8 7 

7 8 9 x  10 11x 12x 

5 3 . 4  6 1 . 7  6 2  . 1 .  7 2 . 4  5 0 . 9  7 7 . 5  
1 4 . 2  1 5 . 7  15 . 8 1 3 . 8  1 6 . 1  11 . 2  

3 . 7 2 . 9 7 . 3 1 . 0 10 . 4  2 . 0 
6 . 9 4 . 5 2 . 5 
8 . 4 3 . 5 3 . 1 1 . 1 5 . 8 . 2 6  
9 . 2 6 . 8 6 . 2 2 . 4 8 . 0 1 . 1  
2 . 2 3 . 1 2 . 6 5 . 2 5 . 0 4 . 8  

. 2 0  . 4 0  . 2 1 . 1 3 . 10 1 . 3  

. 4 5  . 4 4  . 4 2  . 4 0  . 4 2 . 1 7  

. 1 8 . 13 . 1 3 . 1 1  . 11 . 04 

. 0 8 . 13 . 0 9  . 10 . 0 7 . 0 3  
1 . 3  1 . 5 1 . 6  1 . 3  3 . 5 1 . 3 4 

. 2 5 . 1 8  . 19 

. 0 1  . 01 . 0 1  

1 0 0 . 5  101 . 0  9 9 . 6  100 . 6  1 0 0 . 4  9 9 . 7  

5 9 . 0  4 6 . 3  4 5 . 8  3 5 . 8  5 2 . 4  3 0 . 6  

2 . 8 7  2 . 80 2 . 80 2 . 69 2 . 8 7  2 . 65 

2 .  O livine-chromite-clinopyroxene cumulate ; p lutonic member . ( 7 5- 1 1) 
3 .  P l agioclase-clinopyroxene-orthopyroxene cumulate ; p lutonic memb er . ( 6 4-1 5 7 a) 
4 .  P l ag ioclase-clinopyroxene-or thopyroxene cumulate hav ing abundant p o s t cumu lus hornblende ; plutonic 

memb e r . ( 9 3 -2a) 
5 .  Ho rnblende qua r t z  diorite f r om plutonic member . ( 9 3 - 1 6 b )  
6 .  Metadiabase d ike cut t ing g abbro cumulates i n  p lutonic memb e r . ( 7 5- 6 )  
7 .  Microdiorite d ike cu t t ing gabb ro cumu lates i n  plutonic member . ( 6 5 -2 2 a) 
8 .  Micro quar t z  diorite d ike cu t t ing cumulates in plutonic member . ( 75-10)  
9 .  Tonal i t e  intruding gabbro cumu l ates i n  plutonic member . ( 6 5- 3 8 c )  

1 0 . Alb ite g r anite d ike cut t ing p e r id o t ite cumulates i n  p lutonic member . ( 6 5 - 3 3 )  
11 . Pumpellyite-bear ing metabasalt ( sp il i t e ) ; volcanic member . ( 9 9 -9 )  
12 . P o rphyr i t i c  quar t z  keratophyre s i l l  inj e c t ed a long con t a c t  b e tween t o p  o f  ophio l i t e  volcanic s e quence and 

t u f faceous cher t s . ( 2 2 0-14a) 

No t e :  Samp les bearing the " x "  suf f ix a r e  X-ray f luores cence analys es p e r f o rmed at t h e  Un iversity o f  
California at Santa Cruz u s ing t h e  me thods o f  Norrish and Hutton ( 1 9 6 9 ) . F o r  these data , Fe z0 3= to t al 
iron a s  F e 2o 3 and H20+= l o s s  on ign i t i on . A l l  o thers are rapid rock an aly s e s  perf ormed by the U . S . 
Geological Survey u s ing the methods of S hap iro and o thers ( 1 9 7 5 ) ; Lowell Ar t i s , analy s t . 

*M-value is atomic ratio l O OMg /Mg+Fe* . 
**S . G .  is s p e c i f i c  gravity of bulk rock . 

ophiolite volcanism . These younger in t ru s ive and 
extrus ive ro cks have no obvious source in the p a r t s  
o f  t h e  ophiolite t h a t  a r e  n ow exp o s ed ;  there i s  ab so 
lute ly no ind icat i on that the s e  mel t s  ever passed 
through the unde rlying harzburg i t e . A second d i f fer
en tiated pluton may b e  imag ined to have b een emplaced 
below the o r i g in a l  one , in o rder to accoun t  for the 
later leucocratic magmas , but if such a b o dy ever 
ex is ted , it has been comp letely removed by mo re recent 
faul t movemen t s . C le ar ly , developmen t of a compre
hens ive model f o r  the ophiolite is n o t  p o s sible 
because s everal pieces o f  the puzzle are mis s ing . 

The evidence f r om the cumulus p lu ton sugges ts 
that late-s tage d i f f e ren t iates rich in s i l ic a  and 
poor in iron c an  b e  produced by norma l  f ract ional 
crys tallizat ion of a sub alka line magma. The role o f  
hornb lende ( an d  lesser magn e t i te) appears t o  b e  
crucial in this process . Fractionat ion o f  amphibole 
and magne tite along with plagioclase is believed to 
be res ponsible for t erminating the t r end o f  iron
enrichmen t typic al o f  tholeiitic suites during the 
middle s tages of cry s tallization ,  and replacing it 

with the s ilica-en ri chmen t trend cons idered more 
charac teri s t i c  o f  calc-alkaline su i te s  ( Ringwo o d ,  
1 9 7 4 ;  Cawtho rn and O ' Ha r a ,  1 9 7 6 ) . This i n  turn im
p lies that the magma was hydrous , al though the water 
need no t be " j uvenile" mantle-de r ived water- - i t  could 
j us t  a s  well have b een in t roduced ( o cean? ) water . I f  
so , the kind o f  cont inuous comp o s i t ional variat ion 
shown by the cumulus s p inels and the ext remely calcic 
comp o s i t ions o f  the cumu lus p lagioclas e  ( f or examp le ,  
Yo der , 1 9 6 9 )  sugges t that the magma acquired i t s  high 
pH 20 and high fo 2 relat ively early in i t s  cry s t al li
zation his to ry .  

The t e ctonic s e t t ing w ithin which the Del Puerto 
o ph io l i t e  deve lope d ,  and con sequently i t s  pre c i s e  role 
in the late Juras s ic paleogeog raph ic and t e c t on i c  
environment o f  central Califo rnia, remains enigmat ic . 
B o th mid-o cean ridge ( P age , 19 7 2 ;  Hopson and o ther s , 
19 75)  and interarc or margina l bas in ( B lake and Jones , 
19 7 4 ;  S chweikert and Cowan , 1 9 7 5 )  origins have been 
suggested for a ll o r  par t s  o f  the Great Val ley o phi
o l i t e , and as emphasized earlier , the ophiolite belt 
prob ab ly con t a ins a number o f  segmen ts having somewhat 
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d i f f e rent o ri g ins . The mo s t  d e f in i t ive evidence on 
the set ting of the D e l  Puerto o c cu rren ce is p r ovided 
by the s e d imentary p etrology o f  the over lying sedi
ments , which c le a r ly p l ace the s ite o f  o r i g in near an 
act ive calc-alkal ine v o l can i c  a r c  • .  S uch a s ituat ion 
i s  mo re l ike ly to exi s t  in a mar g inal b as in than in 
the open o cean ( D i ck in s on , 19 7 4 ; Karig and Mo ore , 
19 75)  • Thick vol can i c  arc s e quences of app ropriate 
age ( that i s , equ ivalen t in age to that o f  the ophi
o l i t e : c .  15 5 -160 m . y . , L anphere , 19 71) in the wes t 
ern f o o t h i l l  b e l t  o f  t h e  S ierra Nevada ( S chwe ike r t  
a n d  Cowan , 1 9 7 5 )  would f o rm a l o g i c a l  s o u r c e  area 
for the vo lcan i c las t i c  deb r i s . 

The p e trology of the Del Puerto rocks does n o t  
p rovide d e f in i t ive evidence concerning t h e  t e cton i c  
se t t ing i n  wh i ch t h e  oph iol i t e  o r i g inated . Low-K 
tholeii tes such as those in the De l Puerto lo c a l ity 
o c cur in i s land arcs as we l l  as in ocean i c  and ma r
g inal bas in cru s t  ( Jake s and Wh ite , 1 9 7 2 ; Miyashiro , 
19 7 4 ;  H awkins , 1976 ; B ryan and others , 19 76) . The 
ch emical d i f f e renc e s  among them are minor and readily 
blurred by secon dary alterat ion . The p lag i o c la s e+ 
clinopyroxene -phyric ophio l i t e  lavas , however , are 
p e t r ograph ically analogous to neither the typ ical 
ol ivine+p lagioclase-phy r ic oceani c  tho leiites nor to 
the pheno crys t -rich lavas chara c t e r i s t ic o f  volcan ic 
arcs ( Miyashiro and o thers , 19 70 ; B ryan and o the rs , 
1 9 7 6 ; Ewar t ,  1 9 7 6 ) . 

The re lative abun d an ce of int ermedia t e  to silicic 
compos it ions among the o phio l i t e  vo lcan i c  r o cks is a 
p r ob lem that the D e l  Puerto o ccurrence shares with 
many o ther ophi o l i t e s  ( Moores , 1969 ; Moo res and Vine , 
19 7 1 ;  Co leman and P e terman , 19 75 ; Co ombs an d others , 
1 9 7 6) . S u ch ro cks are ext reme ly rare among all the 
s amp les of oceanic crus t thus far ob t ained . P l ag io
g r an i t e  and e qu ivalent low-K vol canic r o cks are known , 
however ,  f rom s everal i s land arcs , including Japan 
( I shiyaka and Y anag i ,  19 75 ; 19 7 7 ) , the Car ibbean ( f or 
examp le , Longshore , 1965 ; Bowin , 19 66 ; Mat t in s on and 
othe r s , 19 7 3 ;  Gunn and Ro ob o l , 19 76) , and Fij i ( G i l l ,  
1970) , and Tonga (Ewart an d  B ry an ,  1 9 7 2 ) , sugges ting 
a f f in i t ies of ophio lites with an arc environment ,  as 
argued by Miyashiro ( 19 7 3 ,  19 75) . It s eems , never
theles s ,  that low-K tho l e i i t e , g iven the oppor tun i t y  
to f ract ionate under app ropriate c ond itions , would 
p roduce low-K d i f feren t iates regardless o f  t e c t on i c  
envi ronmen t .  T h e  app aren t  abundance o f  s u ch d i f f e r 
en tiates i n  is land arcs comp ared t o  o ce an i c  crus t 
may be largely a result of mo re c omplete s amp ling o f  
e roded and subae r i al ly-exp o s ed arc r o cks compared to 
s ubme rged oceanic c rus t . Alternat ively , the c ondi
tions required to produce s ign i f i c an t  quan t i t ie s  of 
leucocratic ro cks may b e  more likely to prevail in 
arc environmen ts . The ab s ence of a sheeted dike 
comp lex at Del P uerto , and the un iform nature o f  the 
cumulat e s , imply a relat ive ly s tab l e ,  non ten s i on al 
reg ime very d i f feren t  f rom that ob t aining under nor
ma l  s preading cen ters , b u t  such a regime migh t be 
expected wi thin an arc o r  in a marginal b as in whe re 
s preading i s  more d i f fu s e ly d i s t r ibuted . Thus , all 
things con s i d e red , a marginal bas in o r igin is pre
ferred for the ophio l i t e , a lthough a p r imit ive i s land 
arc environment i s  also p laus ib l e . There are ,however ,  
s t ron g  argumen ts again s t  the De l Pue r t o  s u i t e  b e ing 
direc t ly analogous to oceanic cru s t  as now p�rceived 
(Bo t t inga and Al legre , 1 9 7 6 ) . 

· 
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FRACTURE ZONE  TECTO N I CS ,  CONT I N E NTAL MARG I N  FRAGMENTAT I ON ,  

AND EMPLAC EMENT  O F  T H E  K I N G S - KAWEAH OPH I O L I TE B E LT ,  

SOUTHWE ST S I E RRA N EVADA , CAL I FO RN I A  

J ason Sa l eeby 

Depa r t me n t  o f  Geo l ogy and Geophys i c s 
Un i ve rs i ty of C a l i fo rn i a  

Be rke l ey ,  CA 9 4 720 

I NTRODU CT I ON  

The S i e r ra Nevada  foo t h i l l  me tamo r p h i c  be l t  i s  
a 450 km l on g  a s semb l a ge of  remn a n t  con t i nen t 
de r i ved ep i c l a s t i cs ,  a rc vo l can i cs ,  pe l ag i c-hem i 
pe l a g i c  s ed i men t s , a n d  oph i o l i te s l i ces . The  va r
i ous  l i tho l og i c  un i t s range i n  age f rom O rdov i c i a n 
to J u ra s s i c .  L i t ho l og i c  un i t s a re l en t i c u l a r  a t  
s ca l es rang i ng up  to  1 50 k m  a n d  s t r i ke a bout  N .  
30 ° W .  p a ra l l e l  to t h e  t re n d  o f  the me tamo rph i c  be l t  
( F i g .  1 ) . Many un i t s a re penet ra t i ve l y  defo rmed 
w i t h  a va r i ety  of nea r ve rt i ca l  fo l i a t i on s u r faces . 
The l i t ho l og i c  un i t s a re gen e ra l l y  bounded  by s teep 
d i pp i n g f a u l t  and  me l a nge  zones , b u t  l oca l l y  depo
s i t i ona l con t a c t s  can  be recog n i zed . F rom at  l ea s t  
l a t i t ude 3 8 ° 30 ' N  s o u t hwa r d ,  l a t e s t  Pa l eozo i c  to 
pos s i b l y  ea r l y  Mesozo i c  d i s rupted  oph i o l i te occ u r s  
as  remn a n t  ocea n i c  bas emen t ben ea t h  T r i a s s i c  to J u r
a s s i c  a rc vo l ca n i cs a n d  i n t e r s t r a t i f i ed con t i ne n t 
de r i ved ep i c l a s t i cs .  A l ong  t h e  n o r t h e r n  pa r t  o f  
th i s  segme n t  of  the met amo rph i c  be l t  the  oph i o l i t i c  
rocks occ u r  a s  s ca t te red basemen t expos u res  s u r
rou n de d  by t h e  youn ge r vo l ca n i c  a n d  e p i c l as t i c  rocks 
(Mo rgan and S t e r n , 1 9 7 7 ;  Beh rma n , 1 9 78 ; Sa l ee by , 
unpub . f i e l d  d a t a ) . F u rt h e r  s o u t h  i n  the  K i n g s 
Kawea h  te r rane  dee p e r  s t r u c t u r a l l eve l s  o f  the  foo t 
h i l l  me tamo r ph i c  be l t  a re expos ed . He re a nea r l y  
con t i n uous  1 25 km l on g  op h i o l i te be l t  occ u r s  w i t h 
s c a t t e r e d  remn a n t s  of ea r l y  Mesozo i c a r c vo l ca n i c  
a n d  ep i c l a s t l c  rocks depos i t i on a l l y  above i t .  The 
oph i o l i te be l t  i s  named i n fo rma l l y  the  K i ngs - Kaweah  
oph i o l i te b e l t a f t e r  the  K i n g s  and  Kawea h  R i ve rs 
wh i ch t ra n s e c t  i t .  Th i s  oph i o l i t e be l t  con s t i t u tes  
pa r t  of  t h e  same ocea n i c  basemen t  t e r rane  t ha t  i s  
l oca l l y  exposed  f u rt he r  n o r t h  am i ds t  t he a rc vo l 
can i cs a n d  e p i c l a s t i cs .  

The  K i n g s - Kaweah oph i o l i te be l t  cons t i t u tes  a 
s i g n i f i ca n t  segme n t  of t h e  foot h i l l  metamo rph i c  
b e l t .  W i th i n  i t  e x i s t  t h e  on l y  remna n t s  of  a com
p l ete  oph i o l i te s ucces s i on to be found  t h ro u g ho u t  
t he e n t i re S i e r ra n  te r ra n e . I n  a dd i t i o n , s i n ce i t  
rep resen t s  t h e  deepes t expos u re o f  foo t h i l l  metamo r 
ph i c  rocks , i t  a f fo r d s  the  bes t oppo r t un i ty to s t udy 
the  tecton i c  and pe t rogenet i c  h i s to ry of  the  ocea n i c  
basemen t t e r ra n e  upon wh i ch Mesozo i c  con t i n e n t a l 
ma rg i n  rocks  we re depos i ted . The p u rpose of th i s  
pape r i s  t o :  1 ) g i ve a gen e ra l des c r i p t i on o f  t h e  
oph i o l i te be l t ;  2 )  expan d  u p o n  c r i t i ca l  r e l a t i on 
s h i ps w i t h i n  t he oph i o l i te be l t  wh i ch bea r on  t h e  
tecton i cs of  oph i o l i te genes i s ,  defo rma t i on and  
emp l a cemen t ,  a n d  3 )  d i s c u s s  b r i ef l y  the  tecton i cs 
of the  oph i o l i te be l t  w i th respect  to t he reg i on a l 
tecton i cs of t h e  sou t hwe s t  Un i ted S t a tes . Deta i l ed  
s t r u ct u r a l  a n d  pet ro l og i c  data  a re p resen ted i n  

S a l eeby ( i n  p r es s a ,  i n  p res s b ) . The pa l eogeo
g raph i c  i mp l i ca t i on s  o f  the oph i o l i te be l t  a n d  adj a
cen t  me t a s e d i me n t a ry a n d  me tavo l ca n i c  rocks  a re d i s 
c us s e d  i n  Sa l eeby a n d  o t h e rs ( i n  p rep . ) . The geo
ch rono l og i ca l  evo l u t i o n  of  t he oph i o l i te be l t  i s  
d i s cu s s e d  i n  Sa l eeby ( i n  p r ep .  a ) . 

S i gn i f i ca n t  con c l us i on s  d rawn i n  t h i s  pape r a re :  
1 ) t h e  K i n gs - Kaweah oph i o l i te be l t  o r i g i nated  a t  a 
d i s ta n t  ocean i c  s p rea d i ng cen te r whe re c u t  by a 
t ra n s ve rs e  f ra c t u r e  zone ; 2 )  de fo rma t i o n  of the  
oph i o l i te wa s p ro g r es s i ve a n d  occur red p r i ma r i l y  by  
f r a c t u re zon e tecton i cs wh i l e i n  route  to the  a n c i en t  
con t i ne n t a l ma rg i n ;  3 ) t h e  a n c i e n t  con t i n e n t a l ma rg i n  
wa s f ragmen ted a n d  tecton i ca l l y  e roded a l ong  a n  
extens i on of  t h e  f r a c t u re zone ; 4 )  t he d i s rupted  
oph i o l i te wa s j uxtaposed  aga i n s t  the  raw  edge of  the  
con t i ne n t  a s  t h e  con t i ne n t a l f r a gmen t s  were d i s 
p l aced ; 5 )  t h e  d i s r u p ted oph i o l i te was a c c r e t e d  to 
the con t i ne n t a l marg i n  as  the h a n g i n g wa l l  of  a s ub
d u c t i on zone  a s  a r es u l t o f  a change i n  p l a te 
mot i on s ; 6) t h e  tecton i ca l l y  acc reted  oph i o l i te be l t  
s ub s e q u en t l y  s e rved a s  f ro n t a l a r c  baseme n t  d u r i n g 
s ub d u c t i on r e l a ted  a rc ac t i v i ty ;  a n d  7 ) t he  s u t u re 
between ocea n i c  a n d  con t i nen t a l baseme n t  t e r ranes  
rema i n ed tecton i ca l l y  a ct i ve as  a l on g i t u d i na l  i n t ra 
a rc deforma t i on z o n e  d u r i n g a r c  ac t i v i ty .  Th i s  mod e l  
of oph i o l i te genes i s ,  deforma t i on ,  emp l a cemen t a n d  
s ub s eq uen t tecton i c  h i s to ry i s  b e l i eved to be app l i 
cab l e  a l on g  the  e n t i re l en g t h  o f  t h e  S i e r ra Nevada 
foot h i l l  metamo rph i c  be l t  ( S a l eeby , i n  p rep . b ) . 

GEN ERAL D E S C R I PT I ON OF T H E  O P H I O L I TE BELT  
AN D R E LATE D  RO C KS 

The Oph i o l i te Be l t  

P l a t e  V i s  a genera l geo l og i c  map of  t h e  K i n g s 
Kaweah op h i o l i te be l t .  T h e  g ro s s  s t ruc t u re o f  the  
be l t  i s  that  of  a h uge tecton i c  megab recc i a  w i t h a 
s ch i s tose s e rpen t i n i te ma t r i x . At the  n o r t h  e n d  of  
the  be l t  c l a s t s  range  up  to  20  km i n  l en g t h , a n d  a re 
refe r red to as t e c ton i c  s l a bs ( a f t e r  H s u ,  1 968 ) s i n ce 
t hey con t a i n  i n te rna l mappab l e  s t ra t i g raph i c  un i t s .  
The  s l ab s  a re co l l ec t i ve l y  named t h e  K i n g s  R i ve r  
oph i o l i te a f t e r  t h e  K i n g s  R i ve r  wh i ch t ra n s e c t s  the 
s . ab c l u s te r .  The  s l abs  a re s epa rated  by n a r row s e r 
pen t i n i te me l a nge  zones a n d  by c ros s - c u t t i ng p l utons  
of  the  S i e r ra Nevada b a t ho l i th .  S o u t hwa rd f rom the  J 
K i ngs  R i ve r  a rea t he s l a bs  decrea s e  i n  s i ze to mono-
1 i t ho l og i c  b l ocks . I n  do i ng so the  oph i o l i te be l t  
g rades  I n to s e rpen t i n i te ma t r i x  me l a nge . The  g rea te r 
p a r t  of t h e  me l a n g e  i s  n amed t h e  Kawea h  se rpen t i n i te 
me l a nge  a f t e r  t h e  Kaweah R i ve r  wh i ch t ra n s e c t s  i t .  
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The ent i re oph i o l i te be l t  has been metamo rphosed 
i n  t he a l b i te-ep i dote to ma i n l y  ho rnb l ende hornfe l s  
fac i es (after  Turne r ,  1 968) by the C retaceous S i e r ra 
Nevada bathol i t h .  Metamorph i c  recrysta l l i za t i on of 
the oph i o l i te be l t  i s  i n  many p l aces i ncomp l e te . 
Thus some i n s i gh t  i n to o r i g i na l  m i neral ogy of the 
oph i o 1 i te p roto 1 i ths  i s  ava i 1 ab 1 e. I n  add i t i o n ,  even 

Tr-K BATHOL I TH I C  ROCKS 

T r - J  VOLCAN I C  ARC- EP I CLAST I C  COMPLEX: 

BASALT-ANDES I T E ,  TUFF-MUD-SAND SLATE 

Tr-J S I L I C I C  METAVOLCAN I C  ROCKS 

PERH-J HEM I PELAG I C  AND CONT I N ENT 

D E R I VED E P I C LAST I C  ROCKS 

OPH I O l l  TE FRAGMENTS 

PALEO VOLCAN I C  ROCKS 

EARLY PALEO H E M I P ELAG I C  AND CONT I 

NENT DER I V E D  EP I CLAST I C  ROCKS 

EARLY PALEO METAS E D I MENTARY ROCKS 

............ MAJOR FAUlTS AND MELANGE ZONES 

0 IOOkm IOOmi 

whe re metamorph i c  recrys ta l l i za t i on i s  comp l e te , 
ea r l i e r  textu res and s t ruct u res a re common l y  we l l 
p rese rved . Thus p roto l i ths o f  the metamo rphosed 
oph i o l i te be l t  have been read i l y  deduced f rom f i e l d ,  
pet rog raph i c ,  m i nera l og i ca l  and chem i ca l  da ta . 
Deta i l ed t reatment of th i s  data i s  not t he i ntent of 
th i s  pape r .  Fo r sake of  brev i ty the oph i o l i te w i l l  
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F i g u re 1 .  Map s how i ng l ocat i on of K i ng s - Kaweah oph i o l i te be l t  and s i gn i f i ca n t  reg i on a l  geo l og i ca l  fea t u res d i s 
cus sed i n  text . Gene ra l geo l ogy of S i e r ra Nevada a f te r  C l a rk ( 1 96 4 ,  1 976) , Jenn i ngs and  St rand ( 1 966) , D ' A l l ura 
and others ( 1 977) , Schwe i cke rt  and others ( 1 977) , Sa l eeby and others ( i n  prep. ) . P a l eozo i c  reg i on a l  thrust  
fau l ts after  Bu rchf i e l  and Dav i s  ( 1 972 ) ,  Speed ( 1 977) . P a l eozo i c  pa l eog raph i c  be l ts after  C h u rk i n  ( 1 974) , 
Stevens ( 1 977) . Pa l eozo i c  fore l and bas i n  axes after  Poo l e  and  others ( 1 977) , Speed ( 1 977) , S tevesn ( 1 977) . 
Ea r l y  Mesozo i c  deformat i on be l t  a f te r  S tewa rt and others ( 1 966) , B u rch f i e l  and  others ( 1 970) , S tevens and  O l son 
( 1 972) , Ke l l ey and S tevens ( 1 975) . I n i t i a l  s t ron t i um con tours fo r a utocthonous pos t - Pa l eozo i c  i gneous rocks 
after  K i s t l e r  and Pete rman ( 1 973) . Maj o r  fau l ts  and oph i o l i te f ragments of K l ama th Moun ta i ns and Coa s t  Ranges 
after . Jenn i ngs  and S t rand ( 1 966) . I nset at l ower r i gh t  s hows p l ots of seve r a l  geol og i ca l  pa rameters taken a l ong 
a sect i on perpend i cu l a r  to southern part o f  footh i l l  s ut u r e .  Bouquer  g rav i ty after  O l i ve r  and  Robb i n s  ( 1 975) ; 
rock . dens i ty a f te r  Cady ( 1 975) , Sa l eeby ( 1 975) ; heat f l ow after  Lachenb ruch ( 1 968) ; i sotop i c  compos i t i on on 
autocthonous i gneous rocks after  Ki s t l e r and Pete rman ( 1 973) , Dow and Del evaux ( 1 973 ) , S a l eeby ( 1 975) , C hen 
( 1 977) ; compos i t i on of vo l umet r i ca l l y i mportant Mesozo i c  p l utons after  Moore ( 1 959) , Sa l eeby ( 1 975) , C hen ( 1 977)  
w i t h  gbKgabb ro ,  qd=quartz  d i o r i te ,  gd=g rano rd i or i�e . qm=quartz  mono r i te .  
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OCEANIC 
BASEMENT 
LAY ER 2 

BASALT ,  
D I ABASE 

C.ABBRO, 
PARTIALLY 

SERPENT I N I ZE D  
P E R I D O T I T E ,  

GABBRO· 
PERIDOTITE 

1'\IXTURE 

P E R I D O T I T E  

KINGS RIVER OPHIOL ITE SLABS 
METAL L I FEROUS AND PURE 
RADIOLARIAN CHERT 

PILL OW BASALT ZONE 
PIL(OW LAVA, BRECCIA, 
MSSIV( BA�t T ANO I\AfiC 
D I K E ROCII.; LOCAL IZED 
SHEAR ZONES 

MAFIC DIKE ZONE 
BASALT-DI ABASE DIKES. 
LOCAL CiA88RO SCREENS ANO 
D I K E S ;  LOCAL IZ£0 SHEAR 
ZONES 

GABBRO ZONE 
C L I NOPYROXENE {•HORN
BLENDE OR O , I V INE) 
GABBRO CUJ'\ULATES ANO 
D I KE S ;  LO\IB LEVELS R I C H  
I N C L I NOPYRJX[ N I T E ANO 
LESSER WEHRL L T E ;  LOCAL
IZEO OUC T i l £ fAUL T ZONES 

TRANSITION ZONE 
INHRLAYEREO ANO O i k ( O  
OUN I T{ ,  HAR.:SURG I H .  
WEHRL i l E ,  CLI NOPYROXE· 
N i l ( ,  GABBRO. D I O R I T E  
ANO PLAGI O(ikAN i l E ;  
NEARLY PENE.RAT IVELY 
D EfORI'\[0 

HARZBURGITE ZONE 
HARZBURG I T E  AND DUN I T £  
W I T H  LOCAL I�CLUSIONS Of 
CHROtHT{·OL I V I N E CU,.qJ· 
LATE, WEMRllH AND AMPH I ·  
80L I T E ;  PENEHIAT I V E L Y  
rlEfORM[Q 

be d i s cussed i n  te rms of p re-batho l i th p roto l i ths . 
For further  i n forma t i on on batho l i th re l a ted meta
morph i sm see S a l eeby ( 1 9 75 ,  1 9 77 ,  i n  press a and b ,  
i n p rep . a ) . 

The K i ngs R i ve r  oph i o l i t i c  s l abs  a re named after 
the h i ghest encompassed peak .  The  s l abs  a re bounded 
by serpen t i n i te me l ange zones in mos t  i ns ta nces . 
Where not presen t ,  t he me l ange zones can be i n fer red 
to have ex i s ted p r i o r  to batho l i th emp l acemen t .  The 
Hog and T i vy Mounta i n  s l abs a re predomi nant l y  pe r i 
dot i te .  - These s l abs  g rade i n to the nei ghbor i ng 
me l ange ma t r i x . Pe r i dot i te fo l i a t i ons g rade i n to or  
a re cut by doma i ns of s c h i s tose se rpent i n i te .  
Towards the me l ange zones t h e  s ch i s tose s e rpent i n i te 
doma i ns become dom i nant unt i l  the o r i g i na l  pe r i do
t i te fab r i c  and m i nera l ogy i s  ob l i te rated p roduc i ng 
the me l ange ma t r i x .  W i t h i n  short d i s tances exot i c  
b l ocks o f  gabb ro , basa l t  and chert occur w i t h i n  the 
serpen t i n i te mat r i x .  The s t r i ke of the mat r i x  s ch i s
tos i ty i s  para l l e l  to t he l ong axes of the s l abs and 
to the reg i ona l t rend of the oph i o l i te be l t .  

W i t h i n  the s l abs s t ructu res wh i ch pre-date 
me l ange mi x i ng a l so occu r .  Per i dot i te and  gabbro 
wi th i n  t he Hog Moun ta i n  and  T i vy Moun ta i n  s l abs con
ta i n  a my l on i t i c  fo l i a t i on . The t rend of  th i s  fol i 
a t i on i s  ma i n l y  pa ra l l e l  to the t rend of the oph i o
l i te be l t .  Howeve r ,  doma i ns i n  wh i ch fo l i at i ons have 
been fo l ded  and rotated a re common . The fo l ded and 
rota ted doma i ns a re t r uncated by my l on i te fo l i at ion 
s u r faces wh i ch a re i dent i ca l  to the fol ded s u rface s . 
St ructu ra l  ana l ys i s  of t he my l on i tes shows that my
l on i t i za t i on p roceeded i n  repeated pu l ses w i th ea r l y
s tage fol i at i on s u rfaces be i ng t runca ted , rotated , 
fo l ded and  refo l ded du r i ng s ucceed i ng stages of my
l on i t i za t i on .  Th i s  comp l ex fam i l y  of fol i a t i on s ur
faces is  refe r red to a s  5 \ .  W i t h i n  S 1 t he re i s  a 
s teep p l un g i ng  l i nea t ion I l l ) def i ned by e l ongated 
d i mens i ona l  ma rkers such a s  py roxene porphyroc l as t s  
a n d  deformed maf i c  i nc l us i ons . Fo l d i ng of  s 1 and  l 1 
was p redom i nate l y  about s teep p l ung i ng axes . Fol ds 
i n  s 1 and  l 1 a re refer red to as F 1 . F 1 geome t ry i s  
va r i ab l e  and comp l ex .  Asymmet r i es s uggest i ve of a 
dext ra l sense of mo t i on a re not uncommon . 

KA WEA H SERPEN TINITE MELANGE UNITS 
M0Al l l f£ROUS ANO PURE 
RADIOLARIAN CHERT 
J'\Afl( BRHC t A ANO SANO· 
STONE 
fAULTEO ANO SHEAREO P I L ·  
L O W  LAVA. BREC C I A  AND 
1\A.f i C O I K E ROCK. LOCAL 
ZONES Of GRHNSCMIST 
TEClON I T E  

PROTOCLAST ICALLY OEFOR· 
1'\[0 IIAf iC O I K E ROCK. 
GABBR0 AND C L I NOPR0XEN-
I T E .  LOCAL ZONE S Of 
GREENSCH I S T ANO AHP I'I I 
BOLITE TECTON I T E  

1/[HRL I T E .  HARZBURr. I T E  
A N D  O U N I T E  TECTON I T E  
W I T H  LOCAL AHPHIBOLITE 
HCTON I T E  INCLUSIONS 

I 
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METALLifEROUS. PURE. AND 
ULTRAJ'\Af i ( Q ( I R I TUS BEAR
ING RAOIOLARIAN CHERT, 
DETRITAL SERPEN T I N I TE 
ANO OPHICALC I TE .  
8L0CKY fRACTURE D S£RPEN
l i N I HO OUN I T E . ttARl
BURG I T E ANO LESSER 
1/[HRL I T E .  

IECTON I T I C OUN I TE ,  HARZ-
8URGITE ANO LESSER I.IEI-IR
L I TE WITH LOCAL AI'IPH I -
8 0 L I T E TECTO N I T E  INCLU
SIONS 

PUIIE ANO LOCALLY ARGI LLA· 
CEOUS RAOIOLARIAN CHERT 
DETRITAL SEII.PENT I N I TE .  
OPMICALC ITE ANQ MELANGE 
I'IATR I X AN0 8LOCKS 

SERPENT I N ITE I'IA T R I K ME
LANGL TECTONIC BLOCKS 
Of f'IETALLI HROUS AND PURE 
RAOIOLARIAN CH(RT , P I L
L0W BASALT AN0 8RECC I A .  
1\A. f i C O l K E ROC K .  GABBRO, 
GREENSCHIST .l.liO AAPH I -
80LlTE TECT0NtTE ANO 
SERPENT I N IZEO PERI OO· 
T l H  Il l  T H I N  SCHISTOSE 
S£RPENT I N I TE 1'\Aa i X  

F i gure 2 . Recon s t ruc ted ocean f l oo r  sect i on s  f rom 
K i ngs-Kaweah oph i o l i te be l t .  Fo r compar i son l eft  
col umn shows norma l ocean i c  basement after ludw i g  
and others ( 1 970) , S u tton and others ( 1 97 1 ) ,  C h r i s t
ensen and Sa l i sbury ( 1 975) , C l a gue and Stra l ey ( 1 977) . 

The s ch i s tos i ty of the me l ange ma t r i x  and s i m i 
l a r  sch i s tos i t i cs o f  the Hog Mounta i n  and T i vy Moun
ta i n  s l abs a re refe r red to col l ect i ve l y  as 52 . A l ong  
both  ma rg i ns of  the  Hog Moun ta i n  s l ab , and  along the 
wes tern ma rg i n  of t he T i vy Moun ta i n  s l ab S 1 g rades 
i n to Sz . Th i s  i s  ma n i fested by a p rogres s i ve i nc rease 
of s ch i s tose s e rpen t i ne re l a t i ve to f l a t tened and 
s t reaked out o l i v i ne and py roxene . A l ong the eastern 
ma rg i n  of  the T i vy Moun ta i n  s l ab Sz cuts sharp l y  
across S 1 . loca l zones of both Sz cut t i ng S 1 and S 1 
g rad i ng i nto s2 oc c u r  w i th i n  the u l t rama f i c  s l abs . 
S 1 i n  northwes t o r i entat i ons g rades i n to s2 , whe reas 
S 1 i n  other o r i enta t i ons i s  cut by S z .  

Maf i c  s l abs of Ba l d  Moun ta i n  a n d  H ughes Mounta i n  
conta i n  a r e l i ct shea r  fab r i c  wh i ch i s  on l y  l oca l l y  
deve l oped i n  each o f  them except fo r the nor thwest  
part  of the  Hughes Mounta i n  s l ab where i t  i s  penet ra
t i ve .  The s hea r fab r i c  i s  a l so s teep l y  d i pp i ng and 
p a ra l l e l  to the reg i on a l  t rend of  the oph i o l i te be l t .  
I t  i s  though t  to be eq u i va l en t  p r i ma r i l y to S 1 of the 
Hog Mounta i n  and T i vy Mounta i n  s l abs . S i m i l a r s hear 
fab r i cs i n  maf i c  me l a nge b l ocks a ppea r to be s u rfaces 
a l ong  wh i ch the b l ocks were r i fted apart du r i ng 
me l ange m t x t ng .  Thus the shea r  fab r i c  may i n  pa rt  
a l so be eq u i va l en t  to Sz o f  the u l t rama f i c  s l abs  and  
me l ange zones . As w i l l  be  d i s cussed l a te r ,  deve l op
men t  of  s 1 and s2 a re thought  to have pa rt l y  ove r
l apped i n  t i me .  

The s l abs conta i n  va r i ous segments o f  the o r i g
i na l  oph i o l i te s t rat i g raphy . A recon s t ructed s t ra t i 
g raph i c  sect ion i s  shown i n  F i g u re 2 . Next to the 
g raph i c  sec t i on the i nte rva l s  s panned by the K i ngs 
R i ve r  s l abs  a re shown . The recon s t r ucted s t rata l 
t h i cknesses a r e  taken f rom the T i vy Mounta i n  and the 
Ba l d  Moun ta i n  s l abs wh i ch f i t  i mmed i a te l y  adj acent to 
one another when the oph i o l i te i s  pa l i n spas t i ca l l y 
res tored to i ts p re-batho l i th con f i gurat i on ( F i g .  3 ) . 
The recons t ructued oph i o l i te sect i on cons i s ts  f rom 
the base up of : 1 )  g reater than 4 km h a rzburg i te
dun i te w i th t races of  c h rom i t i te ,  weh r l i te ,  c l i no
py roxen i te and gab b ro ;  2) 2 . 5  km maf i c- u l t rama f i c  
t ran s i t i on zone composed o f  the same rocks except 
weh r l i te ,  c l i nopyroxen i te and gabb ro a re more 



1 44 N O R T H  AMER I C AN O PH I O L I TE S  

sl g n i f i ca n t ; 3 )  2 k m  gabb ro a n d l es s e r  c l i n py roxen
i te cumu l a tes ; 4 ) 0 . 7  km b a s a l t - d i a b a s e  d i ke comp l ex 
wh i ch i s  l oca l l y  s heeted ; 5 )  1 . 8  km b a sa l t i c  p i l l ow 
l a va a n d  p i l l ow b recc i a ;  a n d  6 ) g re a t e r  t h a n  20 m 
me t a l l i fe rous rad i o l a r i a n che r t . The  recon s t ructed  
oph i o l i te s e c t i on i s  i n t e rp reted  a s  a s a mp l e  of  
ocea n i c  c r u s t  and  u p p e r  ma n t l e .  A mo re deta i l ed 
d i s c us s i on o f  t h e  oph i o l i t e s e c t i on i s  p re s e n t e d  i n  
Sa l eeby ( i n  p r e s s  a ) . 

S o u t hwa rd f rom t he K i n g s  R i ve r  a rea t he oph i o
l i te f r agme n t s  dec rease  i n  s i ze to form tec ton i c  
b l ocks i n  s e r pen t i n i t e me l a nge . The l a rge  gabb ro 
b l ock at the no r t h  end of S m i t h  Mo un ta i n  i s  i n te r 
me d i a t e  i n  s i ze be tween t he K i ngs  R i ve r  s l ab s  a n d  
common me l a nge b l ocks  wh i ch r a n g e  be tween I k m  a n d  
seve ra l  mete rs i n  d i amete r .  Geophys i ca l  d a t a  
( S a l eeby , 1 9 75 )  i n d i ca te s  t h a t  t h e  Sm i t h Mo un ta i n  
b l ock con t i n ues  i n  t h e  s u b s u rface fo r a t  l ea s t  7 km 
no r t h  of  S m i t h  Moun ta i n .  A s i g n i f i ca n t  fea t u r e  of 
the s e r pe n t i n i te me l ange i s  t h a t  i t  con s i s t s  on l y  of 
op h i o l i te as s emb l a ge b l ocks . B l ocks of  d un i te ,  ha rz
b u r g i te ,  weh r l  i te , c l i nopy roxen i te ,  g a b b ro , ma f i c  
d i ke rock , p i l l ow b a s a l t , oph i ca l c i te a n d  rad i o l a r i an 
che r t  a re s us pended  i n  s ch i s to s e  se r p e n t i n i te .  
U l t ra ma f i c  b l ocks  us ua l l y  g rade o u twa rd i n to t h e  
ma t r i x  i n  a fa s h i on s i m i l a r  to t h a t  des c r i bed fo r t h e  
u l t rama f i c  s l a b s  o f  t h e  K i n g s  R i ve r  a rea . I n  con
t ra s t ,  con t a c t s  between ma t r i x  and ma f i c  a n d  che r t  
me l a n ge b l ocks  a re u s ua l l y  s ha rp .  

Me l a nge  b l ocks  a re i n va r i a b l y  e l onga t e  p a ra l l e l  
t o  the

. 
ma t r i x  s ch i s tes i ty a n d  · t he reg i on a l  t re n d  o f  

t h e  oph i o l i te be l t . I n te rn a l  s t r u c t u res  of  t h e  
b l ocks  s uch a s  my l on i te  o r  metamo rph i c  fo l i a t i on a n d  
s hea r s u r f a ce s  a re us ua l l y  o r i ented  pa ra l l e l to  the  
b l ocks  l on g  axes . Chert  b l ocks  a re u s ua l l y  t a b u l a r  
i n  s h a pe w i th  bedd i n g a l so o r i e n ted pa ra l l e l  t o  l on g  
axes . M a n y  m e l ange  b l ocks  h a ve t ra n s ve rs e  exten s i on 
f ra c t u re s  wh i ch a re occa s i ona l l y i nj ected  w i t h  s ch i s 
tose s e rpent i n i te .  I n  many i n s t a nces  b l ocks  h a ve 
been p u l l ed a p a r t  a l ong the  ten s i on f ra c t u res l i ke 
l a rge boud i n s .  Loca l k i n k s  i n  b l ocks  a n d  s ma l l 
s ca l e  fo l ds i n  the  mat r i x  s ch i s tos i ty occu r ;  t hese  
a re i nva r i a b l y  a b o u t  nea r ve r t i ca l  axes  w i th  many 
of  t h em h a v i n g a s ymme t r i es i n d i ca t i ng a dext ra l s e n s e  
of  mo t i on .  

O u t c rop mapp i ng o f  t he me l ange  revea l ed a c l u s 
t e r i n g of  b l ocks of s i m i l a r  l i t ho l ogy  o r  l i t ho l og i es .  
The c l u s t e r s  a re s hown a s me l a nge u n i t s  on P l a te I .  
The me l a nge un i t s  a p pea r to be t h e  ves t i ges  of  once 
l a rge r b l ocks  or  s l ab s  t ha t  h a ve been d i s te n ded i n to 
a my r i ad of s ma l l e r b l ocks  by fa u l t i ng and i nj ec t i on 
of t h e  mo re mob i l e  ma t r i x .  W i th i n  t h e  me l a nge  u n i t s  
t h e re a re ve s t i ges  o f  p r i ma ry i gneous  a nd s e d i me n t a ry 
con t a c t s  between d i ffe re n t  membe rs  of t he oph i o l i te 
a s semb l age . As d i s c u s sed  be l ow ,  some p r i ma ry con
t a c t s  fo rmed d u r i n g  me l a nge  deve l opme n t . The me l ange  
un i t s a re i n t e r p reted  a s  t h e  m i xed remn a n t s  o f  oce a n  
f l oo r  s t ra t i g ra p h ' c  s ucces s i on s .  S t ra t i g raph i c  
s ucces s i on s  recon s t ructed  f rom the un i t s a re a l so 
s hown i n  F i g u re 2 .  The i mp I i ca t i on s· of t he recon
s t r u c t i on s  w i l l  be d i s c u s s e d  be l ow .  

C on t i ne n t a l Ma r g i n  Rocks  

Depos i t i ona l  remna n t s  of con t i nen t a l ma rg i n  
rocks occ u r  above the Kaweah s e rpe n t i n i te me l ange . 
The o l des t of t hese  rocks i s  a che r t- a rg i l l i te o l i s 
tos t rome comp l ex con ta i n i ng o l i s to l i t h s  of s ha l l ow 
wa te r l i mes tone a n d  i n te rbeds  of chert  a n d  q ua r t zose 
to s uba rkos i c  s a n d s tone . The s ha l l ow wa t e r  l i mes tone 
b l ocks con ta i n  l a te  P e rm i an fa una  be l i eved to  be , 

exot i c  to No r t h  Ame r i ca ( S a l eeby a n d  o t h e r s , i n  
p rep ) . The  che r t - a rg i l l i te comp l ex g rades  i n to a 
vo l ca n i c  a rc-ep i c l as t i c  seq uence. C h e r t  depos i t i on 
appa ren t l y  s ubs i ded o r  wa s ove rwh e l med a s  q u a r t zose 
to s ub - a rkos i c  f l y s ch depos i t i o n  and  bas a l t - a n d e s i te 
vo l ca n i s m comme nced . The  cont i n en t a l ma rg i n  roc ks  
we re fau l ted , fo l ded and  f l a t t ened a l on g  w i t h  l a te
s tage defo rma t i on of  i t s oph i o l i t i c  b a s eme n t .  Depo
s i t i on of  t h i s  a s s emb l a ge a p pea r s  to ha ve been s y n 
tecton i c  w i t h a b u n d a n t  i n t ra forma t i ona l rewo rk i n g .  
I n  ad d i t i on ,  l oca l up l i f t s  a n d  expo s u res of  oph i o
l i te ba semen t s hed oph i o l i te a s semb l age o l i s tos t romes 
i n to the  con t i ne n t a l ma rg i n  rocks . Age con s t ra i n t s  
on t h e  depos i t i on  o f  con t i ne n t a l ma rg i n  rocks p l a ce 
i t  be tween t h e  l a tes t Pe rm i a n and  l a te J u r a s s i c  
( S a l eeby a n d  othe rs , i n  p rep . ) . 

M i d d l e  a n d  l a te J u ra s s i c  gabb ro i c  to q ua r t z  
d i o r i t i c  p l u ton i c  rocks wh i ch c u t  t h e  op h i o l i te be l t  
appea r to be t h e  roo t s  of  t h e  vo l ca n i c  a rc rocks  
( S a l eeby , 1 9 75 ; Sa l eeby a n d  S h a rp ,  1 9 77 ) . An i mpo r
tant  fea t u re o f  t h e  p l uton i c  rocks  i s  t h a t  they we re 
emp l aced  l a te i n  the deforma t i on h i s to ry of  the  
op h i o l i te b e l t f o l l ow i ng s i g n i f i ca n t  tec ton i c  m i x i ng .  
T h u s  t he p l u t o n s  c u t  me l ange  s t r u ct u res  a n d  a re 
s t r uc t u ra l l y  i n  t a c t , b u t  have h i g h tempe ra t u re defor
ma t i on fea t u res  on  t rend  w i t h  t h e  s t ru c t u re of  the  
oph i o l i te be l t ,  The  s t r uc t u ra l re l a t i on be tween t h e  
oph i o l i te b e l t a n d  t h e  J u ra s s i c  p l u to n s  i s  a n a l ogo u s  
to t h e  s t r u c t u r a l r e l a t i on be tween t h e  depos i t i on a l 
remn a n t s  of con t i n en ta l  ma rg i n  rocks a n d  t he oph i o
l i te b e l t .  The  pet rogenes i s  of each was l a t e - s tage  
s y n t e c ton i c  a l on g  t h e  p r e-ex i s t i ng s t r u c t u ra l t re n d s  
of  the oph i o l i te ba s emen t .  Fo l i a t i on s u r faces o f  t h e  
J u ra s s i c  p l u to n s  a n d  the  con t i ne n t a l ma rg i n  rocks a re 
des i g n a ted s 3 on P l a t e  V .  

T h e  op h i o l i te b e l t i s i n  t e c ton i c  con t a c t  a l on g  
i t s ea s t e rn ma rg i n  w i t h  a n  a dd i t i ona l a s s emb l a ge of  
con t i nen t a l ma rg i n  rocks . Th i s  a s semb l age con s i s t s  
o f  q ua rt z i te- a rg i l l i t e o l i s to s t romes , q u a r tzose  t o  
s ub - a rkos i c  ma s s i ve s a n d s tone  a n d  f l y s c h , ca rbona t e  
t u rb i d i tes  a n d  s l i de b l ocks  a n d  a n  uppe r s e c t i on of  
s ha l l ow ma r i ne a nd s i l i c i c  vo l ca n i c  rocks . I t  i s  
t hough t t o be eq u i va l en t  to  the  uppe r i n t e rva l s  of  
the  C a l ave ra s Comp l ex exposed  f u r t h e r  no r t h  a l on g  
the  foo t h i l l  me tamo rph i c  be l t  ( S a l eeby a n d  Good i n ,  
1 9 7 7 ;  S chwe i cke r t  a n d  o t h e r s , 1 9 77 ) . L a t e  T r i a s s i c  
to ea r l y  J u ra s s i c  fos s i l s  h a ve been recove red f rom 
the uppe r p a r t  of t h i s  a s s emb l a ge ( C h r i s te n s en , 
1 96 3 ; Jones a n d  Moo re , 1 9 73 ; S a l eeby a n d  o t h e r s , i n  
p rep . ) . Rece n t  ma pp i n g a n d  pe t ro g r a p h i c  wo rk  s ug 
ges t s  t h a t  p a r t  o f  th i s  a s s emb l age i s  a p rox i ma l  
fac i es o f  t h e  ep i c l a s t i c  rocks depos i ted o n  top o f  
the  oph i o l i te ( Sa l eeby a n d  o t h e r s , i n  p rep . ) . 

Geoch ron o l ogy 

G eoch rono l og i ca l  wo r k  i n  co nj u n c t i on w i t h  s t ruc
t u r a l  and  p e t ro l og i c  wo r k  h a s  revea l ed a p ro l onged 
h i s to ry o f  i g neo u s  and  metamorph i c  e ve n t s  a l on g  the 
oph i o l i te b e l t .  Gabb ro o f  the K i ng s R i ve r  oph i o l i te 
t r·a n s i t i on zone con ta i n s ra re pods a n d  d i ke l e t s  of  
d i o r i te a n d  p l a g i og ra n i te wh i ch a ppea r to be a u toc
thonous magma t i c  d i ffe ren t i a t e s . Z i rcon s e p a r a t e s  
f rom these  rocks a n d  s i m i l a r  rocks f rom t h ree w i de l y  
s paced gabb ro- pe r i dot i te b l ocks f rom t he Kaweah s e r 
pe n t i n i te me l an g e  y i e l d  a s u i te o f  d i s co rd a n t  U/P b  
a g e s  whos e m i n i mum a g e s  r a n ge be tween 205  m . y .  a n d  
2 7 0  m . y .  a n d  who s e  uppe r i n te rcep t  a g e s  c l u s t e r  a round  
300  m . y .  Z i rcon d i s co r d a nce i s a t t r i b u ted  to C re t a 
ceous  the rma l me tamo rph i sm r e l a ted  to emp l a cemen t of  
the  ba t ho l i th .  I n te r ce p t  ages on young  z i rcon popu 
l a t i on s  a re d i f f i c u l t t o  i n te rp re t . T h e  t e n t a t i ve 
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i n terp reta t i on i s  that  i n i t i a l  crysta l l i za t i on cou l d  
have ranged back to 300 m . y . ;  howeve r ,  i t  cou l d  have 
occu r red as l a te as about 250 m . y .  S i nce the spa rce 
l eucoc rat i c  rocks a re an i n teg ra l part  of the oph i o
l i te be l t ' s  i gneous as semb l age , thei r i n i t i a l  crysta l 
l i za t ion age cons t ra J n t s  are  taken as oph i o l i te gen
es i s  age cons t ra i n t s . 

Reg i ona l the rma l metamo rph i sm re l a ted to the 
S i e r ra Nevada batho l i t h is of ho rnb l ende hornfe l s  
fac i es .  A s i gn i f i cant  except i on i s  where l oca l zones 
of  a l b i te-ep i dote hornfe l s  fac i es rocks occur at 
s i g n i f i ca n t  d i s tances f rom con tacts w i th bathol i th i c  
rocks . F rom these zones ma f i c  me tamorph i c  tecton i tes 
of  the oph i o l i te have been da ted by K/Ar techn i q ues . 
The m i n i mum age of these tecton i tes i s  1 90 m . y .  
Where s i m i l a r  tecton i tes have been co l l ec ted f rom 
zones of ho rnb l ende hornfe l s  fac i es rocks the K/A r 
sys tem has been comp l ete l y  reset to ba tho l i th ages . 
As d i scus sed be l ow ,  mesoscop i c  f i e l d  re l a t i ons s ug
ges t that t he t rue metamo rph i c  age of these tecton
i tes i s  the same a s  the oph i o l i te genes i s  age . 

The timing of oph i o l i te deforma t i on i s  bounded 
on the upper end by vo l um i nous p l u tons of the ba th
o l i t h wh i ch cut  s 1 , s2 and s 3 and l ack a tecton i c  
fab r i c .  These p l utons have y i e l ded n umerous ea r l y  
C retaceous concordant z i rcon ages . The i n tact p l u
ton i c  rocks wh i ch cont a i n  S 3 but  cut me l ange s t ruc
tu res have y i e l ded concordant m i dd l e  and l a te J u ras
s i c  z i rcon ages . Thus  tecton i c  m i x i n g of  the  oph i o
l i te be l t  ceased by m i dd l e  J u ras s i c  t i me and s ubse
q uent  defo rma t ion of the oph i o l i te be l t  and J u rass i c  
p l utons ceased by ea r l y  C retaceous t i me .  The tecton
i cs of  oph i o l i te genes i s ,  t ransport , deforma t i on ,  
me l a nge deve l opment  and emp l acement a re the subjects 
of  the rema i nde r of  t h i s  pape r .  

F i g u re 3 .  Pa l i n spas t i c  res tora t i on o f  the 
K i ngs-Kaweah oph i o l i te be l t  to i ts con f i gura ·  

t i on p r i o r to emp l acement of J u ras s i c  and 
� retaceous p l utons of  the S i erra Nevada 

batho l i th ,  ove r l ap by con t i nenta l  ma rg i n  
rocks , and  tecton i c  j uxtapos i t i on i ng 
aga i n s t  the C a l averas Comp l ex .  

IO Km 
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THE FRACTURE ZONE MODEL 

A pa l i nspas t i c  res tora t i on of the oph i o l i te 
be l t  to i t s con f i g u rat i on p r i o r to emp l acement of 
J u ras s i c  to C retaceous p l u tons and depos i t i on of the 
con t i nenta l ma rg i n  assemb l age is s hown i n  F i gure 3 .  
The recons t r uct i on s hows the oph i o l i te be l t  a s  a 
tecton i c  megabrecc i a  w i th a penet rat i ve ve rt i ca l  
p l ana r fab r i c .  Th i s  con f i g u ra t i on i s  s i gn i f i cant l y  
d i fferent f rom many other oph i o l i tes wh i ch occur  as 
mode ra te ly  d i pp i ng s heets (Moo res , 1 969 ; Co l eman ,  1 9 7 1 ;  
Dav i es , 1 97 1 ; Dewey and B i rd ,  1 9 7 1 ; Moores a n d  V i ne ,  
1 9 7 1 ; Chu rch , 1 97 2 ;  Gea l ey ,  1 9 77) . Fo r th i s  rea-
son an obduct i on or ove rthrust  mode l of emp l acement 
i s  not adopted for the K i ngs - Kaweah oph i o l i te be l t .  
A con t i nen t a l  ma rg i n  subduct i on mode l of emp l ace
ment does no t seem app l i ca b l e  e i t h e r .  T h e  tecton i c  
me l ange of the Ki ngs-Kaweah oph i o l i te be l t  i s  ocea n i c  
i n  or o g o n .  Con t i nenta l ma rg i n  rocks were depos i ted 
across oph i o l i te me l ange l ate i n  i ts deforma t i ona l  
h i s tory s ubsequent to  s i gn i f i cant tecton i c  m i x i ng .  
I n  add i t i on , the sed i mentary record o f  the oph i o l i te 
be l t  records t rans port  f rom the ocean i c  reg i me i n to 
a con t i nenta l ma rg i n  reg i me wh i ch was cha racte r i zed 
by non-vo l can i c  hem i -pe l ag i c  and te r r i genous sed i 
men tat i o n .  A vol ca n i c  a r c  was not approached by the 
sea f l oor s pread i ng t ransport of the oph i o l i te as 
wou l d  be t he case in  a s ubduct i on emp l acement mode l . 
F i na l l y ,  me tamo rph i c  tecton i tes of the oph i o l i te 
be l t  a re g reens ch i s t  to amph i bo l i te fac i es .  B l ue
s ch i s t and ec l og i te fac i es rocks , wh i ch a re genera l l y  
con s i dered cha racte r i s t i c  o f  s ubduc t i on comp l exes , 
a re not present a l ong the K i ngs - Kaweah bel t .  

A n  a l ternat i ve t o  a n  obduct i on o r  s ubduct i on 
mode l of oph i o l i te deforma t i on and emp l acement i s  
deve l oped be l ow .  Spec i f i c  s t ructura l , pe t ro l og i c  
and s t r a t i g raph i c  r e l a t i ons a l ong t he oph i o l i te be l t  
are  used i n  conj unct i on w i t h  recent d i s cove r i es i n  
ma r i ne tecton i cs to deve l op a n  ocean i c  f racture zone 
mode l . The ro l e  of some of the re l a t i on s h i ps used 
to deve l op the mode l i s  summa r i zed i n  F i gure 5 .  
Re l a t i onsh i ps between pet rogenes i s  and deforma t i on 
of the oph i o l i te a re of p r i ma ry i nte res t .  C r i t i ca l  
rel a t i onsh i ps i n  i gneous , pre-bathol i th metamorph i c ,  
and ocean i c  sed i menta ry rocks a re covered respect
i ve l y .  Emphqs i s  i s  p l aced on the fact tha t defor
mat i on and d f s rupt i on of  the oph i o l i te was ocean i c  
and p rog ress i ve ,  and  fu rthermore , oph i o l i te genes i s  
was syn tecton i c .  Spec i f i c  re l a t ions h i ps d i s cussed 
be l ow may have notewo rthy a l ternat i ve i n te r p reta
t i ons . Howeve r ,  i n  each i ns tance t he f racture zone 
i n terpreta t i on appea rs to be as good or bette r than 
a l ternat i ve i n te r p retat ions . Furthermore , when a l l  
o f  the �el a t i onsh i ps a re cons i de red togethe r ,  the 
f racture zone mode l seems to be the on l y  mode l that 
eannot be d i sm i s sed . For sake of b rev i ty the a l ter
nat i ve i nterp reta t i ons w i l l  not be g i ven equa l t reat
men t .  

Igneous Deforma t i on 

Tempo ra l rel a t i ons h i ps between the i gneous gener
a t i on of the oph i o l i te be l t  and commencement of i ts 
deforma t i on h i s tory s uppo rt the f racture zone mode l .  
Deve l opment of  s 1  commenced dur i ng t he i gneous gener
at i on of  t he oph o o l  i te a t  t he ocean i c  sp read i ng 
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F i gu re 4 .  Photog raphs o f  some i'mpo r tant fea t u res a l ong the Ki ngs-Kaweah oph i o l i te be l t . A :  P rotoc l as t i c  defor
ma t i on in d i o r i te and basa l t  d i kes cut t i ng c l i nopyroxene gabbro . B :  Defo rmed hyd rothe rma l ve i ns i n  harzburg i te 
tecton i te ; ve i ns a re f l a ttened i n to s 1 wh i ch i s  t i gh t l y  fol ded a round vert i ca l  ax i s  w i th homoax i a l  open refo l d .  
C :  B l ocky f ractu r i ng i n  serpent i n i zed ha rzbu rg i te .  D :  La rge c l ast  o f  oph i ca l c i te composed o f  sma l l e r oph i ca l 
c i te c l as t s  (a reas r i ch i n  dark u l t ramaf i c  de tr i t u s )  i n  m i cr i t i c  mat r i x ;  t he l a rge c l as t  occurs w i th othe r 
c l as t s  of pe r i dot i te and oph i ca l c i te w i t h i n  a m i cr i t i c  mat r i x .  E :  C r ude bed d i n g  i n  sed i mentary se rpen t i n i te ;  
upper bed conta i ns up to bou l de r  s i ze c l as t s , l owe r bed con ta i ns up to cobb l e  s i ze c l a s t s . F :  Steep- p l ung i ng 
� l onga t i on l i neat i on l n  harzburg i te ;  L

1 i s  accen tuated by t ransposed hyd rothe rma l ve i ns .  G :  Soft sed i ment 
fol d i ng and b recc i at i on i n  meta l l i fe rous rad i o l a r i a n  che rt ; dark bands a re nea r l y  p u re ox i de m i nera l s ;  note 
how d i s rupted i n terva l i s  bounded by i n tact i n terva l s .  

cen ter .  1 n t  rus i ve and extrus i ve p u  1 ses ove r 1 apped 
in t i me w i th p u l ses of my l on i t i za t i on .  Some i n t ru
s i ve mas ses cut S 1 sharp l y  a l ong pa r t  of  the i r l ength 
but  are  in turn cut o r  t ransposed i n to s l fu rther  
a l ong t he i r  l ength . Some me re l y  show chaot i c  p roto
c l as t i c- type s t ruct u res wh i ch in most cases converge 
i n to s 1 of the s u r round i ng rocks ( F i g .  4a) . 

The pos i t i on and amount of h i g h l y  d i f fe re n t i a ted 
i gneous rocks ra i ses an i mpo rtant po i nt .  P i l l ow 
l avas of the oph i o l i te be l t  are basa l t i c .  Kera to
phyre and q ua r tz ke ratophyre a re apparen t l y  abse n t .  
The maf i c  d i ke a n d  cumu l a te gabbro zones of  t h e  Ki ngs 
R i ve r  oph i o l i te and eq u i va l en t  me l ange b l ocks l ack 
d i o r i te and  p l ag i og ran i te .  Th i s  pauc i ty · of h i gh l y  
d i ffere n t i a ted rocks con t rasts  w i th many other oph i o
l i tes wh i ch conta i n  s i gn i f i cant amoun t s  of i n te rmed
i a te to s i l i c i c  i n t r us i ve and ext rus i ve rocks 
(Moores , 1 96 9 ;  Dewey and B i rd ,  1 97 1 ; Ba i l ey and  
B l ake, 1 974 ; Col eman and  Peterma n ,  1 975) . D i o r i te 
and p l ag i ogran i te do occur i n  t race amoun ts i n  the 
K i ngs R i ve r  t rans i t i on zone and in eq u i va l ent me l ange 
b l ocks . I t  thus  appears  that the on l y  env i ronment 
s u i tab l e  for s tagnat i on a nd ext reme d i f feren t i a t ion 
of magma bod i es was in  t he deeper l e ve l s of  the oph i 
o l i te benea th the ma i n  p l uton i c  part  o f  t he sect i o n .  
The pocket s  a n d  d i kes of  magma wh i ch s tagnated i n  
the t rans i t i on zone a l so concent rated magma t i c  wa te r 
dur i ng d i ffe ren t i a t i on . Th i s  i s  s hown by the p re
sence of p r i ma ry b rown ho rnb l ende and by hy.drothe rma l 
aureo l es and  ve i ns that formed i n  the u l t ramaf i c  hos t 
rock. In the h)(d rothe rma i zones dun i te ,  harzburg i te 
and weh r l i te have been a l tered to va r i ous com b i na
t i on s  of  se rpen t i ne ,  C r- ch l or i te and  ta l c  ( F i g .  4b) . 

An i mpo rtant fea t u re of these a l tera t i on zones i s  
that they a l so s how deve l opmen ta l  p u l ses wh i ch ove r
l apped i n  t i me  w i t h  my l on i t i za t i on p u l ses in t hat 
the zones cut a nd a r e  cut or  t ransposed by s 1 to var
i ou s  deg rees . 

St ruct u ra l  ana l ys i s  of the s 1 tecton i tes re
vea l s  h i gh amounts of f l atten i ng and cons t r i ct i on a l  
s t ra i n .  I n  add i t i on ,  pers i s tent p u l ses of t rans l a
t i ona l movements w i th fo l d i ng and rota t i on about 
s teep axes accompan i ed the f l a t ten i ng and cons t r i c
t i ona l  s t ra i n .  I t  i s  d i f f i cu l t  to env i s i on such com
p l ex tecton i tes form i ng at a norma l ocean i c  s p read
i ng cente r .  Howeve r ,  tecton i tes s i m i l a r  to those 
of the K i ngs - Kaweah oph i o l i te be l t  have been recov
e red f rom t ransverse f racture zones (Aumento and 
others , 1 97 1 ; Bonatt i and  others , 1 97 1 ; Me l son and 
others , 1 9 72 ; Thompson and Mel son , 1 972 ; Bona t t i  and 
Honno rez , 1 976 ; Fox and others , 1 976) . I t  i s  p ro
posed that the s 1 tecton i tes of  the K i ngs - Kaweah 
oph i o l i te be l t  deve l oped a l ong a t ransverse f racture 
zone .  The s 1 deforma t i on began at the i n tersect i on 
of the f racture zone w i th the r i dge ax i s  and con t i n
ued for some unknown d i s tance off  the r i dge ax i s .  
Thu s ,  p l uton i c  masses and t he i r  contact metamorp h i c  
de r i va t i ves were p rotoc l a s t i ca l l y  deformed by s 1 and 
s ubsequent l y  fo l d ed ,  rota ted and rede formed w i t h  
deve l opment o f  l ater-s tage s 1 . I t  i s  i mportant to 
emphas i ze that the pene t ra t i ve tecton i te fab r i c  that 
i s  p resent t h roughout the harzburg i te i s  a l so p re
sent i n  dun i te ,  weh r l i te ,  py roxen i te ,  gabbro,  d i a
ba se , d i o r i te and p l ag i ogran i te .  A d i s t i nc t i ve tec
ton i te-cumu l ate con tact or  con tact zone , as wou l d  be 
expected w i th a norma l r i dge de r i ved oph i o l i te ,  does 
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n o t  e x i s t  i n  t h e  K i ng s - Kaweah oph i o l i te be l t .  

Deve l opmen t o f  s 1 va r i es w i t h  s t ra t i g ra p h i c  
d e p t h  i n  t h e  recon s t r u c ted K i n g s  R i ve r  op� i o l i te 
sect i on ( F i g .  2 ) . Th i s  va r i a t i on ref l e c t s  a change  
i n  mate r i a l  beha v i o r  w i t h  dep t h  d u r i ng s l deve l op

men t .  The h a r z b u rg i te and l owe r t ra n s i t i on zones 
behaved by penet ra t i ve d u ct i l e  and ca ta c l as t i c  f l ow .  
Nota b l e exce p t i ons  t o  t h i s  a re sma l l  i so l a ted  ma f i c  
bod i es i n  the  ha rzb u r g i te zone wh i ch s y n tecton i ca l l y  
rec rys ta l l i zed  i n  t h e  amph i bo l i te fac i e s a n d ,  i n t r u
s i ve mas ses  i n  t h e  t ra n s i t i on a n d  l owe r ga b b ro zones 
wh i ch were p rotoc l a s t i ca l l y  defo rmed . The  upper  
t ra n s i t i on a n d  l owermo s t  gabb ro zones  beh aved s i m i 
l a r  to rocks l ower  i n  t h e  sect i on except  i n  a l e s s  
pen e t ra t i ve f a s h i on .  T h u s  l oca l doma i n s i n  wh i ch 
i gneous text u res a n d  s t r u c t u res  a re fa i r l y-we l l p re
se rved occ u r  w i th i n  t hese s 1 t e c ton i tes . The t e c to
n i tes  extend  t h rough t h e  ma 1 n  part  of  the  gabb ro zone 
a s  d u c t i l e  fa u l t zones . I n  t h e  ma f i c  d i ke a n d  p i l l ow 
basa l t  zones l oca l i zed s hea r a n d  b r i t t l e  f ra c t u re 
zones occ u r .  

T h e  gene ra l d e fo rma t i on p a t te rn  d i s p l ayed i n  
t h e  re con s t ructed  K i n g s  R i ve r  op h i o l i te s e c t i on i s  
i nc rea s i ng d u c t i l i ty a n d  pe rva s i vene s s  w i th  s t ra ta l  
dep t h .  Th i s  p a t t e rn i s  be l i eved t o  be p r i ma r i l y a 
res u l t of a s teep ocea n r i dge t he rma l g ra d i en t  w i th 
h i gher  tempe ra t u res favo r i n g g rea t e r  d u c t i l i ty a n d  
p e r vas i venes s o f  deforma t i on .  Th i s  deforma t i on p a t 
t e r n  i s  be l i eved to h a ve b e e n  ma s ked by i n tense  p ro
toc l a s i s  at the i n te rsect i on of the f ra c t u re zone 
ax i s  w i th the s p read i n g a x i s .  M a f i c  me l ange u n i t s 
common l y  con t a i n  b l ocks  w i th  ext reme l y  comp l ex i n te r
na l s t ruct u res  i n  wh i ch chaot i c  m i x t u res o f  p i l l ow 
l ava , ma f i c  d i ke roc k , gabb ro a n d  ma f i c  me tamo rp h i c  
t e c to� i tes have con t ra d i cto ry re l a t i o n s h i ps w i t h s 1 . 
The chaot i c  maf i c  me l a nge b l ocks  a re i n te r p re t e d  a s  
remna n t s  of  t h e  i n te rsec t i o n  zon e .  T h e  s p a t i a l  
re l a t i on sh i p s e n v i s i oned be tween the  me l a nge un i t s 
wh i ch con t a i n  t he chaot i c  ma f i c  b l ocks a n d  t h e  l a rge 
s l ab s  wh i ch f i t  i n to a mo re conve n t i on a l  o ph i o l i te 
s t ra t i g raphy  w i l l  be d i s c u s s e d  be l ow .  

Metamo rph i c  Tecton i tes  

Rece n t  s t ud i es o f  ocea n i c  r i dges and  f ra c t u re 
zones  h ave s hown t h a t  these  zones a re cha racte r i ze d  
by a d i s t i n ct i ve s teep ve rt i ca l  metamo rph i c  g rad i en t  
wh i ch passes  t h rough  zeo l i te ,  g re e n s ch i s t a n d  amph i 
bo l i te fac i es (M i ya s h i ro a n d  o t h e r s , 1 9 7 1 ; M i ya s h i ro , 
1 972 ; S poon e r  and  Fy fe , 1 9 7 3 ;  Fox a n d  o t h e r s , 1 9 76 ) . 
Th i s  ve r t i ca l l y  comp ressed  fac i es se r i es apparen t l y  
res u l t s  f rom a s teep ocean r i dge t h e rma l g rad i en t  
wh i ch i s  re l a te d  t o  heat  l i be ra ted  d u r i n g ocean 
f l oo r  genes i s .  The  effects of  a s teep ocea n r i dge 
t he rma l  g rad i en t  a re ev i d e n t  i n  the metamo rph i c  
g rade of  ma f i c  tecton i tes  p re s e n t  a l on g  t h e  oph i o
l i te be l t  ( F i g .  2 ) . Da t a  wh i ch pe r ta i n  to t h i s  
s u bj ect  comes f rom w i th i n  t he T i vy Mou n t a i n  s l ab an d 
f rom zones a l on g  t h e  s e r pe n t i n i te me l an ge whe re con 
tact  metamo rph i s m by the b a t ho l i t h i s  a t  i t s l owes t  
g rade . A s  s ta t e d  ea r l i e r  K!A r  data  o n  t h e  ma f i c  
me tamo rph i c  tecton i tes  revea l s  a m i n i mum me t a mo rp h i c  
age of 1 90 m . y .  Con t a c t  metamorph i sm b y  the  b a t ho
l i th has severe l y  a l te red both  U/P b and  K/A r s y s t ems 
o f  t he oph i o l i te be l t ,  so the t rue metamorph i c  age 
of the tecton i tes  i s  p roba b l y  s i gn i f i ca n t l y ' g rea t e r . 
S i nce  p rotoc l as t i c  defo rmat i on o f  d i o r i te-p l ag i o
g ran i te d i ke s  a n d  metamo r ph i c  rec ry s t a l l i za t i on o f  
t he maf i c  tecton i tes  a re bo t h  s l fea t u res , t h e  t r ue  
metamo rph i c  age o f  t h e  tecton i te s  i s  p roba b l y  c l ose 
to  t he i g n eo u s  a ge  of the d i or i t e- p l ag i og ra n i te 
d i ke s . Thus metamorph i c  hea t and  oph i o I i te genes i s  

hea t a re cons i dered  the  s ame . 

W i t h i n  the  deepe r s t ra ta l  l eve l s  of t he T i vy 
Mounta i n  s l ab gabb ro i c ma sses  we re s y n tecton i ca l l y  
rec rys ta l l i zed t o  amph i bo l i tes  d u r i ng deve l opme n t  of  
s 1 . U n fo r t un a te l y ,  con tact  me tamo rph i sm by the 
b a t ho l i t h makes i t  i mposs i b l e  to reso l ve t he o r i g i 
na l me tamo r ph i c  g rade of the  T i vy Moun t a i n  s l a b ' s  
uppe r l eve l s .  The  s ame p rob l em ex i s ts w i t h  the 
Ba l d  Mo un ta i n  and H ughes  Mou n t a i n  s l abs  wh i ch con 
ta i n  t h e  oph i o l i te ' s  uppe rmo s t  s t ra ta l  l eve l s .  
Wha t  can  be s a i d  i s  t h a t  me tamo rph i c  rec rys ta l l i za 
t i on wa s nowhe re n ea r  a s  p e r va s i ve i n  t h e  uppe r 
l eve l s  of the  T i vy Mo un ta i n  s l a b as i n  i t s  l owe r 
l eve l s ,  a n d  t h a t  d u c t i l e ,  cata c l a s t i c  a n d  p roto
c l a s t i c  f l ow g rea t l y  p redom i na ted a s  deforma t i on 
modes i n  i t s uppe r l eve l s . Whe re t he p ro to l i th s  of 
amph i bo l i te tecton i te b l ocks i n  se rpen t i n i t e me l a nge 
can  be d e d u ced , t hey a re us  ua I I  y gabb ro . I n  con
t ra s t ,  l ow g rade amph i bo l i te and  g reensch i s t tecto
n i te b l ocks  a re mos t  common l y  d e r i va t i ves  of  ma f i c  
hypa by s s a l a n d  vo l ca n i c  roc k .  

T h e  re l a t i on s h i p s ou t l i ned above a re i n te rp re 
t e d  a s  a res u l t of  a s teep ocean r i dge t h e rma l g ra 
d i en t  wh i ch con t ro l l ed metamo rph i c  m i n e r a l a s s em
b l ages  deve l oped a l ong  t h e  f ra c t u r e  zone whe re met a 
mo rph i c  rec rys ta l l i za t i on wa s t h e  p re fe r red mode o f  
deforma t i on .  P e r va s i ve amph i bo l i te fac i es me tamo r 
p h i s m i s  p resen t be tween  s t ra ta l  d e p t h s  of 7 a n d  1 1  
km i n  t h e  recon s t ruc ted K i ngs  R i ve r  s e c t i on .  W i t h 
a tempe ra t u r e  range  of about  450 ° C to 650 ° C fo r t he 
amph i bo l i te fac i es (T u rn e r , 1 968 ) , t h i s  dep t h 
tempe ra t u re r e l a t i on co r responds  w i t h ca l cu l ated 
oce a n  r i dge geothe rms (Oxb u r g h  and Tu rco t t e , 1 968 ; 
S c l a te r  a n d  F ra n chetea n , 1 9 7 0 ) . The l owe r g rade  
cond i t i on s  wh i ch e x i s ted h i gh e r  i n  the sect i on a re 
man i f e s t e d  by l oca l i zed zones of syn tecton i c  me ta
mo rph i c  r e c ry s ta l l i za t i o n now p rese rved on l y  w i t h i n  
ma f i c  me l ange  b l ocks . Th i s  l oca l i za t i on of meta
mo rph i c  tec ton i tes  a t  h i gh e r  s t ra t a l l e ve l s  i s  
tho u g h t  to b e  a res u l t o f  t h ree va r i ab l es wh i ch 
wo rked tog e t h e r  to p ro d u ce t hem : 1 )  zones of con 
cen t rated  deforma t i on ;  2 )  a rap i d l y  dec l i n i n g h i g h 
the rma l g ra d i en t ; a n d  3 )  m i g ra t i on of wa te r .  As 
d i s c u s s ed be l ow ,  t h e  zones o f concen t ra ted defo rma
t i on a re t ho ug h t  to h a ve w i dened w i th  t i me ,  and as 
a res u l t the i n f l ux o f  wa t e r  i n to the deform i ng 
ocea n f l oo r  i n c reased  w i t h t i me .  Howeve r ,  t he 
rap i d l y  dec l i n i n g t he rma l g ra d i en t  put  t i g h t  t i me
space cons t ra i n t s  on  the  i n te rva l ove r wh i ch me ta
mo rph i c  rec ry s ta l l i za t i on cou l d  operate  a s  a s i g n i 
f i ca n t  deforma t i on mode a t  uppe r c r u s t a l l eve l s .  

P rog res s i ve s e rpen t i n i za t i on o f  t he oph i o l i te 
be l t ' s  u l t rama f i c  rocks i s  thoug h t  to have been a n  
i mpo r t a n t  f ra c t u r e  zone p roces s . Serpent i n i za t i on 
i s  known  to be an i mp o r t a n t  p roce s s  a l on g  mod e rn 
ocea n i c  f ra c t u re zones  ( Bona t t i a n d  o t he r s , 1 9 7 1 ; 
Me l son a n d  Thompson , 1 97 1 ; Bona t t i , 1 976 ; Bona t t i  
and  Honna rez , 1 9 76 ) . Se r pe n t i n i za t i on o f  the  K i n g s 
Kawea h be l t  beg a n  w i th t ra n s i t i on zone hyd rothe rma l 
me tamorph i sm d u r i n g  oph i o l i te genes i s  a n d  i n i t i a l  
deforma t i on .  As s ta ted ea r l i e r  t he hyd rothe rma l 
zones c u t  a n d  a re c u t  by o r  t ra n s posed i n to S 1 to 
va r i ous  deg ree s . The hyd rotherma l  se rpen t i n i tes  
do not appea r to be  d i re c t l y  re l a ted to s2 -bea r i ng 
sch i s to s e  s e rpe n t i n i tes . Howeve r ,  s

2 
s e r p e n t i n i za

t i on  i s  a l so t houg h t  to have ove r l apped i n  t i me w i t h  
deve l opmen t  o f  s

1
. Th i s  i s  s ugges ted b y  t h e  g rad i 

t i on a l  re l a t i on s  between S a n d  s2 • s
1 

rep res e n t s  
the  i n i t i a l  deforma t i on a nA d i s r upt i on of  the new l y  
c reated oce a n  f l oo r .  A s  s t a ted  ea r l i e r  s

1 
deve l op 

men t  w a s  p rog res s i ve .  A s  s 1  deve l oped m i g ra t i on o f 
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ocean wa t e r  i n to t h e  defo rm i ng ocean f l oors  deepe r 
s t ra t a l l eve l s  wa s fa c i l i ta ted . As wa te r m i g r a t e d  
i n to t he u l t rama f i c  rocks s y n t ecton i c  s e rpen t i ne 
g row t h  p ro g r es s i ve l y  rep l aced d u c t i l e a n d  c a t a c l a s 
t i c  f l ow of  o l i v i n e a n d  py roxen e .  S l a b s  a n d  b l ocks 
of  s 1 -bea r i n g pe r i do t i tes  a re t h e  i ncomp l et e l y  d i ge s 
t e d  remn a n t s  of  the  young ocean f l oo r ' s  u l t rama f i c  
zones . I t  i s  i mpo r ta n t  to note  t h a t  s teep p l un g i ng 
fo l d s wh i ch a re so common i n  the  S J - bea r i ng s l a bs  
a l so occ u r  l oca l l y  i n Sz  o f  t h e  u l t rama f i c  s l a bs  a n d  
t h e  me l a nge  ma t r i x . 

P rog res s i ve s� rpent i n i za t i on i s  be l i eved to 
have l ed to g rea t e r  mob i l i ty i n  the young  ocea n 
f l oo r .  As s 2 doma i n s deve l oped d i f fe ren t i a l  tec
ton i c  moveme n t s  were p referen t i a l l y  con ce n t rated  
a l ong  them .  Th i s  acce l era ted bot h  tecton i c  m i x i n g 
a n d  f u r t he r  se rpent i n i za t i on wh i c h l ed to s e r pen t i 
n i t e me l a nge  forma t i o n .  As w i l l  be d i s cu s s e d  be l ow 
p ro t rus i ons  a n d  s u r f i c i a l  deb r i s  f l ows of u l t rama f i c 
rock  appea r to have p l ayed a n  i n teg ra l pa r t  i n  t h i s  
s tage of  t h e  oph i o l i tes  d i s r u p t i on h i s to ry .  

Syn tecton i c  Pet rogenes i s  

S t ruct u ra l  a n a l ys i s  o f  t he op h i o l i te be l t ' s  
I g neous a n d  p re-ba t ho l i t h metamorph i c  rocks i n d i 
cates  a syn tecton i c  pet rogenes i s  o f  t he oph i o l i te 
be l t ' s  c r u s t a l s egmen t s  wh i ch can  be bes t exp l a i ned 
w i t h a f ra c t u r e  zon e  mode l .  P rog re s s i ve deforma t i on 
a l ong  the  f ra c t u r e  zone d u r i ng  t ra n s po r t  away f rom 
the  s p read i n g ax i s  l ed to  t h e  forma t i on of ocea n 
f l oo r  me l a nge . The fact  t h a t  t h e  oph i o l i te be l t ' s  
me l a nge i s  ocea n i c  I n  o r i g i n  i s  bes t d i s p l ayed i n  
the  reco rd  of  ocea n i c  sed i me n ta t i on .  As w i t h t he 
op h i o l i te be l t ' s  i g neo u s  a n d  metamo r p h i c  rocks , 
pet rogenes i s  of i t s s ed i me n t a ry rocks wa s syn tec
ton i c .  Thus  t h e  ea r l i e s t  fo rmed sed i me n t a ry rocks 
a re t horoug h l y  m i xed  i n to s e rpe n t i n i te me l a nge , w i t h 
l a te r  depos i t s be i ng m i xed to a l e.s s e r  exten t .  I n  
t he  fo l l ow i n g d i s c u s s i o n the  ocea n i c  sed i me n ta t i on 
h i s to ry of t he oph i o l i te be l t  i s  t reated  i n  two sec
t i ons , c l a s t i c  and b i ogen i c . I t  m u s t  be empha s i zed , 
howeve r ,  t h a t  t h e s e  sed i men ta t i on modes  ope r a ted  
s i mu l ta neous l y .  

C l as t i c  Sed i menta t i on 

Sed i me n t a ry b r ecc i a  and coa rse  a n g u l a r  s a n d 
s tone composed  of  b a sa l t ,  d i abase , g a b b ro , a n d  ra re 
che r t  a n d  amph i bo l i te det r i t us occ u r s  as me l a nge 
b l ocks i n  seve ra l  l oca l i t i e s a l on g  t h e  oph i o l i te 
b e l t .  Re l i c t bedd i ng i s  p r e s e r ved  i n  some b l ocks . 
Sed i men t a ry fab r i cs s ugges t bo t h  t a l u s  s l ope a c c u 
m u l a t i on a n d  deb r i s f l ow depos i t i on modes . I n  a 
coup l e  of b l ocks defo rma t i on makes i t  i mpos s i b l e  to 
dec i ph e r  i f  t h e  b recc i a  i s  a defo rmed s ed i me n t a ry 
rock or i f  i t  o r i g i n a t ed i n  a fa u l t  zone . A n g u l a r  
c l as t  fa u l t b recc i as a l on g . w i t h ra re sed i me n t a ry 
b recc i as h a ve a l so been observed  i n  t he p i l l ow sec
t i on of  t he Ba l d  Mou n t a i n  s l a b .  S i n ce t he sed i men
ta ry b recc i a s occ u r  mos t commo n l y  as  me l a nge b l ocks 
the deepe r s t ra ta l  l eve l s  of  the oph i o l i te we re a t  
l ea s t  l oca l l y  exposed  a n d  e roded p r i o r  t o  me l a nge  
m 1 x 1 ng .  Deep  l eve l expos u res of  the  oce a n  f l oo r  a re 
on l y  known to occ u r  a l on g  fa u l t scarps  of t ra n s ve rse  
f ract u re zones ( Bona t t i a n d  others , 1 97 1 ; Me l son a n d  
Thompson , 1 9 7 1 ; Me l son a n d  others , 1 9 72 ; Thompson 
and Me l so n ,  1 9 72 ; Fox a n d  ot he r s , 1 9 76 ; Bona t t l and  
Honnorez , 1 976 ) . The ma f i c  sed i me n t a ry b recc i as a re 
i n te r p re ted a s  hav i ng been shed  f rom fa u l t  s ca rps 
fo rmed d u r i n g the  ea r l y  s tages o f  oph i o l i te d i s r up
t i on . The b recc i as we re s ubsequen t l y  e ng u l fed I n to 
se rpen t i n i te me l ange as  t he f ract u re zone evo l ved  
to  a more chaot i c  s ta t e . 

U l t rama f i c  de t r i ta l  rocks a l s o occ u r  a l ong the  
op h i o l i te be l t .  These  cons i s t  of  de t r i t a l  se rpen t i 
n i tes  a n d  oph i ca l c i tes . Nea r l y  i de n t i ca l  rocks have 
been recove red f rom mode rn  f ra ct u re zon es ( Bona t t i  
a n d  o t h e rs , 1 9 73 , 1 9 74 ) . Ra re l y  f i ne de t r i ta l  s e r 
pen t i n i te w i l l  occ u r  a s  sed i men t a ry ma t r i x  for  ma f i c  
c l a s t  b r ecc i a s ,  a n d  occa s i on a l l y bas a l t  a n d  g a b b ro 
c l a s t s  occ u r  i n  oph i ca l c i te .  The u l t rma f i c  b recc i a s 
have comp l ex deve l opmen ta l h i s to r i es wh i ch  a re d i r 
ect l y  re l a ted to deep e r  l eve l tecton i c s a n d  a l so i n 
vo l ve a b u n da n t  s u r f i c i a l  rewo rk i n g .  

A s i g n i f i ca n t  n umbe r o f  u l t rama f i c me l ange b l ocks 
have s t r u c t u ra l  fea t u re s  wh i ch d i f f e r  s i g n i f i ca n t l y  
f rom t h e  s 1 - s 2 r e l a t i o n s h i p s  d i s c u s s e d  ea r l i e r .  
S up e r i mposed ove r  t h e  p e r i dot i te fo l i a t i on (S J ) i s  a 
rounded b l ocky f r a c t u r e  sys tem w i t h a rc u a t e  s ch i s tose 
s e rp e n t i n i te zones woven t h rough the  pe r i dot i te a u to
c l a s t s  ( F i g .  4c ) . These fea t u res g rade  i n to seve r a l 
d i f f e r e n t  fea t u res . I n  some i n s ta n ces  the  s ch i s tose 
s e r p en t i n i te zone s become mo r e  pe rva s i ve ,  l es s  accu
ra t e  a n d  u l t i ma t e l y  con ve rge i n to S 2 of the  me l ange  
ma t r i x  l ea v i ng  s ma l l c l a s t s  o f  s e rpen t i n i zed pe r i do
t i te d i s p e r s ed i n  mat r i x  adj a cen t to the p a r e n t  b l ock . 
I n  o t h e r  i n s ta n ces , t h e  s e rpen t i n i te becomes l e s s  o r  
non - s ch i s tose  w i t h t he c l a s t s  d i s pe rsed  t h rough  i t  i n  
a chao t i c  f a s h i on .  I n  a s i g n i f i ca n t  n umbe r of  
i n s t a nces the  u l t rama f i c  me l a nge b l ocks go t h ro ugh 
s i m i l a r  g ra da t i on s  as  men t i oned  i mmed i a t e l y  a bove 
excep t  ca l c i te a n d  do l om i te occ u r  i n  d i ffe ren t 
amoun t s  t h ro u g h  t h e  seq uence . F i rs t t h e  ca rbo n a t e  
occ u r s  i n t e rs t i t i a l  t o  u l t ramaf i c  f ragmen t s  a n d  t h e n  
i t  p rog res s i ve l y  i n c r ea ses  i n  con cen t ra t i on u n t i l t h e  
u l t rama f i c  ma t e r i a l  i s  d i s p e r s e d  i n  a ca rbon a t e  
ma t r i x  ( F i g .  4d ) . 

The b r ecc i a t i on seq uence o u t l i ned  a bove i s  i n te r 
p reted  a s  h a v i ng  two i n t i ma t e l y  a s s oc i a ted s tages . 
The f i rs t  s tage i s  a u tob recc i a t i on a s  the  u l t rama f i c  
mate r i a l  moved up  d i a p i r i ca l l y  i n to t he f ra c t u re 
zon e .  The  seco n d  s tage i s  d i s p e r s a l of t he b recc i a ted  
u l t rama f i c  rock  a s  deb r i s  f l ows a n d  t u rb i d i t i es upon  
s u r fac i n g of  t h e  u l t rama f i c p ro t r u s i on .  I n  ma ny 
i n s ta n ces  i t  i s  i mpos s i b l e  to d i s t i n g u i s h  be tween 
p ro t r u s i ve b recc i a s a n d  s ed i men t a ry b recc i a s .  
B r ecc i a s i n te r p reted  a s  de f i n i te l y  p ro t rus i ve a re 
p a r t s  of s em i - i n ta c t  pe r i dot i te b l ocks . B recc i a s 
i n t e r p reted  a s  de f i n i te l y  sed i me n t a ry con ta i n  s ed i 
me n t a ry s t ruct u re s  a n d  c l a s t s  o r  i n te rbeds  o f  che r t  
( F i g .  4e ) . A s i m i l a r i n t i ma te r e l a t i on s h i p  between 
p ro t rus i on and sed i me n t a ry b recc i a s can  be obse rved 
i n  u l t ra ma f i c  f l ows  o f  the C a l i fo r n i a  Coa s t  Ranges 
( E c ke l  and Mye rs , 1 9 46 ; D i ck i n son , 1 966 ; Cowa n a n d  
Man s f i e l d ,  1 9 70 ;  Lockwood , 1 9 72 ) ,  a n d  a re appa ren t 
i n  mode rn  f ra c t u re zones ( Bona t t i a n d  o t h e r s , 1 9 74 ;  
Bona t t i  a n d  Honnorez , 1 9 76 ) . 

Ve r t i ca l  p rot rus i on o f  u l t rama f i c  rock i s  known 
to be an i mpo r t a n t  p rocess  a l on g  mode r n  f r a c t u re 
zones  (Me l son and  o t h e r s , 1 96 7 , 1 9 72 ; Thompson a n d  
Me l son , 1 9 72 ; Bon a t t i  a n d  Honno rez , 1 9 76 ; Fox a n d  
o t h e r s , 1 9 76 ) . The s teep l y  p l un g i ng e l onga t i on l i nea
t i on ( L l ) w i th i n  S 1 i n d i ca tes  a dom i n a n t  compone n t  of  
uppe r man t l e  - l owe r c r u s t a l ve r t i ca l  f l ow d u r i ng a n d  
i mmed i a te l y  fo l l ow i n g op h i o l i te genes i s  ( F i g .  4 f ) . 
I n  a f ra c t u re zon e env i ronme n t  t he acce n t  of the  hot  
u l t rama f i c  rock  wou l d  not  be con f i ned  by  l a te ra l 
sp rea d i ng about  the  r i dge ax i s .  Thus  s 1 - L ]  deve l op
men t not  on l y  ref l ect s  wrench  tecton i cs ,  b u t  a l so 
ve r t i ca l  p rot rus i on tecton i cs .  P rot r u s i on was p rob
a b l y  acce l e ra te d  a s  wa t e r  m i g ra te d  I n to the  deform i ng 
oce a n  f l oo r  a n d  s e rpen t i n i za t i on of the  hot  u l t ra 
ma f i c  rock comme n ced . The b l o cky f ract u re p a t t e r n  
d i s c u s s ed a bove s ug g e s t s  a vo l ume i nc rease d u r i ng  
s e rpent i n i za t i on .  S i m i l a r  p a t te rn s  a re p resent 
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a ro und  t h e  B u r ro Moun ta i n  u l t rama f i c  body of  the  
C a l i fo rn i a  Coa s t  Ranges  whe re expa n s i on has  been 
docume n t e d  ( C o l eman and K e i t h , 1 9 7 1 ) .  I n  a dd i t i on ,  
s e r p e n t i n i te u n d e r  h i gh tempe r a t u re con d i t i on s  
e x i s t s  i n  a t he rma l l y  wea kened  s ta t e  ( Ra l e i g h a n d  
P a t t e rson , 1 965 ) . Thus , t h e  upwa rd  d u c t i l e  a n d  c a t a 
c l a s t i c  f l ow of  p e r i dot i te i s  e nv i s i oned  a s  h a v i ng 
a c ce l e ra ted d ue to t h e  expa n s i on a n d  wea ke n i n g o f  
s e rpent i n i za t i on .  As ve r t i ca l  f l ow a n d  se rpe n t i n i za
t i on p rog res sed , t h e  p ro t r u s i ve rock con t i n ued  to 
wea ken , i n c rea s i ng i t s mob i l i ty .  The  i mporta nce of 
s t ra i n  h i s to ry w i t h  respect to p rog res s i ve wea ken i ng 
i n  t h e s e  type of bod i es has  been demon s t ra ted by 
Cowa n a n d  Ma ns f i e l d  ( 1 970 ) . S u rfac i ng of the  f rac
t u re zone p rot r u s i on s  res u l ted  i n  mono l i t ho l og i c  
sed i me n t a ry b recc i a s  of  u l t ra ma f i c rock . 

Ta l u s p i l es o f  p ro t r uded u l t rama f i c  rock a re 
be l i eved to be t h e  ma i n  e n v i ronme n t  of oph i ca l c i te 
fo rma t i on .  I n t e ra c t i on w i t h  p e r co l a t i ng ocean wa te r 
a n d /o r  hyd rothe rma l f l u i d s i s  be l i eved to have been 
t he ma i n  ca use of  oph i ca l c i te format i on .  A b i ogen i c  
o r i g i n  i s  not  co ns i de red  i mpo r t a n t  here  s i n ce b i o
gen i c  l i mes tones  a re ra re a l on g  the  e n t i re oph i o l i te 
be l t . A s ub a e r i a l  pedogen i c  o r i g i n  ( Fo l k  a n d  
McB r i de ,  1 9 76)  i s  not  con s i dered  s i n ce ra d i o l a r i an 
che r t  i s  l oca l l y  i n te rbedded w i t h  and  ove r l i es 
oph i ca l c i te .  

The  de t r i t a l  u l t rama f i c  rocks  s how a comp l ex 
sed i me n ta t i on h i s t o ry w i t h  a b un da n t  rewo rk i n g .  
C l a s t s  of oph i ca l c i te con ta i n i n g a b undan t u l t rama f i c  
de t r i t u s  occ u r  i n  l a t e r  gen e ra t i on oph i ca l c i tes  a n d  
i n  de t r i ta l  s e rpent i n i te s . I n  a d d i t i on ,  i n te rbeds  
of  op h i ca l c i te  occ u r  w i t h i n  de t r i t a l  s e r pe n t i n i te 
a n d  i n te r beds  of bot h  oph i ca l c i te a n d  de t r i ta l  s e r 
pen t i n i te occ u r  w i t h i n  rad i o l a r i a n che r t . T h e  oph i 
ca l c i te i n t e rbeds  appea r to have been accumu l a t i on s  
o f  c a r bon a t e  mud w i t h  pebb l e  to  s a n d  s i ze u l t ra 
ma f i c  f ragmen t s .  I n  s eve ra l i n s ta nces t h e s e  "d i am i c
t i tes"  compos e  the  mat r i x  of che rt - c l a s t  b recc i a .  
A s  w i l l  be d i s c u s sed  i n  t h e  sec t i on on b i ogen i c  sed
i me n ta t i on ,  soft  sed i me n t  defo rma t i on a n d  rewo rk i ng  
wa s a n  i mpo r t a n t  p roces s a l ong t he f ra c t u re zone . 
The p rot ruded a c c umu l a t i on s  of u l t rama f i c  det r i t u s  
a n d  re l a t e d  op h i ca l c i tes  we re p robab l y  d i s rupted  a n d  
rewo rked b y  f u r t h e r  p ro t r us i on a n d  w rench  tecton i cs .  
Loca l d i s ru p t i o n  may h a ve a l so occ u r red  when sma l l 
mou n d s  of p i l l ow l ava we re b u i l t  on t he det r i t a l  
u l t ramaf i c  rocks . 

The det r i ta l  u l t rama f i c  rocks we re  read i l y 
i n co rporated  i n to s e rpent i n i te me l a nge a s  both b l ocks 
and ma t r i x .  I n  n ume rou s  i n s t a n ces  t h e  f r i a b l e  de t r i 
ta l s e rpent i n i tes can be obse rved i n  i n te rmed i a te  to 
adva n ced  s tages  o f  d i s i n teg ra t i on i n to me l a nge  ma t r i x  
by deve l opme n t  o f  S2 . The fact  t h a t  t h e  u l t ramaf i c  
c l a s t i c  sed i me n t a ry rocks occ u r  a s  depos i t i ona l 
remna n t s  a bove me l a nge , a s  me l a nge b l ocks a n d  a s  a 
l oca l p ro to l i th of t h e  me l a nge ma t r i x  i nd i ca t e s  
t he i r syn tecton i c  genes i s .  

B i ogen i c  Sed i me n t a t i on 

Depos i t i on ,  soft sed i me n t  defo rma t i on ,  l i t h i 
f i ca t i on a n d  hard  rock defo rma t i on o f  rad i o l a r i an 
che r t  p roceeded t h roughout  the d i s rupt i on h i s to ry o f  
t h e  oph i o l i te b e l t .  T h e  ea r l i es t  fo rmed che r t s  a re 
m i xed as tecton i c  b l ocks t h roughout  se rpe n t i n i te 
me l a nge , and  occu r l oca l l y  w i t h i n  p i l l ow l ava s l a b s  
and  me l ange b l ocks . Late r- s tage che r t s  res t a s  
h i g h l y  deformed depos i t i ona l remn a n t s  a bove det r i ta l  
u l t rama f i c  rocks , l ate- s tage p i l l ow l ava moun d s  a n d  
se rpen t i n i te me l ange . Chert  me l ange b l ocks common l y  

have s t ra t i g ra ph i c  t h i cknesses  o f  about  20 m .  Th i ck
nesses be tween 1 00 and 200 m occ u r  i n  t h e  depos i 
t i ona l remnan ts , b u t  t h e s e  a re g ros s t h i c k n e s s e s  due  
to i n te n s e  de fo rma t i o n .  S i n ce che r t  depos i t i on was 
syn tec ton i c  a coh e r e n t  che r t  sect i on p roba b l y  neve r 
ex i s ted . The  t h i ckne s s e s  of both  t he me l ange  b l ocks  
a n d  depos i t i ona l r emna n t s  s ugge s t  that  a t  l ea s t  200 
m of che r t  wa s depos i te d  on the oph i o l i te b e l t p r i o r 
to depos i t i on o f  t he con t i ne n t a l ma rg i n  a s s emb l a ge . 
Howeve r ,  the  ea r l i e r - fo rmed che r t  i n t e r va l s  we re 
tec ton i ca l l y  m i xed  i n to me l a nge p r i o r to and d u r i n g 
depos i t i on o f t h e  l a te r- fo rmed i n t e r va l s .  Con t a c t  
metamo rph i c  re c ry s ta l l i z a t i on of  ra d i o l a r i a  tes t s  
p roh i b i t s pa l eo n to l og i ca l  d a t i ng of  the  che r t s . 

A s i g n i f i ca n t  re l a t i on s h i p  ex i s t s  be tween the 
compos i t i on of  t h e  che r t s  and  t he i r s t r uc t u ra l  s e t 
t i n g .  C h e r t s  occ u r r i n g a s tecton i c  b l ocks t h roug h 
o u t  t h e  me l a nge  commo n l y  con ta i n  b l ack  to d a r k  p u rp l e  
i n te r b e d s  a n d  d i s s em i n a t i ons  o f  ox i de m i ne ra l s .  
These  i mp u r i t i es a re p r i ma r i l y  i ron ox i de w i t h  t race 
ma n g a n e s e  ox i de .  The me ta l l i fe rous che r t s  a re n o t 
a b l y  l a ck i ng i n  a rg i l l a ceous o r  vo l ca n i c  i mp u r i t i es .  
C h e r t s  occ u r i ng a s  h i g h l y  defo rmed depos i t i ona l rem
n a n t s  above se rpe n t i n i te me l a n ge l oca l l y  con t a i n  
t h i n  i n te rbeds a n d  d i s s em i na t i on s  of  a rg i l l aceous 
ma te r i a l . The  a r g i l l aceous che r t s  l a ck s i g n i f i ca n t  
amoun ts  o f  ox i de m i n e ra l s ,  a n d  l a ck  vo l ca n i c  i mp u r i 
t i es .  Vo l can i c  i mp u r i t i e s occu r on l y  ra re l y  i n  
che rts  t h a t  o c c u r  w i th p i l l ow l ava .  C he r t s  l a ck i n g 
any  s i g n i f i ca n t  i mp u r i t i es occ u r  both  as d i s pe rsed 
me l a nge  b l ocks , w i t h or  w i t hout  met a l I i fe rous  
che r t , a n d  as  bedded  i n te rva l s  i n  depos i t i ona l rem
n a n t s  wh i ch con t a i n  the a rg i l l a ceous  che r t s . 

The  re l a t i on s h i ps p resented  a bove a re i n te rp re
ted to be a r es u l t o f :  1 )  depos i t i on of  ra d i o l a r i a n 
ooze comme n c i n g d u r i ng op h i o l i te genes i s  a n d  con t i n 
u i ng t h roughout  oph i o l i te d i s r u p t i on a l on g  the  f rac
t u re zone ; 2 )  ea r l y  to m i d d l e-s t a ge depos i t i on of  
basa l me ta l l i f e rous  s ed i me n t s  f rom hyd ro the rma l s o l u
t i on s  ( Bos t rom a n d  P e t e r son , 1 969 ;  Bos t rom and  
o t h e rs , 1 9 76 ) emana t i ng f rom dep t h  a t  t he s p read i n g 
ax i s  a n d  poss i b l y  a l on g  t he f ra c t u re zone for  some 
d i s ta n ce o f f  the  s p read i n g a x i s ;  3 )  l a t e r - s tage 
s po rad i c  i n f l ux o f  f i ne te r r i genous ma te r i a l  s hed  
f rom a d i s t a n t  s o u rce that  was be i ng app roa ched by 
sea f l oo r  s p read i n g t ra n s po rt of  the  f ra c t u re zone 
comp l ex .  Fo l l ow i n g depos i t i on o f  the a rg i l l aceous  
che r t s  t h e  next  rocks  that  appea r i n  the  sed i me n 
ta ry reco rd  a re che r t - a rg i l l i t e o l i s tos t rome s wh i ch 
con ta i n  s ha l l ow wa te r l i mes tone o l i s to l  i t h s , a n d  
i n te rbeds  o f  bot h  con t i n e n t  de r i ved s a n d s tone a n d  
a rg i l l aceo u s  che r t . Thus  the  oph i o l i te w a s  app roach
i n g a l a ndma s s  that  wa s not  con t r i b u t i ng vo l ca n i c  
det r i t u s  to the  sed i men t a ry reco r d . Th i s  i mpo r t a n t  
re l a t i on s h i p  w i l l  be d i s c u s sed f u r t he r i n  conj unc
t i on  w i th con t i nenta l marg i n  tecton i cs .  

S t ra t i g raph i c  s et t i ngs  o f  t he va r i ou s  che r t s  
i nd i ca te p rog res s i ve d i s r u p t i on of  t he ocean i c  base
men t  d u r i n g  b i ogen i c  sed i me n ta t i on .  The e a r l y  to  
m i dd l e - s tage che r t s  occu r i n  a s soc i a t i on w i th  p i l l ow 
l avas o r  as d i spersed  b l ocks  i n  s e rpen t i n i te me l a nge . 
These c h e r t s  a p pea r to have had two depos i t i ona l 
set t i ngs : 1 )  maf i c  ocean i c  bas emen t as s hown by 
t he i r p resence i n  both  p i l l ow l a va s l ab s  a n d  i n  p i l - 
l ow l ava-bea r i ng me l ange un i t s ;  a n d  2) p ro t ruded 
u l t ramaf i c  basement  a s  s h own by t he i r p resence i n  
per i do t i te me l a nge un i t s whe re they a re assoc i ated 
w i t h  oph i ca l c i te and  det r i ta l  serpent i n i te .  The 
l a t e r- s tage c h e r t s  we re depos i ted on baseme n t  con 
s i s t i ng o f  serpent i n i te me l a nge . det r i t a l  u l t rama f i c 
rocks a n d  mounds  of l a te- s tage p i l l ow l ava . 
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ref l ec t  con t i n uous  d e fo rma t i ona l a c t i v i ty a l on g  the 
f ra c t u r e  zon e .  S t ruct u res  t h a t  a re bes t i n te r p reted  
a s  soft  sed i men t i n  o r i g i n  occ u r  both  i n  tecton i c  
b l ocks a n d  i n  t he depos i t i on a l remna n t s . These  con 
s i s t of s t ra t i g ra ph i c  i n t e r va l s  of  che r t -cemen ted 
che r t  - c l a s t  b r ecc i a s  a n d  a s soc i a t ed  chaot i c  fo l d s 
( F i g .  4h ) . The chaot i c  i n t e r v a l s  a re bounded  by 
bedded i n t e r va l s  bot h o f  wh i ch a re common l y  cut by 
h a rd rock tecton i c  s t r u c t u re s . I n  seve ra l  i n s t a n ce s  
che r t  c l a s t  de b r i s  f l ow depos i t s occ u r  w i t h  a n  oph i 
ca l c i te ma t r i x . The  common occu rence o f  s o f t  sed i 
men t b recc i as a n d  fo l ds i s  t a ken a s  a n  i n d i ca to r  of  
a n  uns t a b l e  depos i t i on a l e n v i ronme n t . S i n ce the  
younge r c he r t s  ove r l i e  s e rpen t i n i te me l a nge , wh i ch 
con t a i n s  b l ocks  of o l de r  che r t s , t h e  i n s t a b i l i ty o f  
t h e  pe l ag i c  depos i t i ona l e n v i ronme n t  i s  s hown t o  
have been pe r s i s te n t  a n d  tecton i c  i n  o r i g i n .  

Ea r l y  to m i dd l e- s tage c h e rt s , wh i ch occ u r  p r i 
ma r i l y  a s  me l a nge b l ocks , we re l i t h i f i e d i n  mos t  
cases p r i o r  t o  me l a nge  m i x i ng .  Th i s  i s  s hown b y  the  
p r e s e n ce o f  b r i t t l e  s hea r a n d  t en s i on f ra c t u res wh i ch 
a re the  s u r fa ces a l on g  wh i ch t he me l a nge  b l ocks i n i 
t i a l l y  b roke apa r t .  D u ct i l e  defo rmat i on fea t u res  
s uch a s  p i n c h i ng a n d  swe l l i ng or  s t re a k i n g - o u t  of  
bedd i n g i n  many  cases  cannot  be d i s t i ng u i shed  f rom 
soft  sed i me n t  fea t u res . I n  some i n s ta n ces  c h e r t  
b l ocks can  be s h own to h a ve been d u ct i l y  defo rme d 
a l ong  w i t h  s 2 defo rma t i on of t h e  ma t r i x . T h u s  ea r l y  
t o  m i dd l e  s tage c h e r t s  u n d e rwen t  l oca l i zed  chaot i c  
fo l d i n g a nd b recc i a t i on p r i o r  to l i t h i f i ca t i on ,  a n d  
fo l l ow i ng l i th i f i ca t i on t hey unde rwen t  b r i t t l e  f rag
men t a t i on to form me l an ge b l ocks  some o f  wh i ch u n d e r
wen t s ubseq uen t d u ct i l e defo rma t i on a l on g  w i t h  t h e  
me l ange mat r i x . 

L a t e- s t age che r t s  wh i ch occu r as depos i t i on a l  
remn a n t s  a bove me l ange  a re i n  some ways s t r u c t u ra l l y  
mo re comp l ex t ha n  t he ea r l i e r - s tage cher t s . T h i s  
re l at i on s h i p  i s  i n te rp reted a s  a res u l t of  depos i t i on 
a n d  l i th i f i ca t i on of t h e  ea r l i e r  che r t s  occu r i ng on 
sem i - i n t a c t  baseme n t  s l a bs  unde rgo i ng l oca l i zed  de
forma t i on w i t h  depos i t i on o f  the  l a t e r  che r t s  occ u r
i ng on s e r pen t i n i te me 1 a n ge basemen t unde rgo I ng pene
t ra t i ve deo f rma t i o n .  Thus , o n ce l i t h i f i ed t h e  ea r l 
i e r  che r t s  we re a b l e  to e s cape  much o f  t h e  defo rma
t i on t h a t  the l a t e r  che r t s  expe r i enced i n  a s o f t  
sed i me n t  to sem i - l i t h i f i ed s ta te wh i l e s i t t i ng on  
a ct i ve me l a nge . C haot i c  fo l ds a n d  b recc i a s of  p rob
ab l e  soft  s ed i me n t  o r i g i n  a re l oca l l y  i mpo r t a n t  i n  
the  l a te- s tage che r t s . Ano t h e r  i mpo r t a n t  fea t u r e  o f  
t hese che rt s , wh i ch a ppea rs  to have been i nh e r i ted 
f rom t h e  soft  sed i men t to sem i - l i t h i f i ed s t a te ,  i s  
t h e  p r es e n ce of  l a rge ma• s i ve doma i ns w i t h l oca l 
c l a s t s  a n d  root l es s  fo l ds .  The  ma s s i ve doma i n s g ra de 
i n to o r  s h a r p l y  a b u t  a ga i n s t  bedded doma i n s .  The 
ma s s i ve doma i n s are i n t e rp reted a s  pond s  of rewo rked 
ra d i o l a r i a  ooze wh i ch s l i d  a c ro s s  and r i pped up  beds 
of  compacted  ooz e .  I n  add i t i on some c h e r t  beds a re 
g raded w i t h  respect  to rad i o l a r i a  tes t s i ze wh i ch 
s ugge s t s  rewo rk i ng of rad i o l a r i a  ooze by t u rb i d i ty 
c u r ren t mechan i sms . Both  bedded a n d  chaot i c  doma i n s 
of t he depos i t i ona l remn a n t s  a re common l y  c u t  by a 
spaced c l eavage wh i ch l oca l l y  g rades i n to  a pene t ra
t i ve c l eavage . Whe r e  bedd i ng i s  p rese rved t he c l ea 
vage i s  occas i ona l l y  ax i a l  p l a n a r to s teep- p l u ng i n g 
fo l ds .  I n  seve ra l I n s t a n ces  t h e  c l eavage c u t s  a c ro s s  
l i mbs of  chaot i c  s o f t  s ed i me n t  fo l ds .  T h e  c l eavage 
i s  cop l an a r  to s2 of  t he u n d e r l y i ng me l ange ma t r i x .  
The o u t c rop pa t te rn o f  t h e  depos i t i ona l remn a n t s  I s  
h i gh l y  s ugges t i ve of a n  i n fo l d  re l a t i on s h i p  w i t h  t h e  
unde r l y i ng me l a nge  (P l a t e  V) . 

I t  mu s t  be emphas i zed  t h a t  a d i s t i nc t  l i ne 

cannot  be d rawn be twee n ea r l y ,  m i dd l e  a n d  l a te-
s tage che r t s . E a r l y  a n d  l a te - s tage  che r t s  can be  
d i s t i n g u i s hed by t h e  s t r u c t u re- compos i t i on re l a t i on s  
ou t l i ned  a bove . M i d d l e- s tage  che r t s  appea r to r e p r e 
s e n t a g rad i t i on both  i n  s t r u c t u re a n d  compos i t i on 
be tween ea r l y  a n d  l a t e - s tage  c h e r t s . The f a c t  t h a t  
s o f t  sed i me n t  a n d  p ro g r es s i ve h a r d  r o c k  defo rma t i on 
occ u r  t h roughout  t h e  ch e r t  a s semb l age coup l ed w i t h  
t h e  compos i t i ona l va r i a t i on ou t l i ned  a bove i nd i ca t es  
that  t h e  oce a n  f l oo r  wa s p rog res s i ve l y  d i s r u p ted i n  
an  ocea n i c  e n v i ronmen t en- rou te to the  con t i nen t a l 
e n v i ronmen t .  A s u rvey of p r esen t day ma r i ne tecton i c  
e n v i ronme n t s  revea l s  t h a t  a l a rge f ra c t u re zone w i l l  
s e rve a s  t h e  on l y  s u i ta b l e  a n a l ogue . 

F ra c t u r e  Zon e Tecton i cs a n d  t h e  S t r uc t u re of Ocean i c  
C r u s t  

T h e  s y n tecton i c  h i s to ry of  i g neous ·, me tamo rp h i c  
a n d  s ed i me n t a ry pet rogenes i s  d i s p l ayed i n  the  K i n g s 
Kawea h  op h i o l i te be l t  i s  d i a g rama t i ca l l y  s u mma r i zed 
us i ng a f ra c t u r e  zone mod e l  i n  F i g u re 5 .  Ma f i c  
magma a nd ha rzbu rg i te res i due a re s hown a s cend i n g 
benea t h  t h e  r i d g e  ax i s  i n  a cco rd  w i t h  sea  f l oo r  
s p read i ng t h eo ry ( G reen a n d  R i ngwood , 1 967 ; Kay a n d  
o t h e r s , 1 9 70 ; G reen , 1 9 70 , 1 9 7 1 ; Dewey a n d  B i rd ,  
1 9 7 1 ) .  The mode l s hows anoma l ous  ocean i c  c r u s t  
be i n g c re a t e d  a t  t h e  i n t e r s e c t i on o f  t h e  s p read i ng 
cen te r a n d  t h e  ax i s  o f  t h e  f r a c t ure  zone . The a nom
a l ous  c r u s t i s  s hown as h a v i n g two ma i n  componen t s . 
I )  Ma f i c  p i l l ow l a va ,  hypaby s s a l a n d  deepe r p l u ton i c  
rock cha racte r i zed by chaot i c  p rotoc l a s t i c  deforma
t i on a n d  m i x i n g .  These  rocks now e x i s t  as  comp l ex 
me l a nge b l ocks a nd me l a nge un i t s .  2 )  U l t rama f i c  
p ro t r u s i on s  wh i c h a s cended  i n to the  f ra c t u re zone 
f rom the man t l e  wh i l e ho t , a n d  wh i ch upon reach i n g 
c r u s t a l l eve l s  u nd e rwe n t  s e rpen t i n i za t i on a n d  s u b 
s eq uen t l y  s u rfaced , s hedd i n g u l t rama f i c  de t r i t u s . 
The l a rge p ropo r t i on of u l t rama f i c  rock a l ong the  
oph i o l i te be l t ,  t h e  common occu rence o f  p e r i do t i te
che r t  me l ange u n i ts ,  and  t h e  mono l i t ho l og i c  n a t u r e 
of mos t de t r i ta l  u l t rama f i c  rocks i n d i ca t e  t h a t  a 
s i g n i f i ca n t  amoun t o f a noma l ous ocea n i c  c r u s t  was 
c rea ted by u l t rama f i c  p rot rus i on .  I t  fo l l ows tha t 
a s i g n i f i ca n t  a moun t o f  s p read i n g p roba b l y  occu r re d  
a l ong  t h e  ax i s  o f  the  f ra c t u re z o n e  due  to p ro t r u 
s i on  tecton i cs .  T h i s  h a s  been s ugges ted fo r l a rge  
mode rn f r ac t u re zones  ( Van  Ande l a n d  o t h e r s , 1 969 ; 
Thomp son a n d  Me l son , 1 9 72 ; Bona t t i  a n d  Honno rez , 
1 9 76 ) . I n  a d d i t i on ,  p ro t r u s i on tecton i c s p robab l y  
p l ayed a s i g n i f i ca n t  ro l e  i n  se rpen t i n i te me l a nge 
fo rma t i on .  The anoma l ou s  ocean i c  c r u s t  was  gene r a 
ted i n  a s em i - tec ton i ca l l y  m i xe d  s t a te w i t h  chaot i 
ca l l y defo rmed ma f i c  c ru s t a l b l ocks i n te rwoven w i t h  
u l t rama f i c p rot r u s i on s  a n d  t he i r s ed i me n t a ry de r i va
t i ves . T h i s  con f i g u ra t i on wa s s ubj ec ted to p ro l onged 
w rench  tecton i cs wh i ch res u l ted  i n  s e rpen t i n i te 
me l a nge . The ocea n i c  s ed i me n t a t i on reco rd above t h e · 
s e r p e n t i n i te me l a nge  i n d i ca tes t h a t  t h e  me l an ge too 
rep rese n t s  a noma 1 ous ocean i c c r us t .  I t i s  s ugge s 
ted t h a t  s e rpe n t i n i te me l a n g e  i s  a s i g n i f i ca n t  a n om
a l ous c r u s ta l componen t i n  p rese n t- d a y  f ra c t u re 
zon e s  w i t h l a rge  r i dge o f f s e t s . 

The  mode l  a l so s h ows a mo re conven t i on a l - ty pe 
of ocean i c  c r u s t  exposed  by fa u l t i ng a l on g  the  ma r
g i n  o f  t h e  f ra c t u re zon e .  Th i s  i s  p resen t l y  rep re
sented  by t he K i ngs  R i ve r  oph i o l i te wh i ch has  the 
remn a n t s  o f  n o r ma l oce a n  f l oo r  s t ra t i g raphy  ( F i g .  2 ) . 
The r e l a t i on s h i p  po r t rayed a bove i s  bes t d i s p l ayed 
today a l ong  the Vema F ra c t u re Zone of  t h e  eq u a to r i a l  
A t l a n t i c  whe re no rma l ocea n i c  c r u s t i s  appa ren t l y  
exposed a l ong t he f ra c t u r e  zone ' s  n o r t h e r n  wa l l  wh i l e 
d i s r u p t e d  a n d  p ro t r uded c r u s t i s  exposed  a l ong  i t s 
axes a n d  southern  wa l l  ( Bona t t i  and  Honn n o rez , 1 976) . 
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The effects of f racture zone tecton i cs ( p rotrus i ve 
and wrench) a re evi dent i n  the K i ngs R i ve r  oph i o
l i te ;  howeve r ,  i ts s t rata l success i on i nd i ca tes that 
norma l r i dge crusta l  gene ra t i on p rocesses were per
m i t ted to ope rate . Th i s  pattern is i n t u i t i ve l y  
p l eas i ng s i nce a noma l ous f racture zone c r ust  must at 
some i n te rva l g rade l a tera l l y  i nto norma l r i dge 
crea ted c r ust . The K i ngs R i ve r  oph i o l i te i s  i nt e r
p re ted as hav i ng o r i g i na ted i n  such a g radat i on 
i n terva l . 

The comp l ex i ty of the oph i o l i te be l t s S 1 tec
ton i tes can be conce i ved of as a res u l t of both 
wrench and p rot rus i on tecton i cs .  As the hot upper 
man t l e  and l owe r crust  as cended i nto the f racture 
zone i t  wa s po l ydeformed . The deforma t i ons  cons i s t  
of : 1 )  ve rt i ca l  extens i on by upwa rd f l ow ;  2 ) f l at
ten i ng i n  t he p l ane of the  f racture zone by  forc i ng 
i ts c r u s t a l  l eve l s  apa rt dur i ng p rot rus i on ;  3) shea r 
and t rans l a t ion i n  the p l ane of t he f racture zone 
by wrench fau l t i ng ;  4)  rota t i on a nd fo l d i ng about 
steep axes in the p l ane of the f racture zone due to 
wrench movements ; and 5)  a p robab l e  comp l ex sys tem 
of d i p-s l i p  fau l ts ,  an t i t het i c  s t r i ke-s l i p  fau l ts 
and sha l l ow p l ung i ng fo l ds that a re ub i q u i tous i n  
con t i nenta l wrench zones (Moody and  H i l l ,  1 956 ; 
L i 1 1 i e ,  1 964 ; Reed , 1 964 ; D i ck i n son , 1 96 6 ;  Ha rd i ng ,  
1 973 ,  1 974 ;  W i l cox and othe rs , 1 97 3 ;  Sy l vester and 
Smi t h ,  1 976) . 

The fact that f racture zone deforma t i on of t he 
oph i o l i te be l t  was progress i ve i s  we l l -d i s p l ayed by 
the con t rad i ctory c ross-cut t i ng re l at i ons between 
steep to sha l l ow p l ung i ng fo l ds ,  d i f fe rent stage s 1 
s urfaces , and d i f fe rent s tage i gneous p u l ses . The 
i nc l us i on of chert b l ocks i n  se rpen t i n i te me l ange 
and t he depos i t i on of  l ater-s tage cherts ac ross the 
me l ange w i th the i r subsequent deformat i on demon
s t ra tes the l ongev i ty of prog ress i ve deforma t i o n .  
A s  out l i ned i n  the next sect i o n ,  th i s  deformat ion 
con t i nuum i s  be l i eved to have extended f rom the 
ocea n i c  rea l m  i n to the anc i ent con t i nenta l ma rg i n  as 
the oph i o l i te be l t  was t ransported and  emp l aced i n to 
i ts p resent pos i t i o n .  

F i gure 5 .  Schema t i c  b l ock d i agram show i ng how cr i t i 
ca l features of  t he Ki ngs-Kaweah oph i o l i te be l t  f i t  
i n to an ocean i c  f racture zone tecton i c  mode l . Reg i on
al re lat i onsh i ps s uggest  a north-south t rend for the 
fracture zone mak i ng t h i s  v i ew of  t he b l ock d i ag ram 
towa rds the northwes t .  

THE ANC I ENT CONT I NENTAL MARG I N  

The f racture zone mode l  for the or i g i n ,  defor
mat i on and sea-f l oor  s p read i ng t ransport of  the 
K i ngs - Kaweah oph i o l i te be l t  has been deve l oped above 
us i n g  data so l e l y  f rom the oph i o l i te be l t  i tse l f .  
The f racture zone h i story of the oph i o l i te be l t  
apparen t l y  began i n  the l ates t Pa l eozo i c  and p rob
a b l y  extended i n to t he T r i ass i c .  Recent workers 
have c i ted reg i ona l s t ruct u ra l and s t rat i g raph i c  
ev i dence for ea r l y  Mesozo i c  tecton i c  t runcat i on and 
t ranscurrent fa u l t i ng of the anc i ent southwest  con
t i nenta l ma rg i n  (Ham i l ton and Mye rs , 1 96 6 ;  Jones 
and others , 1 972 ; Jones and Moo re , 1 97 3 ;  Burch f i e l  
and Dav i s ,  1 972 ; S i l ve r  and Anderson , 1 9 74 ;  
Schwe i ckert , 1 976) . Th i s  tecton i c  reg i me i s  be l i eved 
to have been d i rec t l y  re l a ted to f racture zone tec
ton i cs as d i scussed above . Thus the f racture zone 
i s  be l i eved to have extended f rom we l l  w i th i n  the 
ocean i c  rea l m  i n to the anc i en t  con t i nental  ma rg i n .  
Outstand i ng modern examp l es of comp l ex wrench sys tems 
wh i ch i nvo l ve both ocean i c  and con t i nenta l doma i ns 
i nc l ude the Macqua r i e  R i dge-A l p i ne Fau l t  sys tem of 
the southwest  Pac i f i c  (G r i f f i ths , 1 97 1 ; G r i f f i ths 
and Varne,  1 9 72) ,  the San Andreas -Queen C ha r l otte 
sys tem wh i ch r i ms western North Ame r i ca (W i l son , 
1 965) and the Sp i tsbergen F racture zone of the 
Arct i c  Ocean ( Lowe l l ,  1 972 ) .  Cons i de r i ng the comp l ex 
h i stor i es of these sytems one i s  forced to conc l ude 
that s i gn i f i cant comp l ex i t i es that cou l d  have i nvo l 
ved t r i p l e  j unct i ons  and m i c rop l ates are p robab l y  
i r reso l vab l e  i n  the a n c i e n t  sys tem. W i th th i s  i n  
m i n d ,  a s i mp l i s t i c  tecton i c  mode l i s  ou t l i ned be l ow 
for the con t i nental  ma rg i n  deforma t i on and emp l ace
ment of the Ki ngs - Kaweah oph i o l i te be l t .  A fu l l er  
t reatment of  t h i s  mode l i s  g i ven i n  Sa l eeby and  
others ( i n  prep . )  and Sa l eeby ( i n  prep . b) . 

Faeth i 1 1  S u t u re 

The S i er ra Nevada footh i l l  metamorph i c  be l t  
co i nc i des w i t h  a tecton i c  s u t u re i n  the ea rth ' s  
crust  (F i g .  1 ) .  Sut ure i s  used here to mean a zone 
of j o i n i ng .  As d i scussed be l ow the footh i l l  s u t u re 
jo i ns foss i l  l ate Pa l eozo i c  to ea r l y  Mesozo i c  ocean i c  
l i thosphere to o l de r  con t i nenta l l i thosphere . I n  t he 
south the s u t u re i s  def i ned by the Ki ngs -Kaweah 
oph i o l i te be l t .  I n  t he north i t  i s  def i ned by the 
footh i l l  fau l t  system ( C l a rk ,  1 960 ; Schwe i cke rt  and 
others , 1 977) . The s i gn i f i cance of the footh i l l  
s u t u re i s  shown by seve ra l po i n ts : 1 )  a l l S i e r ra 
Nevada oph i o l i te remnants occur a l ong i t ;  2 ) h i gh l y  
deformed and tecton i ca l l y  m i xed rocks wh i ch occur 
a l ong i t  (C l a r k ,  1 960 , 1 96 4 ;  Mo rgan , 1 97 3 ;  Duff i e l d  
and Sharp ,  1 975 ; Eh renberg , 1 975 ; Behrman , 1 978;  
Sa l eeby , in  p ress a ,  b )  i nd i cate that it  was  a zone 
of maj or  t rans l a t i on ;  3) the d i st i nct changes i n  the 
g ross st ructure of the crust  and upper man t l e  wh i ch 
co i nc i de w i th t he s u t u re ( F i g .  1 ,  i nset )  can be bes t 
exp l a i ned as a res u l t of a foss i l  con tact between 
ocea n i c  and  con t i nenta l l i thosphe re;  4)  J u rass i c  and 
C retaceous bathol i th i c  rocks emp l aced i n to and to the 
ea st of the s u t u re have systemat i c  pet rochem i ca l  
va r i at i ons ( F i g .  1 ,  i nset ) wh i ch can be bes t exp l a i ned 
as a res u l t of  the ba thol i th hav i ng been emp l aced 
across a con tact between ocean i c  and con t i nenta l l i th-
3sphe re ; and  5 )  as  d i scus sed be l ow h i gh l y  con t ras t i ng 
l i tho l og i c  and s t ructura l t e r ranes a re j uxtaposed 
a l ong i t  ( F i g .  1 ) .  

The s u t u re i n  the south i s  exposed as  a penet ra
t i ve l y  deformed oph i o l i te ter rane , whereas in the 
north i t ' s  exposed as  a fau l t  system in p r i ma r i l y 
younge r ep i c l ast i c  and a rc vol can i c  rocks . Th i s  i s  
bel i eved to be a res u l t o f  deeper l eve l s  o.f exposure 
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occu r r i n g towa r d s  the  s o u t h e r n  end  of the  me tamo rph i c  
be l t  a s  d i s c u s s e d  ea r l i e r .  Many o f  t he pene t ra t i ve 
deforma t i ona l fea t u re s  p resen t i n  t h e  me tamo r ph i c  
be l t s oph i o l i t i c  baseme n t  rocks  p re - da t e  ove r l ap by 
the youn g e r  e p i c l a s t i c  and a rc vo l ca n i c  rocks . De
forma t i ona l fea t u res  i n  t he younge r rocks and t h e  
foo t h i l l  fa u l t sys tem a re the  l a s t  exp res s i on s  of  
defo rma t i on a l ong  t h e  s u t u re .  I t  i s  s i gn i f i ca n t  
tha t these  l a te - s tage deforma t i ons  fo l l owed t h e  
o l de r  t re n d s  e s t a b l i s hed  i n  t h e  oph i o l i t i c  baseme n t  
rock s . 

The foo t h i l l  s u t u re rep resen ts  t he l ocus  of s i g 
n i f i ca n t  tecton i c  j uxtapos i t i on i ng .  Late  Pa l eozo i c  
oph i o l i te remna n t s  a n d  ove r l y i ng ea r l y  Mesozo i c  ep i 
c l a s t i c  a n d  a rc vo l ca n i c  rocks a re j uxtaposed aga i n s t  
a comp l ex o f  P a l eozo i c  t o  ea r l y  Mesozo i c  con t i ne n t a l 
ma rg i n  rocks wh i ch l i e ea s t  of the  s u t u re . These 
rocks  a p pe a r  to  be remn a n t s  of  t h e  f ra gmen ted  con t i 
nen t a l ma rg i n .  Th i s  f ra gmen ta t i on i s  be l i eved to be 
l i n ke d  to  f ra c t u re zone tecton i cs of t h e  K i ng s - Kaweah 
oph i o l i te b e l t ,  a n d  to emp l acemen t of  the  oph i o l i t e 
be l t aga i n s t  t he con t i ne n t ' s  edge . 

Con t i n e n t a l Ma rg i n  F ragmen ta t i on 

Pa l eozo i c  rocks ea s t  o f  the S i e r ra Nevada con 
s t i t u te t h e  s o u t h e r n  e n d  o f  a sys tem of  pa l eogeo
g raph i c  be l t s that  can be t ra ced as fa r n o r t h  a s  
cen t ra l  A l a s ka ( C h u rk i n ,  1 9 74 ) . T h e  pa l eogeog raph i c  
be l t s cons i s t o f  vo l ca n i c  a rc ,  ma rg i na l  bas i n  a n d  
s he l f te r ra nes  ( F i g .  1 ) .  Th roug h e a s t e rn Ca l i fo rn i a  
a n d  Nevada the  pa l eogeog ra ph i c  be l t s have n o r t h ea s t  
t rends  wh i ch a re exemp l i f i ed b y  fac i es pa t te r n s  a n d  
Pa l eozo i c  t h r u s t  be l t s ( F i g .  1 ) .  T h e  s he l f  rocks 
a ppea r to  ove r l i e  p r e- P ha n e rozo i c  c ry s ta l l i ne ba se
men t ,  whe reas ma rg i n a l  bas i n  and vo l ca n i c  a rc roc ks 
we re apparen t l y  depos i ted  on t ra n s i t i ona l or ocean i c  
basemen t .  

Remn a n t s  o f  t he Pa l eozo i c  be l t s a re p re s e n t  i n  
roof pe ndan t s  of  t he e a s t e r n  S i e r ra Nevada  a n d  pos
s i b l y  i n  the  S hoo F l y  comp l ex of  the  n o r t h e r n  S i e r ra 
Neva da  ( S peed and  K i s t l e r ,  1 9 77 ; J . N .  Moo re ,  person
a l  commun i ca t i on ,  1 97 7 ) . These expo s u res  ma r k  the  
wes te r n  l i m i t o f  t h e  Pa l eozo i c  be l t s ,  a n d  thus  a 
zone of p re-ba t ho l i t h tecton i c  t r u n ca t i on m u s t  have 
pa s sed  l ong i t ud i n a l l y  t h rough  the S i e r ra Nevada . 
Tecton i c  t r u n ca t i on of t he Pa l eozo i c  be l t s i s  
be l i eved to have been a d i rect res u l t of  w rench  
movemen t s  a l on g  the foo t h i l l  s ut u re .  The foo t h i l l  
s u t u re i s  e n v i saged  a s  a segment  of a t ra n s fo rm 
p l at e  j un c t u re wh i ch extended f rom t h e  f ra ct u re zone 
and  c u t  o b l i q ue l y  a c ros s t h e  a n c i ent  con t i nenta l 
ma rg i n .  F ragme n t s  o f  t he  P a l eozo i c  be l ts we re  d i s 
p l a ced  by ocea n i c  l i t ho s p h e r e  du r i ng t r un ca t i on .  

T ru n ca t i o n  o f  t h e  Pa l eozo i c  be l t s res u l ted i n  
a maj o r  change  i n  t h e  s t r uc t u ra l g ra i n  o f  the s o u t h 
wes t con t i nen t a l  ma rg i n .  Northea s t  s t r u c t u ra l  a n d  
s t ra t i g ra ph i c  t rend s , wh i ch p r eva i l ed t h roughout  t h e  
Pa l eozo i c ,  we re t e rm i nated  a n d  rep l a ced b y  Mesozo i c  
no r t hwes t t rends  ( F i g .  1 ) .  The no rthwe s t  t re n d s  
h a v e  pe rs i s te d  t h rough t h e  Cenozo i c  a n d  a re now 
man i fested  by t he S a n  A n d reas  fa u l t sys tem . 

Th i s  change i n  s t ru c t u ra l g ra i n  i s  ev i den t 
w i t h i n  P a l eozo i c  s t ra t a  adj a ce n t  to t he t r un ca t i on 
zone . I n  Pa l eozo i c  s t ra ta exposed  i mmed i a t e l y  ea s t  
o f  the S i e r ra Nevada no r thwes t t re n d i ng fo l d  axe s , 
c l eavages , t h r u s t  fau l t s a n d  s t r i ke- s l i p fa u l ts o f  
Mesozo i c  a g e  a re s upe rposed ove r ea r l i e r northea s t  

1 t rend i ng s t r u c t u res  ( S t ewa r t  a n d  o t h e r s , 1 96 6 ;  
B u r c h f i e l  a n d  o t he r s , 1 9 70 ; S tevens a n d  O l son , 

1 9 72 ; Ke l l ey a n d  S teven s , 1 9 7 5 ;  Sy l ves te r a n d  Bab
coc k ,  1 9 7 5 ; Dunne and  G u l l i ve r ,  1 9 76 ; J . N .  Moo re ,  
p e r sona l commun i ca t i on ,  1 97 7 ; Sa l eeby , u n p u b . d a t a ) .  
A s i m i l a r  p a t t e r n  o f  s upe rposed s t r u ct u res  ex i s t s  
i n  Pa l eozo i c  rocks  p resen t i n  roof pendan t s  of  t h e  
ea s te rn  S i e r ra Nevada ( K i s t l e r ,  1 96 6 ;  B rook , 1 9 77 ; 
Rus s e l  a n d  Noke l be rg , 1 97 7 ) . I t  mus t be empha s i zed 
t h a t  the nor thwe s t  t ren d i ng  s t r uc t u re s  of the S i e r ra 
Nevada do not  represent  a s i ng l e  deforma t i ona l even t .  
I n s tea d ,  defo rma t i on a l on g  n o r t hwe s t  t re n d s  occu r red 
con t i nuous l y ,  or i n  n umerous  p u l ses , t h roughout  the 
Mesozo i c  ( Noke l be rg a n d  K i s t l e r ,  1 9 77 ; S a l eeby , i n  
p rep . b ) . 

Roof pend a n t s  e a s t  o f  the K i n g s - Kawe a h  oph i o l i te 
be l t  reco rd the  h i s to ry of ea r l y  Mesozo i c  sed i me n t a 
t i on a n d  tec ton i cs a l on g  the  f ragmented edge . These 
rocks a re t rea ted i n -depth  i n  Sa l eeby a n d  others  ( i n  
p rep . ) . As  d i s c u s s e d  ea r l i e r they cons i s t  of  con t i 
n en t  de r i ved ma s s i ve s a n d s tone , f l ys c h , o l i s tos t rome s 
a n d  a n  u p p e r  s e c t i on of s ha l l ow ma r i ne a n d  s i l i c i c  
vo l ca n i c  rocks . T h i s  a s s emb l age  wa s p roba b l y  depos 
i ted on con t i n enta l c r u s t  a s  s hown by i sotop i c  
s t u d i e s on t he i r e n c l os i ng b a t h o l i t h i c  rocks ( K i s t l e r 
a n d  Pete rma n , 1 9 7 3 , 1 9 75 ; Doe and  De l eva ux , 1 9 73 ; 
Chen , 1 9 7 7 ) . Howeve r ,  t h i s  a s s emb l age may not  be 
i n  i t s o r i g i na l  pos i t i on r e l a t i ve to s i m i l a r  age 
rocks res t i ng a bove P a l eozo i c  s t ra t a  i mmed i a te l y  
ea s t  o f  t h e  S i e r ra Nevada ( Jones  and  Moo re , 1 9 7 3 ; 
Sa l eeby a n d  o t h e r s , i n  p rep ) .  The c l a s t i c  rocks 
we re rewo r ked f rom the t r unca ted P a l eozo i c  s he l f  
be l t .  They were a p p a re n t l y  s h ed a s  s ubma r i ne ap rons 
a n d  fans a c ro s s  f ragme n ted  con t i nen ta l basemen t .  
T he ba semen t wa s p robab l y  un de rgo i ng l ong i t ud i na l  
wrench  moveme n t s  a l ong the  n ew Mesozo i c  t re n d s  
d u r i n g c l a s t i c  sed i me n ta t i on .  T h i s  tecton i ca l l y  
a c t i ve depos i t i ona l e n v i ronme n t  i s  be l i eved to have 
g i ven  r i s e to the  chaot i c  depos i t s o f  t h i s  a s s em
b l age . 

S t ruct u ra l da ta  on P a l eozo i c  a n d  Mesozo i c  con t i 
nenta l ma rg i n  rocks ea s t  of  the  K i n g s - Kaweah oph i o
l i te be l t  s ugges t t h a t  a l on g i t ud i na l  dext ra l w rench  
s y s tem wo r ked i n  conj u n c t i on w i t h  t ra n s ve rs e  s ho r t 
en i ng du r i ng t h e  ea r l y  Mesozo i c  ( Sa l eeby , i n  p re p . 
b ) . T h i s  p a t t e rn i s  a l so ev i dent  a l ong the  K i n g s 
Kaweah  op h i o l i te be l t .  These  s t r u ct u ra l  p a t t e r n s  
s ugges t t h a t  the  f ra c t u re zone comp l ex w a s  t ra n s 
po r t ed f rom t h e  s o u t h , a n d  t ha t the  con t i ne n t a l 
marg i n  f ragmen ts  were d i s p l aced n o r t hwa rd .  

P l a te tec ton i c  t ra ns po r t  o f  the  oph i o l i te be l t  
a n d  the  d i s p l aced con t i nenta l f ragmen t s  to the  
no r t h  i s  a l so i mp l i ed by reg i on a l  cons i de ra t i ons . 
1 )  Lowe r Pa l eozo i c  rocks of southea s t e r n  A l a s ka 
con s t i t u te p a r t  of an a noma l o u s  con t i ne n t a l f rag
men t  wh i ch may  h a ve been t ra n s po rted  by r i gh t - s l i p  
fa u l t i ng f rom the C a l i fo rn i a  reg i on ( Mon g a r a n d  
Ros s , 1 9 7 1 ; J ones  a n d  o t h e r s , 1 9 7 2 ) . 2 ) Anothe r 
a noma l o u s  t e r rane of T r i a s s i c  age , wh i ch ext e n d s  
f rom s o u t h - cen t ra l  A l a s ka t h rough  B r i t i s h C o l umb i a ,  
h a s  y i e l ded  eq u a to r i a l  pa l eo l a t i tudes  ( Jones  and  
othe rs , i n  p res s ) . 3 )  P l a t e  tec ton i c  recon s t ruc
t i on s  o f  the  Mesozo i c  wes te r n  P a c i f i c  y i e l d ma i n l y  
ea s t -wes t t rend i ng s p read i ng axes w i th l a rge no r t h 
south  t rend i ng f ra c t u re zones ( L a rson a n d  C h a s e , 
1 9 72 ; H i l de a n d  o t he rs ,  1 97 7 ) . I n  add i t i on ,  the re 
i s  known to  have been 4 , 500 km of n o r t hwa rd  d r i f t 
o f  the Pa c i f i c  ocean  f l oo r  s i nce t he m i dd l e  Mesozo i c  
( L a rson a n d  � h a s e , 1 9 7 2 ) . The t i me i n t e r va l s  for  
wh i ch these  p l a te tecto n i c  r e l a t i on s  a re a p p l i ca b l e  
pos t- d a t e  t h e  f ra c t u r e  zone h i s t o ry o f  the  oph i o
l i t e  b e l t .  Howeve r ,  t h e  cons i s te n cy be tween these  
re l a t i ons , a n d  the  s t r u c t u ra l con f i g u ra t i on of  the  
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oph i o l i te be l t  a n d  the  a n c i e n t  con t i nenta l ma rg i n  
s ug g e s t  tha t a l l o f  t h e s e  tecton i c  p roce s s es a re 
re l a ted  to t h e  s a me k i nema t i c  reg i me .  

Con t i ne n t a l ma rg i n  rocks l y i ng a bove t he oph i o
l i t e  be l t  reco rd i t s t ra n s po r t  h i s to ry i n to p rox i m i ty 
o f  N o r t h  Ame r i ca .  The  c h e r t -a rg i l l i te o l i s tos t rome 
comp l ex wa s a cq u i red at s ome unknown d i s t ance f rom 
the con t i nenta l ma rg i n  d u r i ng t ra n s po r t  f rom the 
South Pa c i f i c  ( S a l eeby and others , i n  p rep . ) .  La rge 
s ubma r i ne s l i d i ng cove r i ng thousands  of s q ua re k i l o
me t e r s  of ocean f l oo r  i s  a s i g n i f i ca n t  mode r n  p roce s s  
a d j a c e n t  to bot h  s t a b l e  a n d  mob i l e  con t i nen t a l ma r
g i n s (T . C .  Moo re  a nd o t h e r s , 1 9 70 ; Emb l ey ,  1 9 76 ; 
D . G .  Moo re a n d  othe rs , 1 9 76) . The s o u r ce fo r t h e  
a n c i e n t  o l i s t os t rome comp l ex i s  unknown . The exot i c  
n a t u re of  the fauna  w i t h i n  l i mes tone o l i s t o l i t h s  
i nd i cates  t h a t  t he sou rce wa s n o t  the  N o r t h  Ame r i ca n  
con t i nent . T h e  o l i s tos t rome comp l ex a n d  i t s exo t i c  
fa una  may have been de r i ved f rom o u t boa rd bo rde r l an d  
a n d / o r  o rogen i c  t e r ra n e s  wh i ch r i mmed the  we s t e rn a n d  
southe rn  ma rg i n s of  N o r t h  Ame r i ca i n  t h e  l a tes t Pa l e 
ozo i c  ( S a  1 eeby a n d  o t h e r s , i n  p rep . ) . 

I t  i s  s i g n i f i ca n t  t h a t  the  c h e r t - a rg i l l i te 
o l i s to s t rome comp l ex g rades  i n to d i s t a l q u a r toze to 
s uba rkos i c  f l ys ch .  F u r t h e rmo re , t h i s  f l y sch  seq uence 
appe a r s  to be t he d i s ta l  eq u i va l en t  of c l a s t i c  rocks 
s h ed d i rect l y  off  the  f ragmen ted North Ame r i ca n  Pa l e
ozo i c  s he l f .  The ext rem i t i e s of a l a rge s ubma r i ne 
fan sys tem de r i ved f rom t h e  f ragme n t ed s he l f  a re 
en v i saged as l a p p i n g  a c ro s s  the  c i te of f i na l  che r t 
a rg i l l i te depos i t i on .  T h e  pos s i b l e  s p a t i a l  a n d  tem
po ra l comp l ex i t i es of  t h i s  re l a t i o n s h i p  a re d i s c u s sed  
i n  S a l eeby a n d  o t h e r s  ( i n  p rep . ) . 

Sho r t l y  a f t e r  c l a s t i c  sed i me n t a t i on began s ub
d u c t i on tecton i c s commenced a l on g  the  Mesozo i c  
t rends . Th i s  i s  s hown by the  remnan t s  of  t h e  a r c  
rocks a l on g  t h e  oph i o l i te be l t  a n d  the  ea r l y  Meso
zo i c  s i l i c i c  vo l ca n i c  rocks eas t  of  the oph i o l i te 
be l t .  Reg i ona l age  data  on vo l ca n i c  a n d  p l u ton i c  
roc ks s ugges t t h a t  t h i s  t ra n s i t i o n  occu r red d u r i n g 
the  T r i as s i c  ( E ve rnden  a n d  K i s t l e r ,  1 9 70 ; C rowde r 
a n d  others , 1 9 73 ; S chwe i cke r t , 1 9 76b ; Mo rgan  a n d  
S t e r n , 1 977 ; Sa l eeby  a n d  o t h e r s , i n  p rep . ;  P . C .  
Ba teman and  O . T .  Tob i s ch , o ra l  commun i ca t i o n ,  1 9 7 7 ) . 

Subduct i on a n d  Oph i o l i t e Emp l aceme n t  

T ra n s c u r ren t (wrench )  fa u l t i ng has  rece n t l y been 
c i ted a s  a n  i mpo r t a n t  mechan i sm for  oph i o l i te 
emp l a cemen t a l on g  con t i nen t a l  ma r g i n s (Dewey a n d  
Ka rson , 1 976 ; B rookf i e l d ,  1 9 7 7 ) . I n  t h i s  v i ew i n i 
t i a l  j uxtapos i t i on of ocea n i c  l i thos phere  aga i n s t  
con t i nenta l 1 i t hosphere  occurs  b y  w rench  fa u l t i ng ,  
and  a c t ua l op h i o l i te emp l ace me n t  occ u rs d u r i ng a 
cha nge i n  p l a t e  mo t i on s  wh i ch res u l t s  i n  a con ve r 
gent  component  be tween the  j uxtaposed p l a tes . A 
s i m i l a r  mechan i sm i s  env i saged fo r the  K i ng s - Kaweah 
oph i o l i te be l t  ( F i g .  6 ) . I t  i s  not un reasonab l e  to 
a s s ume that the  a n c i en t  f ra c t u r e  zone comp l ex wa s 
tens  of k i l omete rs w i de d u r i ng  the  l a t e r  s tages of 
i ts evo l u t i on - con s i de r i ng the  w i d t h  of modern 
f ra c t u re zones w i th l a rge offsets  (Thompson and 
Me l son , 1 972 ; S c l a te r  a nd F i s h e r , 1 9 74 ; Bona t t i and  
Honno rez , 1 9 76) . A w i de l y  accep ted co ro l l a ry to 
p l a t e  tecton i c  t heory i s  that con t i ne n t a l l i t ho
s phere cannot  be s ubducted  beneath  ocean i c  l i tho
sphere due to t he i r re l a t i ve dens i t i es (McKenz i e ,  
1 969) . S i m i l a r l og i c  i s  used  i n  dec i pher i ng the  
f a t e  o f  the f ra c t u re zone comp l ex d u r i ng  the onset 
of s ubduc t i on .  Ta k i ng i n to a c coun t t h a t  much of  the  
f r a c t u re zone  comp l ex was s e rpen t i n i te ,  a n d  t h a t  

se rpen t i n i t e i s  s i g n i f i ca n t l y  l e s s  den s e  than  
con t i nen t a l c r u s t ,  the  con s um i ng b reak  i s  be l i eved 
to have fo rmed  on the  ocea n i c  s i de of t he f ract u re 
zone comp l ex .  Thus  t h e  change i n  p l a te mot i on s  
a c c reted  the  f ra c t u re zone  comp l ex t o  t h e  " raw edge" 
of the  con t i ne n t a l ma rg i n .  As the  t ra n s fo rm j un c
t u re evo l ved i n to an ob l i q ue s ubduct i n g j un c t u re the  
f ra c t u re zone  comp l ex wa s s t randed as  the  s ubduct i on 
zone ' s  hang i ng wa l l .  E vo l u t i on of l a rge f ra c t u re 
zones i n to s u b d u c t i on zones d u r i ng  changes  i n  p l a te  
mo t i on s  h a s  been  pos t u l a ted  fo r seve r a l p re s e n t  day  
Pa c i f i c  s ub d u c t i on zones  ( Uyeda a n d  M i ya s h i ro , 1 9 74 ; 
Fa l vey , 1 9 75 ; H i l de a n d  o t h e r s , 1 9 77 ) . At l ea s t  one 
of t hese  i n s ta n ces (Tong a - Ke rmedac )  has  y i e l ded  
op h i o l i te a s semb l a ge d redge ha u l s f rom i t s i n n e r 
t rench  wa l l s ( F i s h e r  a n d  Enge l , 1 96 9 ) . 

Fo l l ow i ng the  change i n  p l a t e  mot i on s  t he accre
ted f ra c t u r e  zone comp l ex s e rved a s  f ron t a l  a rc base
men t .  Howeve r ,  t he a rc rocks  a n d  t he i r  oph i o l i t i c  
ba semen t a re not con s i dered  to have been i n  the i r  
f i na l  pos i t i on a l on g  t he footh i l l  s u t u re u n t i l  the 
end  of  the  J u ra s s i c  when tec ton i c  deforma t i on a l on g  
the  op h i o l i te be l t  ceased . 

As s t a ted ea r l i e r ,  t he a rc p l u ton i c  a n d  vo l can i c  
rocks  o f  the K i n gs - Kaweah  reg i on we re s y n tecton i ca l l y  
gen e ra ted . S t ud i es  i n  t h e  foo t h i l l  me tamo rph i c  be l t  
f u r t h e r  n o r t h  a n d  i n  roof penda n t s  to the ea s t  revea l 
s i m i l a r  r e l a t i ons  ( P a rk i son , 1 9 76 ; Noke l be rg a n d  
K i s t l e r ,  1 9 7 7 ;  Be h rman , 1 9 78 ; S a l eeby , i n  p rep . b ;  
Sa l eeby a n d  o t h e r s , i n  p rep . ) . I n  the  K i n g s - Kaweah 
reg i on t he a r c  p l u tons  we re p rotoc l a s t i ca l l y  defo rmed 
wh i l e the  vo l can i c  sequence wa s fa u l ted and  i n  some 
i n s ta n ces  pen e t ra t i ve l y  defo r med . The re we re a l so 
up l i f t s  a n d  expos u res  of oph i o l i te baseme n t  wh i ch 
shed  o l i s to s t romes i n to the a rc seq uence . The s t ruc
t u ra l  t rends  o f  the  a rc defo rma t i on fo l l owed p re 
e x i s t i ng t rends  i n  t h e  oph i o l i t i c  basemen t .  I t  mus t 
be empha s i zed that  T r i a s s i c  a n d  J u ra s s i c  a rc rocks 
t h roughout  C a l i fo rn i a  rep res en t on l y  s ma l l f ragme n t s  
of  the  o r i g i na l  a rc t e r r a ne . T h e  o r i g i na l  pos i t i on 
of these  f ragme n t s  re l a t i ve to one anothe r may not 
be ea s i l y reso l ved . 

Long i t ud i na l  wrench d i s rup t i on a n d  d i s p e r s i on o f  
a c t i ve a rc a n d  i nn e r  t rench  wa l l  t e r ranes  i s  known 
to be an i mpo r t a n t  p roce s s  a l ong  the mode r n  c i rcum
Pac i f i c  i n  zones of o b l i q ue conve rgence ( A l l en ,  
1 96 2 , 1 965 � A l l en a n d  othe rs , 1 9 70 ;  W i l son , 1 965 ; 
F i tch , 1 9 72 ; Ka r i g ,  1 974 ; Ka r i g  a n d  others , 1 9 75 , 
1 9 7 7 ;  B rookf i e l d ,  1 9 77 ; C u r ray a n d  othe rs , i n  p res s ) . 
A s i gn i f i ca n t  no r t hwa rd  component  i n  Mesozo i c  
ob l i que  s ubduct i on i s  be l i eved to have been d i s s i 
pated  by i n t ra - a rc w rench  moveme n t s  a l ong the foo t 
h i l l  s u t u re a n d  w i th i n  the f ragmented  e d g e  of t h e  
con t i ne n t . T ra n s ve rse  shorten i n g wo rked i n  conj unc
t i on w i th l ong i t ud i na l  w rench movemen t s . Th i s  
t ra n s p res s i ve ( a f t e r  Ha r l an d , 1 97 1 ) tecton i c  reg i me 
i s  be l i eved to have been fac i l i tated  by the  pre
weakened s tate of  the  a rc basemen t wh i ch cons i s ted 
o f  the f ragmented con t i nen ta l  edge and  t he tecton i 
ca l l y acc reted f ra c t u re zone comp l ex .  

CONCLUS I ONS  

The K i ngs - Kaweah oph i o l i te be l t  was gene rated 
d u r i ng the  l a tes t Pa l eozo i c  at  a d i s t a n t  eas t -wes t  
t re n d i ng ocea n i c  s p read i ng cen t e r  whe re c u t  by a 
maj o r  no r t h- no r t hwes t  t re n d i ng t ra n s verse  f ra c t u re 
zone . The f ra ct u re zone extended f rom the ocea n i c  
rea l m  i n to the a n c i e n t  sout hwes t con t i nenta l ma rg i n  
whe r e  i t  t runcated ea r l i e r  northea s t  t rend i ng s t ruc
t u res  a n d  fac i e s patterns . 
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PERMO- TRIASSIC TR IAS S I C  JURASS I C  
F i gure 6 .  Se r i es of b l ock d i agrams wh i ch show cont i nenta l  ma rg i n  emp l acement h i s tory of  Ki ngs-Kaweah oph i o l i te 
be l t .  V i ew i s  northwa rd a l ong the footh i l l  s uture .  

A l ong  the ax is  of the  f racture zone anoma lous 
ocean i c  crust was created . Th i s  cons i s ted of p roto
e l as t i ca l l y  defo rmed maf i c  i gneous rock and p rot ruded 
u l tramaf i c  rock .  Away f rom t he ax i a l  reg i on of the 
f ract u re zone no rma l ocea n i c  crust  was c reate d .  Rem
nant s of the  norma l crust  a l so show t he effects of  
f ract u re

-
zone deforma t i on howeve r .  Metamorph i c

tecton i tes of g reensch i s t and  amph i bo l i te fac i es were 
c reated d u r i ng f ract u re zone tecton i cs .  The hea t 
wh i ch d rove t he metamorph i c  react i ons was t he amb i ent  
heat of  oph i o l i te genes i s .  P rot rus i on and wrench 
tecton i cs worked together to p rog ress i ve l y  d i s rupt 
the new l y  c reated ocean f l oo r .  P rog res s i ve d i s rup
t i on and serpen t i n i za t i on l ed to the deve l opment of 
serpent i n i te-ma t r i x  me l ange . 

Ocea n i c sed i men tat ion p roceeded t h roughout t he 
genes i s  and d i s rupt ion h i s tory of the oph i o l i te be l t .  
Maf i c  and u l t rama f i c  det r i ta l  rocks were shed off of  
upfa u l ted and  p rot rus i ve h i gh s .  Rad i o l a r i a n  che rt 
was a l so depos i ted du r i ng genes i s  and d i s rupt i on .  
The ea r l i e r  formed ocean i c  sed i mentary rocks were 
thoroug h l y  m i xed i n to se rpent i n i te me l ange . Late r 
depos i ts were m i xed to a l esser exten t .  Seve ra l of 
the l atest depos i ts rema i n  as  h i g h l y  defo rmed depo
s i t i ona l remnants above me l ange . The l a test formed 
cherts have l oca l i n terbeds of a r g i l l aceous mate r i a l  
wh i ch record enc roachment o f  the fracture zone com
p l ex i n to the con t i nen t a l  ma rg i n  envi ronmen t .  

A s  t h e  oph i o l i te be l t  was t ranspo rted northwa rd 
a l ong the f ract u re zone i nto p rox i m i ty of the con t i 
nenta l  ma rg i n  f ragments of  t he con t i nenta l ma rg i n  
were d i sp l aced by wrench movements . Che r t - a rg i l l i te 
o l i s tost romes w i t h  b l ocks of sha l l ow water  l ate 
Perm i an l i mes tone conta i n i ng exot i c  fauna were shed 
across the f rac t u re zone comp lex e n route to the con
t i nent a l  ma rg i n .  By t h i s  t i me t he oph i o l i te be l t  
had a l ready been chaot i ca l l y  m i xed by f ract u re zone 

p rocesses . As the oph i o l i te be l t  moved i n to c l ose r 
p rox i m i ty of the t r uncated ma rg i n  te r r i genous sed i 
men t a t i on overwhe l med hem i -pe l ag i c  sed i menta t i on .  

D u r i n g  the T r i ass i c  a s i gn i f i cant  conve rgent 
component had deve l oped a l ong the f racture zone . 
D i s � upted ocean f l oor  of the frac t u re zone was 
accreted to t he t r un ca ted edge of the con t i nent as 
t he hang i ng wa l l  of an ob l i q ue s ubduct i on zone .  A 
magma t i c  a r c  deve l oped a l ong  t he f ragmented edge of 
the con t i nent i n  response to s ubduc t i on .  The a rc 
l a pped a c ross the s u t u re between the accreted f rac
t u re zone comp l ex and the t r unca ted edge of the con
t i nen t .  As the a rc evo l ved i t  was deformed and d i s 
rupted by both t ransverse shorten i ng and con t i n ued 
wrench movements . Arc defo rma t ion was fac i l i tated 
by basement  mobi l i ty .  The basement  cons i s ted o f  a 
w i de zone of f ragmented ocean f l oo r  and con t i nenta l 
ma rg i n  rocks . 

The tecton i c  reg i me ou t l i ned above l ed d i rect l y  
t o  the Franc i scan reg i me and the re l a ted emp l acement 
of  the maj or  part  of  the S i e r ra Nevada batho l i th .  
The C re taceous batho l i th fu rthe r d i s rupted and meta
mo rphosed the Ki ngs -Kaweah oph i o l i te be l t  l eav i ng i t  
a s  a hea l ed tecton i c  s u t u re i n  the ea rth ' s  c r us t .  
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ABSTRACT 

A Juras s i c  ophi olite �3 km thi c k ,  t ogether with 
it s c over of Upper Zurassic  sedimentary rocks , is ex
pos ed along the southern California Coast near Point 
Sal . The ophiolite i s  partly di smembered by faulting 
but the original stratigraphy i s  nearly c omplete 
above the base of the ultramafic cumulate sequenc e . 
Cenozoic depo sits  mantle the ophi olite  and i s olate 
it from other expo sures of the Juras si c  ophi olite 
and the Franc i sc an C omplex i n  nearby part s of the 
southern Coast Ranges . 

The ophiolite sequenc e ,  going upward from the 
fault at its bas e ,  c on s i s t s  of serpent inite , layered 
ultramafic  rocks ( ol cumulat e s  and ol-cpx cumulates ) 
and olivine gabbro ( ol-cpx-pl cumulate s ) ,  non-c umulus 
urali t e  gabbro , diorite , and quart z  diorite , a s i ll 
c omplex and assoc i ated dike s ,  and submarine lava s . 
Swarms of mafic dikes younger than the mai n  dike and 
sill c ompl ex cut the lower ( cumulat e ) part of the 
plutonic sec t i o n .  Tuffac eous radiolarian chert , 
overlain by mudstone with thin sandstone interbeds 
( flysch ) ,  rest on top of the volcanic rock s . 

Pillowed and mas sive lavas are more  than 1 . 3  km 
thick . The upper lava sequenc e is chi efly olivine 
basalt , with strong smectite alteration due partly 
to  seafloor weathering .  The much thicker lower lava 
sequenc e c on s i st s  of strongly fract ionated cpx-pl 
microphyric and aphyric  basalts , now alter ed t o  
spilite and keratophyre . Evidenc e from the c hilled 
pillow rims and the pelagic interpillow sediments 
suggest that both groups of lavas were erupted into 
deep water i n  an open ocean environment , distant 
from any source  of terrigenous detritus or airborne 
tephra . Petrographic  feature s ,  low Ti02 c ontents , 
and light REE depleted patterns (Menzies  and other s , 
1977a , b ) suggest  that both groups of lavas were 
Group I mid-oc ean ridge tholei ites . 

The plutonic s equenc e crystalli z ed within a 
magma chamber �1 . 5  km thick , beneath a c over of vol
canic rocks and sheeted s i ll c ompl ex 1 . 3-1 . 5  km 
thick.  Fract ionation by c rystal settling produc ed 
a lower sequenc e of ultramafic and olivine gabbro 
cumulates , and an upper sequenc e of non-cumulus 
amphibole-rich  gabbros , diorit e ,  and quart z  diorite 
that developed along the l i quid line of desc ent . 
Unc onformities and extensive internal disruption 
within the cumulus sequenc e ,  and the intrusion of 
cumulate mushes as  dike s and diapirs , point to re
peated tectonic di sturbanc e within the magma chamber 
during the period of crystal accumulat ion and post
cumulus crystalli zation . Retrograde boiling , fluid 
migrat ion ,  and ext ensive uraliti zation were important 
during the later stages of c rystalli zati on and dike 
intrusion . This  evidenc e of exc eptionally hydrous 
c onditions within the magma chamber supports the 

suggestion,  based on Sr-is otopic evidenc e ( Davi s  and 
Las s ,  1976 ) ,  that sea'·'ater entered the magma c hamb er . 
The inferenc e that the plutonic sequenc e crystalli zed 
beneath an actively rifting spreading c enter is c on
si stent with the evidenc e of repeated tectonic 
disturbance and s e awat er penetrat ion . 

The Upper Dike Ser i e s  includes ( 1 )  swarms of 
dikes that penetrate the lower lavas and upper plu
tonic rocks and ( 2 )  a unique sheeted s ill c omplex 
that separates the volcanic and plutonic zone s .  
Detailed analysi s  o f  dike and sill  att itude s ,  c om- · 
positions , and age relat i onships di stingui shes four 
stage s of dike intrusion that span the entire period 
of t ime over which the ophiolite developed . The 
significance of the sheeted s ill c omplex differ s from 
that of vertical sheeted dike s in other ophiolites : 
it records  the r i s e  of a new body of magma and the 
initial stages of i t s  penetration into earlier 
oc eanic crus t .  

The Lower Dike Series  whi c h  c ut s  the cumulate s  
marks the late stage o f  i ntrusi on o f  bas ic magma that 
crystalli zed abundant orthopyroxene , which is unique 
at Point Sal . Thi s  repre sent s a separate batch of 
magma , perhaps intruded from the s i de . 

The ophiolite apparently represent s c omposite 
oc eanic crust formed in two stages from separate 
magmas , both of MORB type . Stage I was the initial 
formation of oc eanic c rust , represented by the 
strongly fract ionated lower lavas ( >1 . 1 km) and their 
NNE-trending feeder dikes . Thi s early crust was cut 
off , intruded , and metamorphosed from below by the 
Stage II  magma , whi ch formed the sheeted s ill c omplex, 
the stratiform plutonic sequenc e ,  and the olivine
phyric upper lavas . The Stage II magma was first 
emplac ed as  unfract ionated tholeiitic  melt with 
liquidus olivine and c hromite .  Thi s magma then 
frac tionated in plac e ,  and the upper plutonic roc k s  
and later memb er s  of t h e  Upper Dike Series  are i t s  
late-stage fracti onation produc t s . 

Stage I volcani sm oc curred at water depth s below 
the CCD (much shallower in the Juras sic ) where sili
c eous radiolar ian ooze was accumulating . Stage II  
volc ani sm oc curred slightly above the CCD where 
mainly calcar eous pelagic ooze was ac cumulating . 
Extrusion at different geographic s it e s  is inferred ; 
yet a spreading oc ean ridge setting i s  deduc ed for 
both stage s .  Pos sibly thi s two-stage ophiolite re
c ords the j umping of a spreading ocean ridge from 
its  initial location to a new, di stant site  amid 
older crust . Suc h spreading c enter j umps are well 
documented in Cenozoic oceanic c rust of the equa
torial eastern Pac ific . 

INTRODUCTION 
The exi stenc e of widespr ead remnant s of Meso zoic 
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oc·eani c crust at  the  base  of  the Great Valley se
quenc e in  the California Coast Ranges was first 
documented by Bailey, Blake , and Jone s ( 1970 ) .  They 
conc luded that the western ( di stal ) edge of the ter
rigenous Great Valley s equenc e was deposited upon 
oc eanic crust now repres ented by the ophi olitic 
igneous sequenc e and its  c apping of cherts and marine 
tuffac eous sediment s ,  and that subsequently the c om
bined oc eanic and terrigenous sequenc es wer e under
thrust from the west by the Franc i scan eugeosync linal 
assemblag e .  Lanphere ( 1971 ) ,  Page ( 1972 ) ,  Pes s agno 
( 1973 , 1977 ) , and Bailey and Blake ( 1974 ) have 
further eluc idated the age , struc tural relat ions , 
and petrochemi stry of these oc eanic igneou s rocks 
and their pelagic c over , and have generally strength
ened the 1970 conclusions . Conflicting interpreta
t ions have ari s en regarding the tectonic setting in 
whi ch the ophiolite developed , its mode of tectonic 
emplac ement , and it s structural relations with the 
Franc i scan Complex ( Maxwell , 1974 ; Blake and Jone s ,  
1974 ; Hopson and others , 1975b ; Jone s and others , 
1976 ) ,  but no one yet has seriously challenged an 
oc eanic crustal origin for the ophiolite itself . 

Detailed rec onstruction of the California Coast 
Range ophi olite ( i . e . , the c ollective ophiolitic 
remnant s at the base of the Great Valley sequenc e )  
i s  hampered by the tectonic di smembering of the 
sequenc e and by generally poor exposures . These 
difficulties  are perhaps least s evere at Point Sal -
one of the ophiolite loc alities  rec ognized by 
Bailey ,  Blake , and Jones in 197 0 . Here the ophioli
tic  sequenc e c ome s nearest to  being c omplete , and it 
i s  also relatively well exposed in seacliffs and 
wave-cut platforms along the coast . 

The pre sent report describes the field relations 
and petrology of the ophiolite at Point Sal , and its  
tec tonic s ett ing at the time of formation . It s 
subsequent tectonic history will be described else
where . The 1975 guidebook des cription ( Hopson and 
others , 1975a ) i s  updated and substantially r evi sed,  
and special attent i on i s  given to unique features of 
thi s ophiolit e :  its sheeted sill complex ,  i t s  
strongly disturbed cumulates , and the c omplex age 
relationships between the volcanic , plutonic , and 
dike sequences . It is c oncluded that the Point Sal 
ophiolite is a remnant of composite oc eani c crust 
that developed in two separate stages in oc ean-ridge 
setting s ,  perhaps by j umping of spreading c enter s . 

Other Studies  

Igneous rocks  of the Point Sal area were first 
recogni zed and des cribed by Fairbanks ( 1896 ) ,  and 

. the general geology of the district is mapped and 
described by Woodring and Bramlette ( 19 50 ) .  Bailey 
and others ( 1970 ) first rec ognized the ophiolitic 
s equenc e at Point Sal . Spec ial studi es of this  
ophiolite have dealt with its  field relations and 
petrology ( Hopson and Franc , 1973 ; Hopson and other s ,  
1973 , 197 5a ; Hopson , 1975 , 1976 ) ,  tectoni c s  ( Hopson 
and others , 1975b ) ,  radiometric age (Mattinson , in 
Hopson and other s , 1975a ) , maj or element chemistry 
( Bailey and Blake , 1974 ) ,  trac e element and rare 
earth element geochemi stry (Menzies  and others , 
1977a , b ) ,  Sr-isotope geochemi stry ( Davi s and Lass , 
1976 ) ,  paleomagneti sm and magnetic stratigraphy 
( Kempner , 197 6 ,  1977 ; Kempner , Luyendyk , and 
Cockerham , 1976 ) ,  seismic structure ( Nichol s , 1977 ) .  
Paleontological studies  of Jurassic strata that rest 
on the ophiolite include the mollusca ( Woodring and 
Bramlette ,  195 0 ;  D .  L .  Jone s , in Hopson and other s ,  
1975a ) ,  the radiolaria ( Pes sagno , 1973,  1977 ) , and 
the dinoflagellates ( W .  R. Evitt , per s .  commun . ,  
1975 ) .  

Stratigraphy and Structure 

A c omposite stratigraphi c section through the 
ophiolite at Point Sal , combining the three partial 
sections in Figure 2 ,  c ons i s t s  of the following 
units ( de signated hereafter as zones ) :  ( 1 )  submarine 
volcanic rocks , consisting of ( a )  an upper group of 
mainly olivine basalt with pervasive low-grade 
alteration , and ( b )  a lower group of spilitic pyro
xene basalt and keratophyre , with low to  high-grade 
greenschi st-fac i e s  alteration;  ( 2 )  dioritic and 
gabbroic rock s ,  grading progres sively downward from 
( a )  hornblende quart z diorite and diorite to ( b )  
hornblende gabbro and uralitic clinopyroxene gabbro ,  
( c )  olivine-c li nopyroxene gabbro , and ( d )  olivine 
clinopyroxene gabbro with troctolite and minor anor
tho s i t e ;  ( 3 )  ultramafic rocks , grading downward from 
( a )  chi efly olivine clinopyroxenite to ( b )  s erpen
tini z ed dunite with subordinate ol-c linopyroxenite 
and wehrlit e ,  and ( c )  serpent ini zed dunite . Swarms 
of basaltic , diabasic , microdioritic , and epidositic 
sills and dikes form a sheeted sill complex ( zone lc ) 
between the volcanic and upper plutonic rocks ; also , 
swarms of similar dikes cut the overlying volc anic s  
( zone lb ) and the underlyi ng diorite and gabbro 
( zone 2a-b ) . A different swarm of low-angle dikes , 
mainly neritic mi crogabbros and feldspathic ol
clinopyroxenit e ,  cut plutonic zone s 2c-3d . 

Above the ophiolite a thin s e quenc e of tuffa
c eous radiolarian chert with rare lime stone nodules 
lies  in depositional c ontact on the upper basalt 
( ophi olit e zone la ) . Overlying the c hert is a 
mudstone-sandstone flysc h ,  representing the base of 
the Late Jurassic  and Cretac eous Great Valley 
s equence .  The se  strata represent pelagic and then 
di stal t errigenous sedimentation on top of the 
igneous sequence .  

Th e  ophiolite i s  exposed mainly along the c oast
line , in a strip ext ending six miles southeast from 
Point Sal ( Fig . 1 ) . The upper part of the ophiolite 
and overlying Upper Jurassic  sedimentary strata dip 
35-6oo north at Point Sal and Point Sal Ridge , and 
are offset by northeast-trending vertical faults 
with left -lateral di splac ements that total at least 
1 kilometer ( Figs . 1, 3 ) . The lower part of the 
ophiolit e ,  two to five miles s outheast of Point Sal 
( Figs . 1 ,  6 ) , dips more steeply to the north and 
northeast and is loc ally overturned . The Lions 
Head fault with 4 , 000  feet of minimum vertical 
separation truncate s  the bas e  of the ophiolit e ,  
throwing s erpentinized dunit e  ( zone 3c-d ) against 
Mioc ene Mont erey Formation . A steep ENE-trending 
fault with up to 2 , 500 feet of apparent left-lat eral 
di splac ement separates gabbro zones 2b and 2c 
( Figs . 1 ,  3 ) ,  and the upper part of zone 2c i s  
hidden b y  Cen6zoic formations ( Figs . 1 ,  2 ,  6 ) . 

The faults  described above are post-middle 
Miocene . Pre-Oligocene deformation i s  rec orded by 
the unconformity at the base of the Lospe Formation .  
Thi s unconformity cut s  across progressively higher 
parts of the Jurassic  sequence from south to  north 
( and northwe st ) , i . e . , it truncates ultramafic rocks 
( ophiolite zone 3b ) at Lions Head , gabbro ( zone 2c ) 
at Point Lospe , and Tithonian flysch ( Great Valley 
sequence )  near Point Sal and at Corralitos Canyon 
( Figs . 1 ,  6 ) . Thus , the early Tertiary ( pre-Lospe ) 
erosion surfac e cut ac ross Juras sic  rocks that 
dipped gently northward . Plio-Plei stocene folding 
has brought these  rocks to  their present steep atti
tudes ( Woodring and Bramlette ,  1950 ,  p .  12 ) .  

Tertiary strata and Quaternary deposits  blanket 
the surrounding area for many miles  to  the north , 
east , and south , and the ocean is on the west . The 
ophiolite i s  thus i solated from other remnants of 
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Figure 2 .  Columnar sections : A ,  coastal strip extending north from Point Sal ( Fig . 3 inset ) ;  B ,  Point Sal Ridge , north and northwest o f  Point 
Sal State Park Beach (Fig . 3 ) ;  C ,  Lions Head-Point Lospe area (Fig . 6 ) . 
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the Coast Range ophiolite and the underlying Franc i s 
can Complex . 

DESCRIPTION OF THE OPHIOLITE 

The Volcanic Sequenc e 

Field Relationships . Volcanic rocks more than 
l km thick overlie  the upper plutonic rocks and s ill 
c omplex at Point Sal Ridge (Fig . 2 ,  section B ) , but 
their top i s  not exposed . Farther west , in the 
c oastal strip extending north from the tip of Point 
Sal , nearly 600 meters of lava are c onti nuously ex
posed beneath Upper Juras sic  pelagic sedimentary 
rocks , whi ch lie  upon them in depositional c ontact 
( Fig . 2, s ect ion A ) . Thi s s ec t ion , however , c om
pri s e s  only the uppermost 2 5 0 m ( zone la ) and lowest  
320 m ( lower part of zone  lb ) of the  volcanic 
sequenc e ;  the middle of the sequenc e is cut out here 
by a maj or strike-sl ip fault ( Point Sal fault , Figs . 
l ,  3 ) . The volcanic section at Point Sal Ridge 
( s ec t ion B )  does not appear to extend high enough 
stratigraphically to include the di stinctive upper 
lavas ( zone la) of the c oastal section ( sec ti on A ) ; 
therefore a c omposite  section would include the full 
thicknes s  of the former ( approximately 1 . 1  km) plus 
at least zone la ( 25 0 m )  of the latter . Thus , the 
total thickne s s  of the compo site volcanic section i s  
not les s than 1 . 3  km .  

The volc anic s consist  mainly o f  lava , both 
pillowed and mas s ive . A vari ety of pillow forms , 
including tubular pillows , are ob serve d .  Ves icles  
( now amygdule s )  are c ommon within the  interior of  
pillows but they become spar se  and microsc opic in 
the chilled outer rinds , c haracter i st i c  of lavas 
erupted into very deep water ( Moore , 196 5 ,  1970 ; 
Moore and Schilling ,  197 3 ;  Bryan , 1975 ) . Brec c i a  
occur s  loc ally within the volcan i c s  but there i s  no 
bedded tuff . Small b i t s  of pelagic sediment are 
wide spread withi n the volc anic s e quenc e ,  oc curring 
as small pockets between the pillows and inj e cted as 
dikelet s and irregular gobs into brecc iated lavas . 
This s ediment is red radi olarian c hert within the 
lower lavas ( zone lb ) but chi efly pale gray c oc co
lithic lime stone ( plus minor red mudstone and chert ) 
in the upper lavas ( zone la ) . Both of these  sedi
ment s were originally biogenic ooz e s , and they are 
not contaminated by tuffac eous or terrigenous c lastic 
c omponents .  Thus , the volc anic rocks at Point Sal 
are oc eanic lavas that were probably erupted i nto 
deep water , in  a setting that lay beyond the  range of 
t errigenous s edimentation or airborne tephra from 
active arc -type volcanoe s .  An open-oc ean environment 
is inferred . 

Petrography. Lavas forming the  upper 250 meter s  
of the volc anic sections ( zone la,  coastal section A ) , 
are sparsely porphyritic olivine basalts and subordi 
nate aphyric  cpx ba salt . Olivine , wholly ps eudo
morphed by smec tite or c alc ite , originally formed 
sparse phenocrysts , while clinopyroxene and/or 
plagioclase occurs  as much smaller microphenocryst s  
( Fig . 4 ; Table 1 ) . Surviving original groundmass 
phases  are plagi oclas e ,  clinopyroxene , and Fe-Ti 
oxide . Groundmas s  textures are most c ommonly inter
s ertal , with the glas s wholly altered to smectite 
and other products . Quench textures  with skeletal 
crystal forms like some of those describ ed  by" Bryan 
( 1972 ) are also present . 

Lavas forming the rest of the volcanic sequenc e 
( zone lb , sections A, B ) , c ontrast strongly with the 
upper lavas in primary charac teri stic s as well as 
their higher grade of alteration . Many of these 
lavas are aphyric ; the rest are microporphyritic 

0 U PP E R  L AVA ( Zo n e  I a ) 
e L O W E R  L AVA ( Z a n e  I b )  

0 

PL A G I O C L A S E  

O L I V I N E  

0 
0 

0 

C L I N O P Y R O X E N E  

Figure 4 .  Ternary diagram showing modal abundance 
plot of phenocrystic and microphenocrystic  olivine , 
clinopyroxene ,  and plagi oc lase in the Point Sal lavas 
( Table l ) . 

Tab l e  1 .  Mo dal Analys e s *  o f  Phyric and Microphyric 
Lavas . 

UPPER LAVA OLIV FLAG CPX GRDM AMYG 
( zone la ) 

PS69-l 5 . 5  4 . 4  8 5 . 7  4 . 4 

PS69-2 . 5 . 3  4 . 0  91 . 4  3 . 8  
PS69-4 3 . 4  82 . 4 14 . 2  
PS7 5 -64B 10 . 4 18 . 8  70 . 8  
PS7 5-65B 2 . 3 9 3 . 3  4 . 4 

PS15 3 -l 7 . 0  9 . 2  . 2  83 . 6  
PS154-l 2 . 2  1 . 9  1 . 6  93 . 0 1 . 3 
PS154-2 1 . 2  2 . 4  0 5 9 3 . 3 2 . 6 
PS1 5 5 -l 1 . 6  . 2  1 . 6  94 . 7  1 . 9  

LOWER LAVA 
( zone lb ) 

PS19-l 4 . 2  84 . 8 ll . O  
PS29-2 5 . 2  86 . 0  8 . 8  
PS3l-l 9 . 4 3 . 2  n . 4  10 . 0  
PS42-2 3 . 2  2 . 6  91 . 8 2 . 4  
PS6 5 -l 1 . 8  97 . 8 . 4  
PS66-l . l  9 . 2  5 . 2 74 . 7  10 . 8  
PS67-4 8 . 2  8 . 6 74 . 6  8 . 6  
PS109-l 9 . 4 2 . 6  75 . 0 13 . 0 
PS114-l 6 . 6  2 . 6  81 . 8  9 . 0 
PS115-l 8 . 4 70 . 0  21 . 6  
PS116-l 13 . 0  1 . 8  67 . 0 18 . 2  
PS117 -l 11 . 4 3 . 0  65 . 4  20 . 2  
PS118-l 4 . 2  . 6  87 . 2  8 . 0  
PS119 -l 10 . 2  64 . 4  2 5 . 4 

PS12l-l 3 . 8  . 4  9 0 . 4 5 . 4 
PS122-l 16 . 2  1 . 6 79 . 2  3 . 0  
PS123-l 12 . 2  1 . 2  81 . 2  5 . 4 

*Volume percent of phenocrysts ( olivine , plagio-
clas e ,  clinopyroxene ) , amygdule s ,  and groundmas s .  
Five hundred to 1100 points c ounted per spec imen . 
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with plagioc lase ( now albiti zed ) or clinopyroxene + 
plagioclase ( albit e )  as the mi crophenocrystic phases  
( Fig . 4 ;  Table 1 ) . Ps eudomorphs after olivine are 
very rare ; olivine was evidently not a l i quidus phase  
in most of the  zone lb lavas . The groundmas s  of 
these  lavas i s  altered almost entirely to secondary 
mineral s although original groundmas s  textures , e s 
pecially lath-like feldspar mic rolites ( now alb ite ) 
are well pres erved . Albite in th e zone lb lavas i s  
evidently sec ondary, s ince relic s of unreplace d  
plagi oclase are s t i l l  found withi n a few micropheno
c rysts . 

Alteration . Pervas ive alteration has strongly 
modified the mineralogy and chemi c al compos ition of 
lavas throughout the volcanic pile . The grade of 
alteration increas es  with stratigraphic depth , 
although prec i s e  details  must await a fuller miner
alogic al study . 

Smectite alt eration characteri zes  the upper lava 
zone . All groundmass  glas s  is replac ed by green 
smectite ; additional minor phases  include c alcit e ,  
celadonite , and brownish clay . Phenocrysti c  olivine 
is ps eudomorphe d by smectite or calc ite , but clino
pyroxene remains fresh . Groundmass  plagioclase i s  
clouded b y  c lay alterati on but i s  generally not 
albitized,  except near the base of the zone . Zeo
l it e s  appear to be lacking or quite rar e ,  and it is 
probably misleading ( Menzies  and others ,  19TTa )  to 
apply the term " zeolite fac ie s " here . The strong 
smectite alteration in volc anic zone la , extendi ng 
to the upper contact , appears to be c omparable to 
seafloor weathering ( halmyrolys i s )  described by 
various authors ( Matthews , 19 71 ; Miyashiro and 
others ,  1971 ; Hart , 1973 ; Bass  and other s ,  197 3 ;  
Bas s ,  1975 ) .  In thi s connection it  has been noted 
( Hopson and other s ,  19T5a) that the t op of the vol
canic sequence experi enc ed prolonged exposure to sea
water prior to burial by sediments .  The evidence i s  
the large age gap ( >lD m . y . ) between the t ime the 
ophiolite formed at 16D m . y .  B . P .  ( c oncordant zircon 
ages by J. M. Mattinson ) and first  burial of the 
upper lavas i n  the late Kimmeridgian-early Tithonian 
( Pes sagno , 1977 ) .  Thus , there was ample opportunity 
for seafloor weathering to occur . Men zies and others 
( 19TTa , b )  al so  reach this conclus i on ,  based on nega
tive Ce anomalies  in  the upper lavas . 

The lower lavas ( zone lb ) are pervasively albi
ti zed,  but with good pre servati on of original tex
ture s .  Typical secondary mineral s in  the upper parts 
of zone lb i nclude abundant albite  and l ight-green 
phyllosilicate ( chiefly iron-rich chlorite ) ,  plus 
sphene , calc ite , quart z ,  small trac e s  of epidote , rare 
pumpellyite  ( but no prehnite ) ,  and minor brown clay . 
The common amygduloidal mineral s h ere are quartz , 
calc ite , smectite , chlorite ( ? ) ,  and pumpellyite . The 
effects  of more than one stage of alteration may be  
superimposed here , as  de scrib e d  elsewhere by Bas s 
( 1975 ) . We recommend di scontinuing use of the 
term "prehnite-pumpellyite fac i e s "  to describe thi s 
low-pres sure alteration a s s emblage ( Hopson and others , 
19T5a ; Menzies  and other s ,  19TTa ,b ) ,  for the two key 
phas es do not c oexi st here . 

Still deeper , in the lower 2DD-3DD m of the vol
canic sequenc e ,  the c ommon groundmass  alteration 
produc ts  and amygdule-filling phases  are albite , 
epidote , chlor it e ,  rare actinolite , magnetite , sphene , 
quartz ,  and c alcite  - clearly a greenschist-facies  
assemblage . Also , strong epidote metasomati sm i s  
evident in  the lower lDD meters of , th e  volcanic 
sequence ,  where "epidote pervasively replace s  the 
matrix of basaltic breccias  and pillow lavas . The 
alteration and metasomati sm of the lower part of the 
volcanic sequence i s  doubtless  a form of low-grade 

metamorph i sm,  induc e d  by heat and fluids r� s�ng from 
the magma body ( plutonic  sequenc e )  that crystalli zed 
just beneath . Higher in volc anic zone lb it i s  
diffi cult t o  s eparate the superimposed effects o f :  
( 1 )  metamorphi sm which decreases  upward ,  ( 2 )  halmy
rolys i s  which di e s  out downward ,  and ( 3 )  pervasive 
alteration which may have re sulted from the circula
tion of heated sea water shortly after the lavas 
accumulated . 

Chemi stry . chemic al analyses of repr e s entat ive 
Point Sal volcanic rocks are " given in Table 2 .  
Nearly all the Poi nt Sal lavas are s o  highly altered 
that it s e ems fruitless  to attempt close compari sons 
of their chemi stry with fresh lavas and glasses  from 
mid-oc ean ridges or with moderately fresh DSDP lavas . 
Suc h  c omparisons show that the Point Sal lavas are 
s ignificantly higher in Na2D ,  KzO , Si0 2 , FeO*/MgD , 
Fez0 3 /FeD+Fez0 3 ,  H2D ,  and C0 2 , slightly lower in 
Ti02 , and strongly depleted in  CaD and MgO . Some of 
thes e  difference s  are readily c orrelated with mineral 
alterations . For example ,  the complete alteration of 
glass  and olivine to smectite caused gains in alkali s  
( espec ially KzO ) ,  HzD , and l o s s e s  in  CaD and MgO , 

Table 2 .  Chemical Analyse s  and CIPW Norms o f  Point 
Sal Volcanic Rocks . 

SiD 2 
TiD 2 
Al 20 3 
Fe 2o 3 
FeD 
MnO 
MgO 
CaD 
Na2D 
K2D 
H2o+ 
H2D-

" PzO s 
C D 2 

Total 

FeO* /MgO 

Q 
Or 
Ab 
An 
Cor 
Di 
Hy 
01 
Mt 
Ilm 
Ap 
Ne 
cc 

1 

5D . 8D 
. 57 

15 . 54 
4 . 28 
5 . 89 

. 41 
T . D6 
3 . 94  
4 . 99 

. 98  
3 . 38 
1 . 42 

. D8 

. TO 

1DD . D4 

1 . 38 

D . D  
5 . 97 

46 . 19 
15 . D 5 

l . D4 
. D  

19 . 59 
5 . 84 
4 . 61 

. 8 2  

. n 

. D  
1 . 83 

2 

52 . 65 
. 64 

15 . 4 5 
5 . 92 
3 . 98 

. 1 3  
4 . 96 
5 . 66 
5 . 1D  

. 78 
2 . 53 
1 . 42 

. D9 

. 69 

lDD . DD 

1 . 88 

3 . D8 
4 . 76  

47 . 27 
17 . 51 

. 0  
5 . D9 

12 . 99 
. 0  

6 . 39 
. 9 2  
. 1 9  
. D  

l . 8D 

3 

5 5 . 5  
. 5 5  

1 5 . 1  
1 . 2  
6 . 1  

. 11 
6 . 4  
6 . 4  
4 . D  

. 34 
2 . 4  

. 51 

. D 5  

. 08 

98 . 7  

1 . 12 

5 . 34 
2 . DT 

3T . D9 
22 . 9 8  

. D  
7 . 17 

22 . 9 5  
. D  

l . 3D 
. 79 
. 11 
. D  
. 21 

4 

57 . 5 
· . 61 

14 . 5  
l . T  
5 . 3  

. D8 
3 . 3  
5 . 5  
5 . 2  

. 2D 
2 . 6  

. 28 

. D6 
3 . 5  

1DD . 3  

2 . DT 

15 . D8 
1 . 19 

4T . 2D 
4 . 82  
4 . 39 

. D  
15 . 58 

. D  
l . 8D 

. 86 

. 13 

. D  
8 . 9 5  

1 .  Olivine basalt ( PS69-2 ; smectite  alterati on ) ;  
ophiolite zone la . Analys i s  by H .  N .  Elsheimer , 
USGS . 

2 .  Aphyric  cpx basalt ( PS68-l ; smectite  alteration) ; 
ophiolite zone la . Analysi s by H .  N .  Elsheimer , 
USGS . 

3 .  Spi lite ( TD-B-3D2 ; alb i t i zed cpx basalt ) ;  ophio
lite zone lb . ( Bailey and Blake , 1974 , p .  643 . )  

4 .  Keratophyre ( Tl-EB-1D5 ) ; ophiolite zone lb . 
( Bailey and Blake , 1974 , p .  644 . )  
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e spec ially in  the  smectite-rich upper lavas . Nearly 
complete albiti zation of plagioc lase in the lower 
lavas ( zone lb ) c aused large gains in lla2D , SiD 2 ,  and 
depletion in CaD . Also s igni ficantly affecting the 
whole-rock analyses of Point Sal lavas are ubiquitous 
tiny nicro-amygdules , filled with quart z ,  smec tite , 
celadonit e ,  albite , and other secondary minerals . 
Thus , because of the high degree of alteration ( 20-
60% for the upper lavas ; 70-lDD% for the lower lava s )  
and the difficulty o f  avoiding micro-amygdul e s ,  an 
accurate characteri zation of the Point Sal volcanic 
rocks in terms of maj or-element chemi stry is probably 
not possible . Relict petrographic  features  therefore 
probably provide a more reliable , though limite d ,  
gnide to the original character of these lavas than 
many aspect s  of their bulk chemistry . 

The s o-called keratophyres  at Point Sal ( Bailey 
and Blake , 197 4 ;  Hop son and oth ers , l975a ) illustrate 
thi s point . These lavas ( Table 2, nos . 3, 4 )  are 
c lassed as keratophyres  following the usual criteri a :  
high SiDz , high llazD ,  low CaD , and albite as the 
princ ipal feldspar ( Gilluly, 193 5 ;  Hamilton , 196 3 ,  
Fig . 67 ) . But , petrographic evidence indicates that 
rocks with this chemi stry at Point Sal are chiefly 
derived from the metasomatic alteration ( particularly 
albiti zation)  of aphyric  and pl-microphyric  basalts . 
The high Naz D : CaD ratio  of analyzed samples re sults'  
from �lbiti zation of the original calc ic  plagi oclase , 
and the high S i 0 2  value s re sult from the albiti zation 
and als o  partly from mi cro-amygdules filled with 
sec ondary quartz . If the se lavas had originally been 
s ignificantly quart z normative then quartz  should be 
c onspicuous in  the groundmass alteration as semblage , 
but that i s  not commonly the case . Thus , lavas 
originally of intermediate ( "andesitic " )  composition 
are now deemed to be only minor c omponents of the 
Point Sal volcanic sequence . 

Mobility of the maj or elements suggests  that 
caution must also be exerc i s ed in the appli cation of 
trace element and rare earth element data to the 
Point Sal lavas ( Blake and Bailey , 1975 ; Menzies  and 
others , l977a ,b ) .  Certain trace elements ( e . g . ,  Ti , 
Y ,  Zr , lib )  are known to be re s i stant to moderate 
degrees of alterati on and metamorphi sm ( Bryan and 
others , 1976 ) ,  but it  should be b orne in mind that 
most Point Sal lavas show 40-95 perc ent alteration to 
sec ondary minerals and that the major element bulk 
composition has changed s ignificantly . Menzies  and 
others ( l977a ) discuss these effect s  at Point Sal , 
particularly for the rare earth elements .  They show 
that : ( l )  greenschist facies  alteration of the lower 
lavas has not significantly effected the REE profiles ,  
and ( 2 )  that low-temperature alteration of the upper 
lavas has induc ed some mobility of the light rare 
earths , resulting in negative Ce ( or positive La ) 
anomalies . It i s  important to note that both the 
upper and lower lavas still retain light REE-depleted 
patterns ( Menzies and others , l977a ,b ) , which tend to 
be eliminated by reactions that involve sea water 
(Frey and others ,  1974 ) . The LREE-depleted patterns 
are significant here , for among oceanic lavas they 
are known only from basalt s of MDRB type ( Bryan and 
others , 1976 ) • 

Ultramafic  lava i s  reported from the Point Sal 
volcanic sequence by Blanchard and others ( 1977 ) and 
Menzies and others ( l977b ) ,  on the basis of chemistry . 
This identification i s  from two drill core samples 
collected by Kempner ( 19 77 ) from coastal section A ,  
GSA guidebook locality 19 ( Hopson and oth er s ,  l975a ) , 
in outcrops now placed in lowermost zone la ( Fig .  3 ) . 
I have examined Kempner ' s  specimens and re-examined 
the outcrops and I di sagree that the lavas ( which are 
highly altered ) are ultramafic . Kempner ' s  specimens 
both contain phenocrystic olivine ( wholly pseudo-

morphed by smectite and c alcite ) and mi crophenocrystic 
clinopyroxene ( mostly fre sh ) in a groundmas s  with 
skeletal quench plagi oclase ( replaced  by albite in 
PS75-65B ) , smectite , and Fe-oxide s . Both rocks c on
tain micro-amygdule s ,  one filled with smectite and 
the other with smectite + celadonite + calcite . 
These two rocks are indeed somewhat richer in pheno
crystic olivine and microphenocrystic pyroxene than 
other zone la lavas ( Table 1 ) ,  but thi s  is due to 
crystal accumulati on .  Thus , they are not ultramafic 
nor similar to komatiites  petrologi cally . The mis 
naming of the s e  rocks , however , does not necessarily 
invalidate the conclusion of Menzies  and others 
( l97[a , b )  that they represent the most primitive lava 
exposed at Point Sal ; thi s  seems supported by the 
high Cr , IIi , and Sc values and very low REE abun
danc es . 

Conclusions . The following conclusions are 
reached c oncerning the original character of the 
Point Sal lavas pri or to their alterati on . 

( l )  The upper and lower lavas were chiefly 
subalkaline ( tholeiitic ) basalts , including some 
rocks now altered to "keratophyre . "  

( 2 )  The se basalts correspond most closely to the 
Group I oceanic basalts of Bryan and others ( 1916 ) , 
which is the kind typi cally erupted at spreading 
oc ean ridges . Criteria that l ink them more closely 
with Group I than Group II basalts ( which include 
the basalts from aseismic ridges , oc eanic i slands 
and other off-ri dge c enters ) are their low TiD2 and 
low P205  contents ( Fig . 5 ) ,  non-titani ferous pyro
xene s ,  and their LREE-depleted character reported by 
Menzies  and others ( l977� , b ) . 
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Figure 5 .  TiD2-P2D 5 plot for the Point Sal vol
canic rocks . Fields for oceanic basalts from Bass 
and other s ,  1973 . 

( 3 ) The upper lavas ( zone la ) are chiefly 
olivine-phyric , ol-cpx and ol-cpx-pl mi crophyric 
basalts ,  plus minor aphyric pl-cpx basalt . The 
apparent paragenes i s  is ol , ol+cpx±pl , pl+cpx±mt , 
comparable to the paragenesis of the underlying plu
tonic sequenc e . Some of the ol-phyric basalts are 
probably not extensively fractionated , a conclusion 

5 
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supported also by the trace element and REE data 
(Menzies and others , 1977a,b ) .  The scarcity of 
phenocrystic plagioclase i s  a unique feature in some 
of these lavas , which might be explained by the 
floating off of plagioclase in the underlying magma 
chamb er ( Bryan and Moore , 1977 ) . 

( 4 ) The highly altered lower lavas , comprising 
most of the volcanic sequence ( zone lb ) ,  were chiefly 
derived from aphyr i c ,  pl-microphyric ,  and pl-cpx 
microphyric lavas ( Fig . 4 ) . A few examples of 
pl-cpx-ol phyric basalt are found but olivine-bear
ing lavas are rare in zone lb . Thus , it appears that 
the lower lavas represent rather strongly fraction
ated basalt s ,  probably corresponding to some of the 
highly fractionated ( ol-free ) MOR tholeiites found 
locally on the Mid-Atlantic Ridge ( Hekinian and 
others ,  1977 ) , the western Atlantic ( DSDP sites 100 , 
386 ; see esp . Ayuso and Bence,  19 76 ) , the south 
Atlantic ( DSDP site 1 5 ;  Frey and others , 1974 ) ,  the 
Caribbean ( DSDP sites 146 , 150 , 152,  153;  Bence and 
others ,  1975 ) ,  the western Pacific ( DSDP sites 58,  
61 , 63,  66 , 285 , 303 ,  304 , 307 ) , the central Pacifi c  
( DSDP site 317A) , the northwestern Pacific ( DSDP site 
191 ) , the northeastern Pacific ( DSDP site 179 ) , and 
the southeastern Pacific ( Nazca plate , DSDP site 321 , 
see esp . Mazzullo and Bence , 19 76 ) . 

( 5 )  Keratophyres that were truly oversaturated 
( i . e . , have groundmass quartz )  are scarce at Point 
Sal . They were the product of extreme fractionation 
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and correspond to differentiated quartz diorites 
found in the plutoni c sequence . This conclusion i s  
also supported b y  the REE data ( Menzies and others , 
1977a ) . 

( 6 )  Lava reported to be ultramafic is actually 
altered basalt somewhat richer than average in pheno
crystic olivine and microphenocrystic clinopyroxene . 

Finally it is noted that the lower lavas were 
erupte d  in a deep ocean environment where red radio
larian ooze was the only sediment accumulating, wher� 
as the upper lavas were erupted under conditions in 
which light-gray calcareous pelagic ooze was accumu
lating . It is suggested in a later section that the 
two lava groups are the product of two different 
magmas , erupted at geographically different site s .  

The Plutonic Sequence 

A differentiated sequence of plutonic rocks more 
than 1 km thick lies beneath the volcanic rocks and 
the sheeted sill complex at Point Sal ( Figs . 1 ,  2 ) . 
It consists of an upper section of non-layered urali
tic gabbro , diorite, and quartz diorite ( zone 2a-b ; 
Fig . 2 ,  section B )  separated by a fault and a 
covered interval from the lower section of layered 
olivine gabbro and ultramafic rocks ( zones 2c-d, 3 ;  
Fig . 2 ,  section C ) . The plutonic sequence i s  cut off 
below zone 3c by the Lions Head fault ( Figs . 1 , 6 ) . 

1 20' 37 ' 

0 Contour Interval 100 feet 

0 1 K M  

Figure 6 .  Geologic aap o f  the Lions Head-Point Lospe area, showing ophiolite zones 2c-3d. 
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Lower Plutonic Se quenc e .  Proceeding upward from 
the bas e ,  the sequenc e consi s t s  of more than 100 m of 
serpentinized dunite ( zone 3c ) ,  80 m of serpentini zed 
dunite with some wehrlite and olivine clinopyroxenite 
( zone 3b ) ,  more than 120 m of olivine clinopyroxenite 
with subordinate clinopyroxenite , wehrlite , and 
dunite ( zone 3a ) , 120 m of ol-cpx gabbro with minor 
troctoli t e ,  anorthosite , and cross-cutting intrus ive 
mass e s  of feldspathic ol-clinopyroxenite ( zone 2d ) , 
and more than 500  m of cpx-ol gabbro with minor horn
blende-b earing cpx gabbro ( zone 2c ) .  These are 
minimum thickne s s  est imat e s  for zones 2c , 3a , 3b , 3c , 
due to the unc onformity at the top of 3c and fault s 
between 3a-3b and at the base of 3c . 

The se  rocks are all igneous cumulate s ,  much di s
turbed and di srupt ed by  penecontemporaneous deforma
tion . Features  indicative of cumulus origin are cum
ulus textures , planar orientation of elongate crystals 
( igneous lamination ) ,  em- to m-scale ratio  layering 
and si ze layering , and a regular progre ss ion of km
scale phase ( mi neral-graded ) layering and cryptic 
( chemical-graded )  layering going upward through the 
section ( Fig . 7 ) . 

Zonal subdivi s ions within the lower plutonic 
section are based on the cumulus phase layering and 
related feature s .  Zone 3c c onsi s t s  of olivine
chromite adcumulate s  and me socumulate s· ,  with clino
pyroxene and c alc ic  plagioclase ( altered )  as minor 
post-cumulus phas es . The dunite is more than 90  
percent serpentinized but preserve s i t s  original 
texture . The dunite i s  massive exc ept for loc al 
thin zones ( layers ? )  with hi gher chromite c ontent . 
Zone 3b c ontinues as mai nly olivine cumulates  but 
clinopyroxene fir st appears here as a local cumulus 
phase ( ol-cpx adc umulates ) and also  as post-c umulus 
oikacrysts ( ol-heteroadcumulate s ) . Zone 3a marks 
the · incoming of clinopyroxene as a maj or cumulus 
phase . The main layers ,  much di srupted ,  are cpx-ol 
adcumulates  and me socumulates ( with post-cumulus 
plagioclase and hornblende ) ,  ol-heteroadcumulate s  
( wehrlite with cpx oikacryst s ) ,  and local thin ol
adcumulates ( dunite ) .  Zone 2d marks the first 
appearance of c umulus plagioclase . These rocks are 
mainly pl-cpx-ol adcumulate s  and some me socumulates ,  
with pale brown post-cumulus hornblende . The zone 
2d gabbros are rich in olivine and grade locally into 
troctolite . Cm-scale anorthosite layers with reverse 
grading ( pl-rich at the base ) are a unique minor fea
ture . Zone 2c continue s as pl-cpx-ol adcumulates and 
me socumulates but cumulus olivine decreases  and dis
appears entirely near the  top of the section . Post
cumulus hornblende increases in abundance upward .  
These  mineralogical trends continue without maj or 
interruption into the upper plutonic section ,  which 
suggests  that the covered interval between zones 2c 
and 2b consists  mainly of cpx gabbro with an increas
ing proportion of late magmatic hornblende . 

Orthopyroxene i s  not a cumulus phase  in the 
Point Sal plutonic sequenc e .  A very few remnants of 
post-cumulus opx ( bronzite ) ,  mostly replaced by horn
blende , appear within zone 3a . It appears that 
orthopyroxene may have locally crystalli zed following 
plagioclase in the paragenetic sequence ,  but that 
hornblende generally substituted instead . Crystalli
zation from a wet magma i s  thus indi cated . Thi s  
accords with the Sr-i sotopic evidence o f  Davis and 
Las s ( 1975 ) that sea water mixed with the Point Sal 
magma . 

The results of a preliminary microprobe study of 
cumulus phases  in the lower plutonic section , are 
shown in Figure 7B . The progressive trends of the 
cumulus olivine , clinopyroxene , and plagioclase 
toward their lower temperature end memb ers going up 
section indicates crystallization and settling from 

from a progress ively more fractionated magma . The 
local reversals and fluctuations in thi s  trend, e s 
pec ially within zone 2d , may reflect pulses of new 
magma ; however ,  a more detailed study will doubtle s s  
modify and perhap s change some o f  the details shown 
here . 

Numerous features within the lower plutonic sec
tion suggest that layer s accumulating on  the  floor of  
the magma chamb er were extensively deforme d and di s 
rupted b efore some of them were fully solidifi e d .  
Most c onspicuous i s  the pinching and swelling , bou
dinaging , and chaotic  disrupt ion of cumulus layering . 
The di sruption i s  so extensive that individual prima>y 
layers can rarely be trac ed for more than a few 
meters . The resemblanc e to soft-sediment deformation 
and di sruption of bedding is  striking . Yet , igneous 
textures are well preserved ,  even within the most  
hi ghly disrupted layers , and evidence o f  subsolidus 
recrystalli zation or low-temperature cataclas is  i s  
rare . Thus , de formation occurred at temperatures 
above solidus , while some layers are still mushes 
with interstitial melt . Another distinctive feature 
is intrus ive dikes of ultramafi c c umulate material 
that res emble sandstone dikes in disturbed se dimen
tary s e quences .  These  intrusive ultramafic s  are 
common as dikes within pyroxenite zone 3a and they 
penetrate as dikes and di apiric mas ses  up into the 
lower 250 m of the overlying gabbro ( zones 2c-d) . 
The textures and internal structure of these ultra
mafic intrus ives suggest that they are emplaced as 
crystal mushes .  

These de formations and auto-intrusions within 
the c umulus sequenc e can be explained as resulting 
from the strong tectonic di sturbance of interlayered 
solids ( adcumulates ) and mushes ( mesocumulates ) at 
temperatures still above the sol i dus ( Hopson , 1975 ) .  

Other features withi n the lower plutonic sequence 
point to repeated tectonic di sturbance at the upper 
surface of the growing pile of cumulates , while crys
tal sedimentation was still actively in progress . 
Thes e  features include hi ghly contorted small-scale 
fol ds along local hori zons , due to slumping, and un
conformities  ( mainly of b uttres s -type ) b etween 
packets of  cumulus layers . Both these  features could 
have resulted from tilting of the magma chamber floor, 
if  the upper layers had ac quired some rigidity due to 
adcumulus crystalli zation . Slump folds were produc ed 
where thi n cohes ive layers ( adcumulates )  resting on 
mush layers ( mesocumulates ) were tilted and slid 
downhill . Continued crys tal accumulation then built 
new hori zontal layers above the deformed layers , 
creating unconformities . Still another feature per
haps related to large-scale sliding and mixing of 
crystal mushes ( mesocumulates )  are mass ive gabbros 
that have only local vestige s  of  contorted layering 
but are permeated by di ffuse patches and dikelets of 
"pegmatiti c "  gabbro . These small gabbroic neosomes 
perhaps represent intercumulus melts that were filter 
pre s s e d  from mesocumulate crystal mush during slid
ing . This type of "veined" gabbro i s  abundant within 
the central part of zone 2c . 

A fi nal feature stemming from ocean-crust defor
mation before the close of plutonic activity are 
mic rogabbroic  dikes with gnei ssic  textures and 
s chli eren banding , which cro s s-cut the deformed 
cumulates of zones 2c-3c . The int ernal gneissic  
texture and  structure ge nerally parallels the dike 
walls and cuts across the igneous structures outside 
the  dikes . This results from protoclastic flowage 
and smearing of crystal mush within partly solidified 
dikes , when the cumulate host rocks are already solid 
and rigi d .  This records oc casional pulses of defor
mation when the lower dike sequence was being em
placed into cumulates that were cooling below the 
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F i g u r e 7 .  A .  P h a s e  l a y e r i n g , o p h i o l i t e  z o n e s  2 a - 3 c . H e a v y  l i n e s  s h o w  t h e  s t r a t i g r a p h i c  
d i s t r i b u t i o n o f  c u m u l u s p h a s e s  i n  z o n e s  2 c - 3 c  a n d  e a r l y  c r y s t a l l i z i n g p h a s e s  i n  t h e  n o n 
c u m u l a t e  r o c k s  o f  z o n e s  2 a - b .  T h i n  l i n e s  s i g n i fy p o s t - c u m u l u s  p h a s e s  i n  z o n e s  2 c - 3 c  a n d  l a t e
c r y s t a l l i z i n g p h a s e s  i n  z o n e s  2 a - b .  B r o k e n  l i n e s  s i g n i f y s p o r a d i c  o c c u r r e n c e  o f  p h a s e s . 

B .  C r y p t i c  v a r i a t i o n  ( c h e m i c a l l y  g r a d e d  l a y e r i n g ) i n  c u m u l a t e r o c k s  o f  o p h i o l i t e z o n e s  
2 c - 3 c  ( l o w e r  p l u t o n i c  s e c t i o n ) .  S t r a t i g r a p h i c  r a n g e  o f  c u m u l u s  p h a s e s  s h o w n  o n  t h e  r i g h t . 

1 7 1 
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Table 3 .  Chemic al Analyses  and CIP\'i Norms for Ultramafic and Gabbro Cumulates , Lower Plutonic Se ction . 

SiOz 
Ti Oz 
Al z0 3 
Fe 2 o 3  
FeD 
MnO 
HgO 
CaO 
Naz O  
KzO 
H2o+ 
H20-

Pz0 s 
C02 
Cr20 3 
NiO 

Total 

FeO* /MgO 

Q 
Or 
Ab 
An 
Ne 
Cor 
Di 
Hy 
Ol 
Mt 
Ilm 
AP 
cc 
Ht · 

l 

33 . 0 7 
. 04 
. 6 5  

5 . 34 
3 . 58 

. 16 
38 . 18 

. 30 

. 34 

. 02 
1 5 . 1 8  

. 64 

. 6 1  

. 3 0 

. 7 3  

. 22 

99 - 36 

0 . 23  

.13  
3 . 3 0 

-4 . 7 5  

1 5 . 68 
7 5 . 37 

6 . 0 4  
. 06 

l .  38 
. 8 2  

2 

39 . 9  
. 0  
. TO  

6 . 5  
2 . 0  

. 08 
34 . 6  

2 . 3  
. o  
. 1 0  

11 . 5  
1 . 1 

. 23 

99 . 0  

. 25 

. 6 3  

. 0  
1 . 71 

7 . 08 
4 0 . 5 8  
4 2 . 8 8  

5 . 1 3  

. 6 2  
1 . 39 

3 

40 . 4 5  
. 07 
. 68 

6 . 23 
2 . 88 

. 1 2  
3 2 . 44 

4 . 0 2 
. 29 
. 0 2 

10 . 98 
. 81 
. 0 3  
. 24 
. 22 
. 1 5  

99 . 6 3 

. 28 

. 1 2  
2 .  7 5  

. 5 2 

1 5 . 01 
33 . 27 
4 0 . 6 2  

6 . 89  
. 1 0  
. 07 
. 6 4  

4 

4 3 . 99 
. 10 

1 . 4 4  
2 . 29 
4 . 28 

. 1 3  
28 . 54 
10 . 01 

. 28 

. 0 2  
7 . 51 

. 18 

. 04 
< . 0 5  

. 44 

. 1 5  

99 . 4 0  

. 23 

. 1 2  
2 . 5 8 
2 . 69 

38 . 4 8  
1 2 . 7 7  
4 0 . 67 

2 . 46 
. 1 4  
. 09 

5 

44 . 6  
. 04 

2 . 0  
3 . 7 
3 . 6 

. 09 
27 . 5  
11 . 5  

. 1 2  

. 0 8  
5 . 6 

. 36 

. 0 4 

99 . 2 3  

. 27 

. 48 
1 . 09 
4 . 74 

· 4 2 . 2 5  
12 . 6 2  
34 . 7 3 

3 . 9 2  
. 06 

. 1 0  

6 

5 0 . 63 
. 1 9  

4 . 01 
. 51 

2 . 9 5  
. 1 0  

17 . 5 0  
20 . 6 6  

. 48 

. 0 3  
1 . 26 

. 08 

. 06 
< . 0 5  

. 7 3  

. 0 5  

99 . 24 

. 20 

. 18 
3 . 29 
8 . 7 2  

. 6 2  

11 . 3 3  
. 5 3  
. 27 
. 13 

7 

48 . 6 5  
. 1  7 

3 . 7 5  
. 9 2  

4 . 18  
. ll 

20 . 1 2  
17 . 5 7 

. 6 0  

. 0 2  
2 . 1 5  

. 23 

. 0 5  
< . 0 5  

. 44 

. 0 8  

9 9 . 04 

. 25 

. 1 2  
4 . 46  
7 . 51 

. 5 7 

6 3 . 76 

22 . 27 
. 9 7  
. 24 
. 1 0  

8 

4 3 . 32 
. 06 

21 . 5 5  
1 . 1 3  
3 . 9 8  

. 07 
ll . i; O  
ll . 79 

1 . 6 4  
. 0 2 

3 . 32  
. 22 
. 0 5  

< . 0 5  

98 . 5 5  

. 49 

. 1 2  
1 3 . 5 0 
5 2 . 41 

. 91 

5 - 5 3  

26 . 1 3  
1 . 2 0  

. 09 

. l l  

9 

46 . 9  
. 06 

20 . 6  
. 40 

4 . 1 
. 04 

9 . 0  
14 . 2  

1 . 4 
. 14 

1 . 6 
. 13 

. 04 

98 . 6  

. 5 0 

. 84 
1 2 . 74 
5 0 . 20 

16 . 98 
6 . 4 3  

12 . 30 
. 42 
. 08 

10 

47 - 74 
. 19 

18 . 1 5  
. 56 

3 . 06 
. 07 

ll . ll 
16 . 98 

- 99 
. 06 

1 . 27 
. 1 3  
. 0 5  

< . 0 5  

100 . 36 

. 33 

. 35 
8 . 8 0 

44 . 44 

30 . 89 
1 . 13 

13 . 4 5  
. 58 
. 26 
. 10 

ll 

48 . 4 5  
. 26 

18 . 19 
. [ 3 

2 . 84 
. 07 

9 . 76 
1 5 . 09 
. l .  77 

. 47 
2 . 20 

. 16 

. 0 5  
< . 0 5 

100 . 04 

. 37 

2 . 78 
14 . 9 9 
4 0 . 35 

- 5 5 

27 . 4 2  

12 . 68 
. 76  
. 36  
.10  

l .  S erpent ini zed dunite ( PSF-15 1 ) ;  ophiolite zone 3c near Lions  Head . Analysis by H.  N .  El sheime r ,  USGS . 

2 .  Serpent ini zed wehrl it e ( Tl -EB -101 ) ; ophiolite zone 3b . ( Bailey and Blake , 197 4 ,  p .  6 39 . )  

3 .  Wehrlite ( PS20-l ) ;  ophi olite zone 3b at Lions Head . Analysis  by H .  N .  El sheimer , USGS . 

4 .  Olivine clinopyroxenite ( PS20-2 ) ; ophi olite zone 3a at Lions Head . Analys i s  by H .  N .  El sheimer , USGS . 

5 .  Olivine clinopyroxenite ( Tl-EB -103 ) ;  ophiolite zone 3a . ( Bailey and Blake , 1974 , p .  6 41 . )  

6 .  Clinopyroxenite ( PSF-511 ) ;  ophiolite zone 3a near Point Morrito .  Analys i s  by H .  N .  El she imer , USGS . 

T .  Feld spathi c olivine clinopyroxenite ( PS12-2 ) .  Intrusive mas s  cutting gabbro ,  base of ophiolite zone 2d near 
Point Morrito . Analysi s by H .  N .  El sheimer , USGS . 

8 .  Clinopyroxene troc tolite  ( PM-31 ) ;  ophiolite zone 2d near Point Morrit o .  Analysi s  by H .  N .  El she imer , USGS . 

9 .  01-cpx gabbro ( 71 -EB -104 ) ;  ophi olite zone 2d . ( Bailey and Blake , 1974 , p .  642 . ) 

10 . 01-cpx gabbro ( PS15-l ) ; base of ophJolite zone 2c near Point Morrito . Analys i s  by H .  N .  Elsheimer , USGS .  

11 . Hornbl ende -bearing cpx gabbro ( PS16-l ) ;  highe st exposure in ophiolite zone 2c near Point Lospe . Analysi s 
by H .  N .  Elsheimer , USGS . 

solidus . Strain at thi s stage was transmitted by 
movement through the incompetent mushy dike s . 

To summari ze : deforma·ti on and sli ding occurre d 
repeatedly while i gneous cumulates were buil ding up 
within the magma ch��ber . Further deformation then 
c onti nued to i nternally di srupt the layered cumulate 
s e �uenc e as it cooled to solidus temperature s .  Fin
ally , still later deformations were transmitted 
through crystalli zing cross-cutting dikes after the 
c umulates had fully solidi fi e d .  The mo st likely set
ting where repeated strong tec tonism would accompany 
the formation and c ooling of plutonic oc eanic c rust 
is a spreading ocean ri dge ( Hopson , 1975 ) . 

Upper Plutonic Section . Gabbroic and diorit�c  

rocks  more than 350  m thi ck c rop out along the beach 
and s outh s i de of Point Sal Ridge , 0 . 4 to 2 . 0  km east 
of the tip of Point Sal . Thes e rocks are overlain by 
the dike and s ill complex and the volcanic se�uence 
on the north , an d are faulted agai nst those  two units 
on the east . Sli c e s  of  the dike and sill c omplex 
have loc ally been faulted down i nto the plutonic se
�uence ( Fi g . 3 ) . 

There i s  a gradation from uralitic  cpx gabbro 
( zone 2b ) through diorite to hornblende �uartz dio
rite ( zone la) goi ng up the mountains i de from the 
beach and als o  from east to we st along the shoreline 
( Fi g . 3 ) . The mount ainside i s  poorly expo sed an d the 
shoreline s e c ti on is broken by fault s and loc ally 
covered by a landslide ; nevertheles s , a reasonably 
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c omplete strati graphic section through the upper 350  
m o f  the plutonic section can  be studi e d  h ere . 

The zone 2b gabbros are structurally and textur
ally isotropic .  There is no s i gn of layering or 
igneous lamination , nor do the rocks have cumulus 
textures . Rather , random mineral orientat ion , sub
ophitic to hypi diomorphic  textures ,  and small-s cale 
variation in grain s i ze from diabasic to pegmatitic 
are typical . Plagioclase ( zoned An7 0 - 3 0 )  and augite 
were the early liqui dus phas e s . Green hornblende has 
partly replace d  cpx and also grown as a primary phase, 
during the later stages of magmatic  crystall i zation . 
Magnetite abruptly appears as an ab undant ( 4-8 per
cent ) late magmatic  phase in the upper part of zone 
2b .  Interstitial spaces in the gabbro are fi lled by 
masses  of very fine fibrous green amphibole , probably 
the product of vapor-phas e  minerali zation . 

Large , locally abundant miarolyti c  cavities are 
a di st inctive feature of the zone 2b gabbro . Retro
grade boiling is thought to be respons ible . Loc ally 
these  cavities  are crudely al igned into "trains " that 
plunge SW ; thes e  linear strings of cavities  would be 
subvertical if the ophiolite were re stored to a hori
zontal po sition . Gas streaming is a probable explana
tion . The c avi t i e s  are filled with finely fibrous 
vapor-phas e amphibole . 

Continuing up-section into zone 2a the plagio
clas e becomes more sadie , clinopyroxene becomes more 
extens ively uralitized  and then green hornblende 
takes its place as the early mafi c phase , and finally 
interstitial quart z  appear s . Quart z diorite ,  cons i s t
ing of zoned plagioclase ( An 4 5 - 1 5 ) , green hornblende , 
magnetite , and 5-15 percent of interstitial quart z  or 
quart z-albite intergrowths forms a di s continuous zone 
0 -100 feet thick j ust  below the top of  the plutonic  
sequence .  Small , di ffuse segregations o f  aplitic 
albite granite occur locally within the quart z  dio
rite . Conti nuing up section the quart z diorite 
appears to grade back into quartz-bearing augite
hornblende diorite and then into a thin roof  facies  
of  cl inopyroxene diabase , whi ch has  been extens ively 
recrystallized and metasomatically altere d ( albit i ze � .  
Poor exposures and res emblance i n  the field o f  thi s  
roof-fac ies  meta-diabase to rocks of the overlying 
sill complex make the uppermost  part of zone la very 
di ffi cult to study ( see Hopson and others , 1975a ,  p .  
31 for a fuller de scription ) .  

The upper plutoni c section ( zones 2a-b ) is  cut 
by abundant dikes of meta-basalt , diabase ,  mi crodio
rite , epidos ite , and albitite . These  are discus s e d  
in  the section o n  Dike Sequenc e s . 

Discussion . The plutonic sequence ( zones 2a-3c ) 
crystalli zed and differentiated from a single magma 
body ,  within a chamber beneath the volcani c sequence .  
Crystal fractionation by gravity settling re sulted in 
a lower s ec tion of  igneous cumulates  and a complemen
tary upper section of non-cumulates that crystalli zed 
from progressively more fractionated res i dual magma . 
Solidification proceeded upward from the base and 
downward from the top to a sandwich hori zon of quartz
bearing differentiates which lie just beneath the top 
0 f  the sequence ( zone 2a ) . Chi ef evi dence that this 
sequence is the product of a s ingle magma i s  the 
nearly continuous progression of phase layering and 
cryptic variation throughout the composite plutonic 
sect ion ( Fi g .  7 ) . Thi s does not rule out the possi
bility that this magma was periodically replenished 
by small draughts of new magma as it differentiated ,  
but such replenishment will only be detected by  a 
more detailed study of the cryptic variation of the 
cumulus phases . The hidden interval between zones 2b 
and 2c represents a loss of part of the section , in
cluding the transition from cumulate to non-cumulate 

gabbros .  Mineralogically , however , not much appears 
to be  mi ss ing ( Fi g .  7A) . 

There i s  no place within the plutonic  sequence  
where rock having the composition of the primi tive 
magma may be sample d .  Zones 2c-3c are c rystal 
cumulates from magma that had l i qui dus olivine , and 
zone 2a-2b c rystalli zed from magma fractionated 
s ufficiently that olivine was no longer a liqui dus 
phase . Diabase at the top of the roof facies  may 
have solidifi e d  from primitive magma but it i s  now 
badly altered as well as di fficult to recogni ze with
in the plexus of sills at the base zone lc . 

The mineral paragenesi s tells something about. \._ 

Table 4 .  Chemi� al Analyses and C IPW Norms for the 
Upper Plutonic Rocks and Dike Series . 

SiOz  
Ti02  
Al 203  
Fe z 0 3  
FeO 
MnO 
MgO 
CaO 
Na2o 
K20 
H2o+ 
H z O 
Pz O s 
C02  
Cr z 3 

Total 

FeO*/MgO 

Q 
Or 
Ab 
An 
Ne 
Cor 
Di 
Hy 
01 
Mt 
Ilm 
Ap 

1 

47 . 86 
. 1 9  

18 . 22 
1 .  27 
3 . 20 

. 09 
9 . 49 

1 5 . 4 5  
1 . 13  

.64  
2 . 20 

. 2 0  

. 06 
< . 0 5 

100 . 0 0  

. 4 7  

3 . 8 2  
10 . 24 
4 3 . 17 

27 . 06 
5 . 16 
8 . 81 
1 . 34 

. 2 7  

. 1 3  

2 

5 5 . 02 
1 . 2 5  

16 . 6 2  
4 . 07 
6 . 35 

. 14 
2 . 66 
5 . 35 
5 . 56 

. 71 
1 . 69 

. 4 4  

. 14 
< . 0 5  

100 . 00 

3 . 9 2  

3 . 37 
4 . 29 

51 . 0 7  
18 . 7 2  

6 . 00 
10 . 1 2  

4 . 35 
1 . 78 

. 30 

3 

58 . 47 
1 . 07 

15 . 5 5  
4 . 02 
5 . 89 

. 19 
2 . 51 
5 . 37 
4 . 09 

. 5 3  
1 . 4 5  

. 38 

. 1 2  
< . 05  

99 . 64 

3 . 9 5  

15 .11  
3 . 2 5 

38 . 16 
23 . 39 

2 .  79 
11 . 14 

4 . 37  
1 . 5 5  

. 26 

4 

5 4 . 1 4  . 
. 71 

1 5 . 06 
4 . 0 9  
6 . 1 2  

. 1 8  
5 . 5 3 
6 . 33 
3 . 82 
1 . 18 
2 . 26 

. 4 2  

. 1 1  
< . 0 5  

99 . 9 5  

1 . 8 5  

4 . 69 
7 . 18 

35 . 34 
21 . 08 

8 . 4 3  
17 . 6 2  

4 . 4 0  
1 . 02 

. 24 

5 

5 5 . 6 9  
. 81 

1 3 . 86 
4 . 88 
5 . 96 

. 18 
4 . 28 

10 . 03 
. 30 
. 04 

3 . 60 
. 22 
. 12 

< . 0 5  

9 9 . 97 

2 . 5 3 

25 . 20 
2 . 5 6 
2 . 92 

38 . 20 

11 . 8 5  
12 . 26 

5 . 5 2  
1 . 22 

. 27 

6 

48 . 96 
. 25 

11 . 18 
. 9 3 

6 . 18  
. 1 5  

1 3 . 00 
16 . 2 2 

1 . 00 
. 0 3 

1 . 5 3 
. 18 
. 0 5 

< . 0 5  
. 1 4  

99 . 80 

. 5 5 

. 1 8  
9 . 0 5  

26 . 1 4  

4 3 . 7 3  
8 . 22  

11 . 24 
. 98 
. 3 5 
. 11 

1 .  Subophitic uralitic  cpx gabbro ( PS56-l ) . Lowe st 
exposure of ophiolite zone 2b , northwe st of Point 
Sal State Park beach . Analysis by H . N .  Elsheime� 
USGS . 

2 .  Hornblende diorite ( PS59-l ) . Ophiolit e zone 2a , 
800 m east of tip of Point Sal . Analysis  by 
H . N .  Elsheimer , USGS . 

3 .  Hornblende quart z diorite ( PS61-6 ) . Ophiolite 
zone 2a , 400 m east of tip of Point Sal . 
Analys i s  by H .  N .  Elsheimer , USGS . 

4 .  Augite diabase ( PS17-l ) . Upper Dike Series  stage 
3, from s ill c omplex ( zone lc ) at north end of 
Point Sal State Park beach . Analysis  by H .  N .  
Elshe imer , USGS . 

5 .  Epidos ite ( PS62-2 ) .  Upper Dike Series stage 3 ,  
from sill c omplex ( zone lc ) near tip o f  Point 
Sal . Analysi s  by H .  N .  Elsheimer , USGS . 

6 .  Hb-opx-cpx microgabbro ( PS20-4 ) .  Lower Dike 
Series  in zone 3b , Lions Head Quarry . Analysi s  
b y  H .  N .  Elsheimer , USGS . 
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c omposition o f  the original magma in  terms of  its  
posi tion wi thin th e basalt tetrahedron ( Irvine , 
1970 ) . The apparent paragenes i s ,  bas ed  on the cumu
late sequenc e in zones 2c -3c and the crystalli zation 
sequenc e in zones 2a-b , is : ol+chr , cpx+ol±chr , 
pl+cpx+ol , hb ( opx ) +pl+cpx±ol , mt+hb+pl+cpx, 
qz+mt+hb+pl , qz+ab . Mi d-ocean ri dge basalt ( MORB ) 
magmas normally have a paragene sis  in which cpx 
appears fourth , after ol , chr , pl . At Point Sal , 
however , cpx apparently precedes pl , which would 
indi c ate a slight b ut s i gnific ant di fferenc e in com
po sition from modern primitive MORB magmas . An 
alternative explanation that we favor , however , i s  
that plagioclase preceded clinopyroxene in  the 
crystalli zation sequence but followed it  in the 
cumulate sequence , due to the s imilar densities  of 
c alcic  plagioclase and b asaltic melt ( Bottinga and 
Weill , 1970 ) . For example , Bryan and Moore ( 19 7 7 )  
demonstrate that plagioclase floate d  for a time i n  
primitive MORB in the FAMOUS are a .  I f  thi s o c curred 
at Point Sal then the settling ( cumulate ) sequence 
would accord with the crystal settling sequence pre
di cted  for the primitive MORB magma ( Bryan and Moore , 
1977 , Fig . 16 ) . 

It has been sugge sted ( Hodges , 1976 ) that the 
Point Sal magma had alkal ine affinitie s ,  based on 
the ab senc e of  hypersthene from the paragenetic  se
quence . We di sagre e .  The subalkaline character of 
thi s magma i s  indi cated by its fractionation to 
quart z-rich derivatives , and by the low Ti02 c ontent 
and hypersthene-normative character o f  i t s  di fferen
tiation products  ( Tables 3, 4 .  Not e : four rocks  have 
<1 percent normative Ne due to late hornblende ) .  It  
frac tionated along a tholeiitic  trend ( Hopson an d  
others , 19 75 a ,  Fi g .  9 ) ,  and its  LREE-depleted pattern 
( Men zies  and others , 1977b ) places it with the Group 1 
mid-ocean ridge tholei ites ( Bryan and others , 1976 ) . 
In fac t ,  orthopyroxene loc ally does appear as the 
fi fth phase in the paragenetic  sequence ,  but its 
place i s  generally taken instead by pale brown horn
blende . Thi s  s imply indicates that the magma had 
b ecome quite hydrous by thi s  stage of  c rystalli zation , 
probably from the entry and mixing in of sea water . 
Thi s  inference i s  supported by the Sr-isotopic results 
o f  Davi s and Las s ( 19 75 ) . 

In summary , the Point Sal plutonic  sequence 
crystalli ze d  and di fferent i ated in place from olivine
tholeiite magma , probably qui te similar to mo dern Type 
1 MORB magma . Repeated deformation ac c ompani ed the 
ac cumulation , post-cumulus crystalli zat ion , and sub
solidus cooling of the cumulate s e quence , indicating 
a tectoni cally active environment . An ocean-ri dge 
s etting is inferred .  

The Dike Sequences  

Dikes and s i lls  within the Point Sal ophiolite 
are readily assigned to two groups  that di ffer from 
one another in stratigraphi c  position , petrography , 
and relative age . They are �de s i gnated the upper and 
lower dike serie s .  The upper dike series , found 
within zones lb-2b , i s  a compo site set of intrusive s  
that spans a long time range . The lower dike series , 
cutting zones 2c-3c , are the younge st i gneous rocks 
exposed . 

Upper Dike Serie s .  The s e  rocks form an intru
s ive complex of sills  and dikes that cluster between 
the volcanic and plutonic s e quence s  ( zone lc , Figs . 2, 
3 ) . Dikes also penetrate up into the vol canic  pile 
( zone lb ) ,  and others cut the underlying quart z dio
rite and uralitic  gabbro ( zones 2a-b ) . Thus , the 
upper dike series o ccupi es a stratigraphic  position 
s imilar to the sheeted dike complexe s  of the Tro�dos , 
Semail , and other ophiolite s . Th ere are critical 

differences , however ,  as des crib e d  below . 
Description of the complex i s  fac ilitated by 

reference  to Figure 8 ,  which shows the di stribut i on 
and orientation of these intrusive s . Point s plotted 
on the stereograms repres ent the poles  o f  indivi dual 
dikes and s ill s , and the points  in each plot have 
b een rotated by amount s neces sary to bring the upper 
surface of the ophiolit e back approximately to its  
original hori zontal position . The following descrip
tion begins with the dikes cutting the lavas and pro
c ee ds down-section to tho se cutting the upper plutonic 
rocks . 

Dikes cutting the lower vol c an i c s  ( locations A ,  
B ,  C ,  Fig . 3 ;  stereograms A ,  B ,  C ,  Fi g .  8 )  were 
mainly pyroxene basalt and diabase ,  now extensively 
altered to greenschist-facies mineralogy . One group 
of these dikes are subvertical and trend mainly NNE ; 
others branch off at lower angles . These  dikes are 
cros s cut by northeast-dippi ng basic  dikes , repres ent
ing a se cond group des c rib e d  below . The steep , NNE
trending dike set is older than the underlying s ill 
compl ex ( zone l c ) , which cuts it off . The relative 
age of the NNE-trendi ng dikes and their compo sitional 
s imilarity to the lavas they cut ( aphyric  and cpx-pl 
mi crophyric basalts ) sugge sts that they are feeders 
for the lower volcanic sequenc e ( zone lb ) .  

Separating the volcanic and plutonic  rocks i s  a 
remarkable c onc entrati on of s ills and low-angle dike s 
( zone lc , Fig . 3 ,  8 ) . The best exposures are at the 
north end of Point Sal State Park b each ( locations 
F ,  G, Fi g .  3 ) . Here the repeated  i ntrusion of  s ills 
and low-angle dikes alongs i de and acro ss  one another 
has so densely clustered hundreds of  these bodi e s  
within a zone up to 100 meters wi de that n o  septa of 
volcanic or gabbroi c  host rock remain between them . 
Similar conc entrations of these sheeted sills are 
poorly exposed along the south s ide of Point Sal 
Ri dge , where they angle downslope to meet the shore
line again near the tip of Point Sal ( loc ations D ,  
E ,  Fig .  3 ) . Thes e  sheeted intrus ives resemble the 
vertical sheeted dikes of other ophiolite s ,  but the 
sheeting is parallel to the volc anic-plutonic contact 
instead of perpendi cular to it . Moreover , when the 
stereoplots of  dike attitudes are rotated  to bring 
the upper sur face of the ophiolite ( i . e . ,  the 
Juras s i c  sediment-basalt contact ) back to a hori zon
tal position ,  the dikes  are subhori zontal ( Fig . 8 ,  
plot s  D ,  E ,  F ,  G ) . Thus , the se sheeted intrusives 
( zone lc ) are a s ill comple x .  

The steep NNE-trending volcanic fee der dikes 
within zone lb do not cut acro s s  the s ill complex; 
rather , they terminate at its upper surface and form 
i solated ,  truncated  remnants within it ( b est seen 
near location D, Figs . 3,  8 ) . This demonstrates the 
younger age of the sill c omplex . 

Rocks comprising the s ill complex ( zone lc ) are 
of  three general type s : ( 1 )  metabasalti c  and diabasic  
rocks , extensively altered to greenschist-fac ies 
mineral as semblages ;  phenocrystic  phases  were plagio
clase ( now albiti zed or saus s uriti zed) , clinopyroxene 
( fre sh to uralitic ) , and some olivine ( pseudomorphed 
by chlorite ) ;  ( 2 )  hornblende mic rodiorite and mi cro
tonalite , variously altere d ;  and ( 3 )  light green 
dikes o f  epi dos ite ( chiefly chlorite-epidote-quart z ) , 
commonly grading to dark gray mi crodiorite at the 
margins .  Where relative ages within the sill complex 
can be determined by loc al cro s s -cutting relations 
the type l basic dikes tend to b e  earlier than the 
type 2 and 3 dike s of i ntermediate composition . 
Youngest of all , however , are a few very thin meta
b as alti c  dikes with olivine pseudomorphed by chlorite 
( type 4 ) . 

The diorites  and gabbros beneath the sill c om
plex are also  cut by dikes ,  which are loc ally abun
dant . Those cutting the diorites ( zone 2a, location 
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Table 5 .  

Stage 

l 

2 

3 

4 

Intrusion Stage s ,  Upper Dike Seri e s . 

Rock Types  

Cpx-pl basalt and 
diabase 

Keratophyre 

Occurrenc e 

( 0 1 ) -cpx-pl basalt 
and diabase 

Cpx-pl di abase 
Hb microdiorite 
Hb mic rotonalite 
Epidosite 
Albitite  

( 01 ) -cpx-pl basalt 

Zone lb 

Zone lb 

Zone lc , 

Zone 2a , 
Zone 2a , 
Zone 2a ,  
Zone 2a,  
Zone 2b 

Zone 2b , 

lb 

2b , 
2b , 
2b , 
2b , 

lc 

lc 
lc  
lc 
lc 

Tabulation of dikes and sills  within the Upper Dike 
Seri e s ,  relating rock types  to stage of intrus ion and 
to spatial occurrenc e within  the ophiolite . Most of 
the rock type s li sted show parti al to c omplete alter
ation to  deuteric or hydrothermal mineral ass emblages, 
commonly of greenschi st fac i e s . 

H ,  Fig . 3 ;  plot H ,  Fig .  8 )  dip mainly to the east and 
northeast . Tho se  cutting the upper gabbros ( zone 2b ,  
location I ,  Fig . 3 ;  plot I ,  Fi g .  8 )  dip mainly t o  the 
southwe st and we st . The dik es cutting both these 
zones are similar to types 2,  3 ,  and 4 in the overly
ing s ill c ompl ex ; in addition , there are a few thin 
albitite dike s . 

Table 5 summari ze s all the dike types within the 
upper dike seri e s , the ir  age relat ions , and the zones 
i n  which they are found .  The following event s and 
correlations are inferred . 

Stage I :  Intrus ion of subvert i c al NNE-trending 
dikes ( with low-angle branche s )  that fe d the lower 
lava sequenc e ( zone lb ) .  The se  dikes of  relatively 
fractionated  ( i . e . , non-olivin ic ) basalt and diabase 
predate the s ill complex and the underlying plutonic 
sequence . Their source i s  not exposed . 

Stage 2 :  Repeated inj ection of thin sheets o f  
basalti c  magma along a hori zontal zone of  weakne s s  
between the lower volcan i c s  ( zone lb ) and i t s  originaL 
substratum , whi ch is not now expos e d .  Th e s e  basaltic 
and diabasic  sheets built up the main part o f  the 
s ill complex ( zone lc ) and also form low-angle dikes 
cutting up into volcanic zone lb . At least some of 
these basic  intrus ives had liquidus olivine ( now 
chlorite pseudomorphs ) ,  i . e . ,  they repre s ent rela
tively unfractionated magma . They are correlated 
with the olivine gabbro magma that subs equently 
di fferentiated to form the underlying plutoni c 
sequence ( zones 2 -3 ) . Thus , emplac ement of the s ill 
complex repres ent s an early stage in the emplacement 
of the underlying pluton . Thi s i s  di s cussed in a 
later s e ction . 

Stage 3 :  Dike intrusion of pyroxene diab ase , 
hornblende mi crodiorite ,  mi crotonalite , and aplitic  
plagiogranite . Some o f  these dike rocks were altered 
metasomatically ( e . g . , mi crodiorite to epi dosite ; 
aplite to albitite )  by gas streaming through the 
interiors of dikes as they solidi fi ed inward from 
their walls . Stage 3 dike emplacement occurred late , 
after the underlying plutoni c  sequence had soli di fie� 
for these  dikes cut acros s its di fferenti ated upper 
zones . Some of these dikes also rose  up into zone lc 
and spread out within it as s ills , adding to the 
thickness of the s ill complex . Th e  compositi ons of  

the  stage 3 dikes correspond t o  the  highly di fferen
tiated upper parts of  the plutonic sequence ( zone s 
2a-b ) . Therefore ,  they are thought to have intruded 
from the s i de ,  from an adj acent part of the upper 
magma chamb er while it was still c rystalli zing and 
di fferentiating through the pyroxene gabbro , diorite , 
and tonalite stages . The strong deuteric and meta
somatic  alt erati on withi n these  dikes reflects  the 
high water content of thi s  re s i dual magma . 

Stage 4 :  Intrus ion of a few very thin basalt i c  
dik es that cut everything els e . The s e  dikes con
tained olivine ( p seudomorphe d  now by chlorite ) .  
Perhaps they repres ent the extreme di stal ends o f  
dikes carrying relatively unfractionated magma from 
a di stant s ource .  

Lower Dike Seri e s . Swarms of basic  dikes cut 
the lower plutonic section ( Fig . 2 ) . These  dikes 
are large and abundant within the dunite ( zone 3c ) ,  
smaller and fewer within the pyroxenites ( zone 3a) , 
and rare in the lower gabbro ( zone 2c-d ) . The dikes 
cut acros s the cumulus layering at low angles  and 
follow i t  as s ills ; also , the basic  dike rock forms 
net veins in bre c ciated dunit e .  The dike rocks are 
altered to rodingite where the host rocks  are 
strongly serpentini zed .  

The dike rocks are chiefly mic rogabbro s that 
exhib i t  a c on s i derable range of c ompo s ition , from 
olivine-rich vari eties  to tho se  lacking olivi ne but 
includi ng two pyroxenes  plus abundant brown horn
blende . Dark melanorit e i s  a local mafic variant . 
Hornblende micro-tonalite and one dike of albite 
granite are minor s il iceous vari eti es in zone 2c . 
I sotropic  fabric s are mo st common , but s ome dike 
rocks have protoclastic  textures and gnei s s i c  band
ing that parallels the dike wall s ,  evidenc ing mush 
flowage . 

The presenc e of abundant orthopyroxene (bronzite) 
di stingui shes ba s i c  rocks o f  the lower dike series 
from rocks o f  the upper dike series  and the main 
plutoni c sequenc e ,  where diops ide or augite i s  gen
erally the only pyroxene . Thus , the lower dike 
serie s evi dently represents a di fferent batch of 
magma that was inj e cted  into the cumulate sequenc e ,  
e ither from the s i de o r  from below , after the cumu
lates had solidi fi e d .  Thi s magma differed bj having 
a more hypers thene-normative composition , or by 
having a lower activi ty of water so  that amphibole 
di d not di splace orthopyroxene from the paragenet i c  
s equence .  

Another , genetically di fferent type of dike 
occurs within lower plutonic zones 2c-3a . These  are 
feldspathi c ol-clinopyroxenite and picrite dikes that 
ori ginate within the ultramafi c cumulates and cut up 
into  the gabbros , where they loc ally form spectacular 
intrusion breccias . Petrographi cally these  feldspa
thi c  ultramafic dikes are difficult to distingui sh 
from meso cumulus ol-clinopyroxenites of the layered 
sequence  itself . They appear to have b een emplaced 
as hot  c rystal mushe s ,  derived from the mobili zation 
of  cpx-ol cumulates that c ontained feldspathic inter
cumulus l i qui d .  Loc al deformation of the strati form 
sequence , at a stage when the adcumulus layers  had 
c ompletely soli di fied  but the me socumulus layers 
still retained interstitial melt ,  evi dently resulted 
in the mobilization and intrus ion of  the mesocumulate 
liqui d-crystal mushes . 

CORRELATION AND TIMING OF IGNEOUS EVENTS 

The Point Sal igneous sequenc e apparently recor� 
two periods of volcanism, one prolonged period of 
plutonic c�stalli zation and differentiation , and 
several periods of dike emplacement which overlap the 
volcanic and plutonic stages ( Fig . 9 ) . Here we 
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AGE SEQ U E N C E  

F i g ure 9 .  
i n  Tab l e  6 .  

Di agram s howi ng age re l a tions h i ps wi th i n  th e Point  Sal oph i o l i te .  
Upper Di ke Seri es ( UDS ) s tages are those l i s ted i n  Tab l e  5 .  

Magmati c s tages are those l i s ted 

VOLCAN IC SEQUENCES 

I .  Lower basal ts 

:rr 
I I .  Upper basal ts 

ol 
ol +cpx 
ol +cpx+pl 
cpx+pl 

TABLE 6 .  CORRELAr!O I� t.JF IGN EOUS EVENTS 

D I KE SEQUENCES 

I .  UDS s tage 1 di kes 

:rT 
I I A .  UDS s tage 2 s i l l s  

ol +cpx±pl 
cpx+pl 

I I B .  UDS s tage 3 di kes 
�l +cpx±hb Rl +hb 

I 

pl +hb+qz 
ab+qz 

I I C .  UDS s tage 4 di kes ( = I I I ? )  
o l +p l +cpx 

I 

PLUTONIC SEQUENCES 

I .  Not exposed 

I I A .  

I I B .  

Duni te accumul ation s tage 
o l +chr ( primi ti ve magma ) 

t 
Pyroxeni te accumu l a ti on s tage 

cpx+ol ( + floating pl ? )  

0 1 -gabbro actumu l a ti o n  s tage 
pl +cpx+ol � 

Cpx-gabbro accumul ation s tage 
pl +cpx t 

U ra l i te gabbro xtl z n .  s tage 
cpx+pl +hb � 

D i o ri te xtl z n .  s tage 
pl +hb+mt t 

Quartz di ori te xtl zn . s tage 
pl +hb+mt+qz � 

Al b i te grani te xtl z n .  s tage 
ab+qz 

I I I .  Lower di ke seri es 
o l +p l +cpx±opx 
pl +cpx+opx±hb ( brn)  
p l +cpx+hb ( b rn)  
pl +hb+qz 
ab+qz 

Vol cani c ,  hypabyssal , and p l u toni c events a �ranged from top to bottom i n  o rder of decreas i ng age ; corre l a t i ve 
events a re al i gned l eft to ri ght .  Mai n  s tages are shown by Roman numera l s ;  substages by l e tters . UDS ( Upper 
Dike Seri es ) s tages are those s h own in F i g u re 8 .  Mi neral abbrevi ati ons refer to magma l i q u i du s  phases . 
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attempt to correlate these  events and t o  develop an 
integrated igneous his tory . Thi s  will prove criti cal 
to understanding the sheete d sill complex and also 
the tec tonic development of the ophiolite , taken up 
in the next two sec tions . 

Discus sion is fac ilitated by reference to Table 
6 , which arranges the volcanic ,  hypabys s al ,  and plu
tonic sequences each  in order of decreas ing age , and 
plac es  them opposite one another to show inferred 
time equivalence . Two volc anic stages are di stin
gui shed on the bas i s  of strat igraphi c  relations , 
dist inctive lava c ompos itions ( Fi g .  4 ) , and the c on
trasting interpillow se diments . The upper dike 
seri e s  ( labeled UDS in Table 6 )  is divided into 
stages and substage s that c orrespond to suc c e s s ive 
periods of  dike and s i ll emplac ement de scribed in the 
previous s ection ( Table 5 ) . Only one plutonic stage 
is recogni zed but it forms a c ontinuous sequence of 
di fferentiation that c an be subdivided into succes
sive steps . Each step  has  a di fferent set of l i qui
dus phases that were crystalli zing ,  as the melt 
became progress ively more frac tionated ( see Fig . 7 ,  
and di scus s i on o f  the plutonic  paragenetic sequence ) . 
For c omparison , the early l i qui dus ( chi e fly phenocrys
tic ) phases are also  shown for the volcanic and dike 
sequences . Thus , correlations between successive 
volcanic and diking event s ,  and di fferentiation 
steps within the magma chamber ( plutonic sequence ) , 
are based partly on cros s -cutting relations in the 
field and partly from matching the early liquidus 
phase assemblages , whi ch provide a rough index of 
fractionation . 

Stage I .  The oldest rocks expo sed are the lower 
lavas ( zone lb ) and their NNE-trending fee der dikes 
( UDS stage 1 ) . Both the se  groups are cut off by the 
underlying s ill complex , whi ch therefore is younger 
( Figs . 8 , 9 ) . The lower lavas al so predate the main 
plutonic sequence ,  for they formed the sol i d  roof be
neath which the latter crystalli zed . The stage I 
lavas and dike s c rystalli zed from b as i c  magma that 
had already reached an advanced stage of fractiona
tion : olivine was not a liqui dus phase in thes e  melt s ,  
and some keratophyric flows were moderately quart z
normative . Thus , the lower lavas and their feeder 
dikes cannot be correlated with the exposed  plutonic 
sequenc e ,  where olivine was a l i qui dus phase for the 
first two-thirds of its  c rystalli zation history 
( Fig . 7 ) . The fractionated stage I lavas and dikes 
have no plutonic equivalents expo s e d .  

Stage IIA . Next withi n the dike sequences  are 
the UDS stage 2 metabasaltic and di abas i c  rocks of 
the s ill c omplex ( Table 5 ;  Figs . 8 ,  9 ) . Phenocrystic 
olivine ( chlorite pseudomorphs ) , clinopyroxene , and 
plagioclase indi cate that these  minerals  were li qui
dus phase s  in th e magma at the time when early stages 
of s ill emplacement occurred . Thi s permits correla
tion of  these  sills with early stages in the di ffer
entiation of the plutonic complex ( liquidus ol , 
cpx+ol , pl+cpx+ol ) and also with the upper b as alts 
of  zone la ( phenocrystic  ol ; mi crophenocryst i c  cpx , 
pl ) . No feeder dike s directly connecting with the 
upper olivine basalts have b een ob s erve d ,  however . 

Stage IIB . Dikes belonging to UDS stage 3 
( Table 5 ;  Figs . 8 ,  9 ) cut acro s s  the di fferenti ated 
upper levels of the plutonic s equence ( zones 2a-b ) 
and spread out within the s ill complex ( zone lc ) . 
Although the s e  dikes and s ills post-date solidi fi c a
tion of the upper part of the expo s e d  plutonic se
quence they crystalli z e d  from highly fractionated 
melts that c orrespond to the zone 2a-b res i dual magma. 
Liquidus phases in these  dikes and in successive late 
plutonic magma batches were cpx+pl+green hb , pl+green 
hb+mt , pl+hb+mt+qz , and ab+qz ( Table 6 ) .  Thus , the se 
dikes were probably intrude d s ideways from a lateral 

extension of the upper magma chamb er ,  where sol i di fi 
cation was a s t e p  behind that of the exposed sequence. 
Thi s  assumes a spreading ocean ri dge-type magma cham
ber that i s  fed from the mi ddle and solidi fies  con
tinuous ly at the s i de s . 

St age IIC . Intrus ion of a few very thin olivine 
b asalt dikes which cut across all other rocks within 
zones lc , 2a , 2b . Thi s event may corre spond to Stage 
III . 

Stage III . The lower dike s eries , chiefly ol i 
vine- and orthopyroxene-beari ng mic rogabbros , are 
l ater than Stage IIA ,  for they cut sharply acro s s  
the olivine cumulate s ( zones 2c-3c ) . Furthermore , 
they probably are not contemporaneous with the upper 
plutoni c sequence ,  Stage IIB , because their compos i 
t i o n  i s  di stinctly more bas i c  ( compare analyses 4 ,  
5 ,  6 ,  Table 4 ) . Thus , the lower dike series repre
s ents a still younger intrus ive event , pos s ibly 
correlative with Stage IIC ( Table 6 ) . Yet , these  
dikes are probably not  much younger than Stage s IIA-� 
for the development of protoclas tic struc ture within 
s ome of  them is associated with the high temperature 
internal ai sruption of  the cumulate sequence . 

In summary , three main i gneous events are di s 
c erne d within the Point Sal ophiolite ( Fi g .  9 ) . 
Stage I i s  the extrusion of  strongly frac tionated 
tholeiitic  magma onto the sea floor in an environment 
where red radi olarian ooze ( chert ) ac cumulate d be
tween eruptions . Stage I I  marks the extrus ion of 
relatively unfractionated olivi ne tholeiite magma 
onto the sea  floor i n  an environment where gray cal
careous ooze ( coccolithic limes tone ) .i s the main 
interpillow s ediment . The sharp contrast both in 
se diment type and magma composition sugge sts that 
events I and II were separated in time or in geo
graphic location or both . Stage II also marks the 
intrusion o f  olivine tholei ite magma, forming sheeted 
sills beneath the Stage I volcanic crust and emplac
ing a magma body more than 1 . 4  km thick b eneath the 
sill s . Sub stage IIA include s  growth of the main sill 
complex,  and early di fferentiation within the magma 
chamb er and the bui l dup of cumulates at its  lower and 
mi ddle levels . Sub stage I IB include s  the late stages 
of di fferentiation , non-cumulus crystalli zation and 
retrograde boiling within the upper magma chamber . 
Sills of hi ghly fractionat e d ,  water-rich melt were 
injected up into the sill c omplex during thi s period,  
and s imilar fractionated dikes were then i ntrude d 
i nto the top of the newly solidi fi e d  plutoni c se
quence from the s i de .  Sub stage IIC  marks the final 
intrusion o f  thin  basaltic  dikes through the top of  
the plutonic s e quence .  Stage III ( = I I C ? ) marks 
the intrusi on of swarms of chiefly bas i c  low-angle 
dikes and s ills acro s s  the cumulus sequence , probably 
while the latter was still cooling .  These evi dently 
came from a separate batch of orthopyroxene-rich 
magma , whi ch fractionate d from olivi ne-normative to 
quart z-normative compositions during the span of dike 
intrusion . 

Igneous Stages I and II may be wi dely s eparate d  
in  time , for there i s  a striking break here both in 
the fract ionation sequence and in  the type o f  sedi 
mentation that accompani ed  the volc anic eruptions . 
Igneous Stages II and I I I , however ,  were apparently 
close together and may be geneti cally related . 

EMPLACEMENT OF THE SILL COMPLEX 

Verti cal sheeted dike complexe s  s eparate the 
volcanic and plutonic zones of  ophiolites in Cyprus , 
Oman , Newfoundland and elsewhere , but hori zontal 
sheeted s ill c omplexes are less  well known . The 
Point Sal s �ll complex i s  not unique , however ; s imi
lar s ill c omplexes oc cur locally within other 
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sections of the Juras s i c  Coast Range ophiolite in  
Cali fornia ;  for example , near San Lui s Ob i spo ( Page , 
19 72 ; Pike , 19 75 ) ,  Del Puerto Canyon ( Evarts ,  1976 ) , 
Mount St . Helena , and the South Fork of Elder Creek 
near Paskenta ( personal obs ervat ion ) . Sill complexe s  
are als o  reported from ophiolites a t  Cedros I sland,  
Baj a Cali fornia ( Jones , Blake , and Rangin , 1976 ) and 
the Ergani di strict , Turkey ( Bamb a ,  1974 ) . Nor are 
they restricted  only to oc eanic  rocks : s ill c omplexes 
several hundred feet thi ck cap Tertiary epi zonal plu
tons in the Cascade Mountains , particularly the 
Tatoosh pluton near Mount Raini er , Washington ( Fi ske 
and others , 1963 ) .  

Emplacement of the Tatoosh s ill complex i s  in
structive with respect to Point Sal . An early phase 
of  the Tatoosh magma rose and spread out in repeated 
pulses along a stratigraphic  zone o f  weakness  between 
two volc anic  format ions , forming a plexus of  s ills 
and cro s s-cutting dike s concentrated along a zone 
hundreds of  feet thick and extending laterally for 
several miles . Sub sequently the main body of Tatoosh 
magma rose  and spread out along the base  of  the s ill 
complex,  l i fting the roof and swelling into a magma 
chamber several thous an d  feet thick ( Hopson and 
others , 1970 ;  Mattins on , 1977 ) . The upli fted 
sill complex,  re injected and altered by the pluton , 
forms the immediate roof  of the pluton in many place s . 

The Point Sal sill complex i s  comparable in many 
respects . Stage II basi c  magma invaded the base of  
an  earlier ( Stage I ) volcanic  c rust ( zone lb ) , send
ing out s ills along a hori zontal zone of weaknes s .  
Sub sequently a large body of  Stage II b as i c  magma 
crystallized  and di fferenti ated b eneath the s ills . 
The hori zontal zone of weakness  init ially exploited 
by the s ills must have had a floor as well as a roof 
at the time of emplacement ; however , where the older 
floor should b e  we now find younger rocks  ( i . e . ,  the 
di fferentiated plutonic  rocks o f  Stage IIB ) . Thus , 
following initial emplacement of the s ill complex 
more magma intruded between the sills and the ir floor, 
forming the large magma chamb er filled by the present 
plutoni c sequence ( zone s 2-3 ) . The original floor to 
the s ill complex should now be found b eneath plutonic  
zone 3c ; unfortunately , this level i s  not  expose d .  

Events associated with emplacement o f  the s ill 
complex are reconstructed as follows . Oceani c crust 
forme d during magmatic Stage I ( Table 6 ;  Figs . 9 ,  
lOa ) cons isted o f  a vol canic sequence ( zone lb ) and a 
plutonic  sub stratum ( not now exposed ) . This  crust 
subsequently ho sted intrus ions of magmati c  Stage II . 
Tholeiitic  olivine basalt magma rose from the mantle 
into the earl i er oceanic  c rust , initially sending out 
a vanguard of s ills between th e volcanic  and plutonic 
zones ( Fig .  lOb ) but then continued to intrude at thi s 
level , splitti ng the volcani c layer and s ills ( zones 
lb -c ) from the floor and inflating th e space b etween 
them into a floored magma chamb er nearly 1 . 5  km thick 
( Fig . lOc ) . It seems likely that some of thi s  magma 
also reached the surface ,  erupting onto the ocean 
floor ( Fig . lOb , c ) . The Stage II l avas ( vol canic  
zone la ) have the right c omposition and strat i graphic 
position to correspond to such flows . Sub s equently 
the magma chamber crystallized and di fferenti ated 
( stages IIA-B ) , sending out later dikes  and s ills 
into the roof and s i de s  of the chamb er .  A final , 
rather minor magmati c  epi sode ( Stage III ) followed 
closely in t ime . 

The formation of a s i ll complex in place of a 
verti cal sheeted dike complex i s  not incompatible 
with development at · an oceanic spreading center , but 
it seems to  require a s i tuation in whi ch tens ional 
fi ssuring of the upper crust cannot keep pace with 
the rap i d  upwelling of magma . Ascending magma r1s1ng 
into a relatively stat i c  roof will tend to form 
shallow intrus ions that follow exi s ting planes  o f  

weakne s s , especially stratifi c ation , analogous t o  
intrus ions o n  lan d .  Experiments by Ramberg ( 19 6 3 )  
show that intrus ions with low vi scosity , r i s ing t o  
shallow level s , tend to spread out in hori zontal 
sheets beneath a light c over . The initiation of a 
new spreading center within pre-exi sting oceanic 
crust , de s crib ed in the next s e ct ion , may thus be 
favorable for the development of s ill c omplexes . 

TECTONIC SETTING 

Juras s i c  oceanic  c rust represented by the Point 
Sal ophiolite formed in a spreading oc ean ri dge set
ting, far fran land and well removed from any ac tive 
volcanic  arc . Evi dence supporti ng these conclus ions 
is summari zed  below . 

( l ) Pelagi c interpillow s e diment s  wi thin the 
ophiolite are radiolarian chert ( lower lava ) and 
coc colithic  limestone with traces  of chert ( upper 
lava ) . These were relatively pure b iogenic oozes , 
uncontaminated by land-derive d  terrigenous clastic  
sediment or arc-derive d tephra . They ac cumulated  
b etween submarine eruptions at  water depths ranging 
from below to sli ghtly above the calcium carbonate 
c ompensation depth ( CCD ) , e stimated to be near 2 . 7  
km during much o f  the Juras s i c  ( Bosellini and 
Wintere r ,  19 75 ) . 

( 2 )  Vesicles  in the lava pillows become very 
sparse and tiny within the chilled outer pillow rims , 
characteristic o f  lava erupted into very deep water 
( Moore , 196 5 ,  1970 ; Bryan , 1975 ) . 

( 3 ) The lavas were mainly tholeiitic  basalts 
with petrographic  features comparable to mi d-ocean 
ri dge lavas . They range from ol-phyri c  to strongly 
fracti onated cpx-pl mi c rophyri c  and aphyri c lavas 
like thos e  rec overed from many DSDP sites . 

( 4 )  The low Ti02 and P20 5 contents are indi ca
tive of oc ean ridge-type rather than oc eanic island
type lavas ( Fig .  5 ) . 

( 5 )  The LREE- depleted character of the Point Sal 
lavas and plutoni c rocks ( Menzies  and others , l977a ,b) 
i dentify them as Group I oc eanic tholeiites  of Bryan 
and others ( 19 76 ) . Group I tholeiites  are character
i s t i c  of mid-ocean ri dge basalts but are not known 
from as e i smi c ridges or oc eanic  i slands . 

( 6 )  The plutonic rocks crystall i z e d  from excep
tionally hydrous magma . Thi s  is manifested  by the 
post-cumulus crystalli zation of hornblende in place 
of orthopyroxene in the cumulus sequence , by the 
extensive uraliti zation of  cli nopyroxene and primary 
crystalli zation of hornblende in the upper ( non
cumulus ) sequence ,  and by the retrograde boiling and 
subsequent filling of miarolyti c  cavities  by vapor
phase amphibole near the top of  the plutonic  sequence .  
Strontium i sotop i c  evidence by Davi s and Las s ( 19 76 ) 
indicates  that sea water mixe d with the magma , down 
even to the level of the cumulates . A ri fting mi d
ocean ri dge is the mos t  likely setting where large 
quantities  of sea  water mi ght penetrate through the 
volcanic  upper c rust and pervade the magma chamber . 

( 7 ) The strong internal deformation , di srupt ion , 
and mobili zation of the layered cumulates , during 
post-cumulus crystalli zation at temperatures still 
above the soli dus , point to magma chamber sol i di fica
tion in an environment of very active tectoni sm . 
Such effects  might b e  eXPected during the buildup 
of  magmati c  cumulates  b eneath an actively ri fting 
ri dge at a diverging plate boundary ( Hopson , 19 75 ) , 
They would not b e  eXPected in an asei smi c  oc eanic  
s etting, just as they are minor or lacking from most  
stratiform plutons on land . 

Origin of the Point Sal ophiolite at a spreading 
ri dge setting in the open ocean is thus indi c ate d by 
evidence from the sedimentary , volcanic ,  and plutonic 
rocks . However , thi s ophiolite als o  appears to 
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record the formation o �  oceanic crust i n  two separate 
stages , probably at di ��erent geo graphic locat ions . 
Thi s  i s  reasoned �rom the �allowing evidence : ( l )  the 
i gneous sequenc e re cords more than one cycle o �  mag
mati c  di��erentiation ; ( 2 ) the sheeted sill comple x ,  
which opened a new magmat i c  cycle , �arme d by the 
lateral spreading of ri s ing magma b eneath a cover of 
pre-exi sting oceanic  c rust ; and ( 3 )  pelagic inter
pillow s e diments within th e volc anic sequence re cord 
two di ��erent envi ronment s o f  depo s ition . The lower 
( zone lb ) lavas , belonging to the first magmat ic 
cycle , erupte d  b elow the calcium carbonate compensa
tion depth ( CCD ) where only silic eous ooze was ac cu
mulating . Later ,  these early lavas forme d the cover 
b eneath whi ch the s ill complex devel oped at the st art 
o� the second magmati c  cycle . During the second cycle 
the upper ( zone la ) lavas were erupted onto sea floor 
above the CCD , where calc areous o o ze was accumulating. 
-----Formation o f  th e volc anic  layer at a spreading 
ri dge o c curs within a brief span o� t ime . Even at a 
slow spreading center such as th e Mi d-Atlant i c  Ri dge 
the volcanic  layer is chi e�ly fo rmed within a few 
hundred thous and years ( MacDonal d ,  1977 ) . Thus , i �  
the Point Sal lavas were erupted  a t  a s ingle spre ading 
site it i s  di ffi cult to understand how thi s volc ani sm 
c ould have occurre d �irst below the CCD and then above 
i t . It woul d  seem neces sary to po stulate a rap i d  up
l i ft of the ri dge crest from b elow th e CCD to ab ove 
it while volcani sm was still in progress . Such an 
event seems unlikely , for the crestal elevation of 
spreadi ng ocean ri dges is  fairly constant , averaging 
near 2 . 7  km ( Sc l ater , Anderson , and Bell , 19 71 ) . 

The more plaus ible explanation i s  that the Point 
Sal volcani c s  were erupted first at one site , whi ch 
lay b elow the CCD , and then at some other di stant 
site which l ay above it .  It is well known that the 
CCD vari e s  l aterally . In the modern oceans the c al 
cium carbonat e compensation � ( CCS ) h as about 
2 km of relief ( Berger and Winterer , 19 74 ) .  The CCS 
depth range is from about 3 . 5  to 5 . 5  km in th e modern 
oceans  but it was much shallower in the Juras sic  
( Bos ellini and Wintere r ,  1975 ) ,  when the  Point Sal 
ophiolite �arme d .  Thus , the Juras s i c  CCS coul d have 
brackete d  the cre stal depth ( 2 . 7  km) of spreading 
ocean ri dge s ;  ri s ing above thi s  depth at s ome loca
tions and dropping beneath i t  at others . We conclude 
that the Point Sal ophiol ite re cords an initial growth 
stage ( I gneous Stage I )  where volcani sm occurred at 
water depths below the CCD , and a later growth stage 
( I gneous Stage II ) at a dif�erent geographic location, 
where the CCS dipped beneath the level o� the vents . 
Both site s ,  however ,  were at spreading ocean ri dges , 
from the evidence previously cited . 

Composite oc eanic crust �armed at two wi dely 
separated spreading-ri dge sites  might develop where 
an oceanic spreading center j umps from one location 
to another . Th i s  phenomenon i s  well known , especially 
in the eastern Paci �ic during th e Cenozoi c .  For 
example ,  the Mathemati cian and Clipperton s eamount 
chains between 0°-20°N are the old crest o� the East 
Paci�ic Rise ( EPR ) . Thi s segment o� the rise crest 
terminated at 5 mybp when the spreading center jumped 
4° to the east , the pres ent location o� the EPR spre� 
ing axis ( Sclater and others , 1971 ) . Another example 
occurs in the di sturbed magnetic zone between the 
�urray and Molokai :fracture zones , where the spread
ing axis abruptly j umped 530 km eastwards at 51 mybp 
(Menard and Atwater , 1969 ) or at 40 mybp ( Harri son and 
Sclater , 1972 ) . Still another example i s  �ound be
tween 5os and 15os , where spreading along the East 
raci�ic  Ri se b egan only about 6 . 5  mybp .  Here the 
�idge crest jumped �rom the Galapagos Rise ( �ormer 
EPR) approximately 900 km to the west to b egin spread
ing in crust that was 13 m . y .  old ( Anderson and 

Sclater ,  1972 ) . Evi den ce of j umping ri dge crests i s  
also found in the South Pac ific ( Molnar and others , 
1975 ) . 

In each example ,  a new spreadi ng center devel
ope d within oc eanic  crust that had forme d s everal 
million years earl i er . In these c as e s  the older ig
neous crust was invade d by younger magmatic rocks 
where the s e  j umps took place . Two- stage i gneous 
hi stories , p erhaps s imilar to Point Sal , doubtle s s  
mark th ese c rus tal segment s .  Moreove r ,  the pelagic 
s e dimentation whi ch accompanied the pre-j ump  vol c an
i sm prob ably dif�ers al so , s inc e several million 
years of t ime and hundreds of kilometers in space 
s eparated  the two volcanic stages in each cas e .  

An derson and Sclater ( 19 72 )  de duce that spread
ing center j umps in the eastern Paci fi c  ( 2QON-20° S )  
were due t o  changes i n  spreading directions caused by 
reali gnment of the Nazc a ( Farallon ) and Paci fi c 
plates ab out a new pole of rotation . They suggest 
that such real i gnment of active spreading centers may 
have b een caused by the bre akup of the Farallon plate 
into smaller plates  and/or the interaction of the 
Eas t Pac i fic  Rise  with the North Ameri c an continent . 
Similar conditions doubtle s s  prevailed loc ally in the 
Mes o zo i c  also , and the record of s uch events may be 
contained within ophiolite s . 

We conclude that the two-stage igneous history 
of the Point Sal ophiolite , and the contrasting pela
gi c depos itional envi ronments of sediments within the 
upper and lower lavas mark thi s  as a remnant of c om
pos ite oc eanic c rust forme d at two geographi cally 
di fferent oc ean-ri dge s it e s  ( Fig . 10 ) . Jumping 
spreading centers may provi de a logical explanation . 

CONCLUSIONE 

( l )  The Point Sal ophiolite  is a remnant of' 
Juras s i c  oceani c c rust , nearly complete down to 3 km 
b ut truncate d above the mantle boundary by �aulting . 

( 2 )  The volc ani c rocks are chi efly tholei itic  
basalts o f  mid-oc ean ri dge type ( MORB ) , who se chemi s 
try and mineralo gy are strongly mo di fie d  by high
temp erature alte ration and by seafloor weathering . 

( 3 ) Two s tages of volcanism are represented :  an 
early stage of strongly �ractionate d  cpx-pl basalt s ,  
erupted whe re radiolari an ooze was ac cumulating , and 
a later s tage of olivi ne basalt , erupt e d  where c al
careous pelagic ooze was ac cumulati ng .  

( 4 )  The strati form plutonic sequenc e records a 
s ingle cycle o� magmatic  crystall i zation and differ
entiation o� olivine tholeiite magma . Thi s magma 
�ed the olivine basalt of volc anic stage II be�ore 
di f�erentiation was �ar advanc e d .  

( 5 )  The ultrama�ic and gabbro cumulates show ex
tensive internal di sruption , and al so remob ili zation 
as dikes . This records repeated tectonic di sturbance 
within the magma chamber during the period o f  accumu
lation and post-cumulus crystalli zation . 

( 6 )  Extensive uraliti zation , retrograde boiling, 
and deposition o f  vapor-phas e amphibole record excep
tionally hydrous condit ions in the upper part o f the 
magma chamber during the �inal stages o� c rystalli za
tion . Leakage of seawater into the chamb er i s  
in�erre d .  

( 7 ) The upper dike series was emplaced in �our 
wi dely spaced stages , overlapping the volcanic and 
plutonic events . The lower dike series was intruded 
only at a late stage , after the cumulates had solidi 
�ied.  

( 8 )  The sheeted sill complex, between the volca
nic and plutonic zones , �ormed where a rising body o� 
new magma was �irst emplac ed into older oceanic crust . 
Continued influx o� new magma and its lateral spread
ing along this hori zon split the sills and overlying , 
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volcanic layer from their substratum, forming the 
magma chamber now occupied by the differentiated plu
tonic sequence . 

( 9 )  The ophiolite represents composite oceanic 
crust that formed in two stages from separate magmas . 
Stage I was the initial formation of oceanic crust , 
represented by the fractionated lower lava sequence 
and its NNE-trending feeder dikes .  Stage II began 
with the intrusion of unfractionated olivine tholeiite 
magma into the older oceanic crust,  forming the sill 
complex and then the pluton beneath . Extrusion of 
some of this magma formed the upper ali vine basalts .  
Differentiation o f  this magma and the later stages of 
dike and s ill intrusion closed out stage II . 

C E N T E R  I 

S P R E A D I N G C E N T E R  li 

. . . 

( 10 )  The two stages of ocean crust formation 
both occurred in open ocean environments ,  beyond the 
reach of terrigenous sedimentation or arc-derived 
tephra . Two different geographic locations are in
ferred from the contrasting character of the inter
pillow pelagic sediments within the two lava groups . 
Spreading ocean ri dge settings are inferred from the 
petrology and geochemistry of the lavas , and from 
evidence that the plutonic rocks crystallized in an 
environment of strong tectonic disturbance .  

( 11 )  The two-stage development o f  this composite 
oceanic crust may have resulted from the jumping of . a  
spreading center from its initial location to a new 
site within older oceanic crust . 

ce o l ev e l  PS 

. . . 

( a ) 

. . 

Figure 10 . Diagram illustrating two stages of ocean crust formation and emplacement of the sheeted sill complex 
at Point Sal . 

a .  Stage I oceanic crust , formed at an initial spreading center . Iv, Ip : stage I volcanic and plutonic zones . 
PS signifies position of Point Sal section . Magma chamb er shape adopted from Greenbaum, 1972. 

b. Stage II ( early ) : incipient development of new spreading center ami d older ( stage I) oceanic crust , by 
ridge-crest jumping . New, relatively unfractionated magma rises through fissures in rifting oceanic mantle and 
crust . Some magma intrudes laterally to form sheeted sills at base of volcanic layer Iv, and some is extruded 
at the surface . IIv, IIs : stage II volcanic rocks and sheeted sills . 

c .  Stage II ( later ) : new magma continues to rise and to spread laterally along weak horizon beneath the sill 
complex, l i fting the roof to form a floored magma chamber b etween zone s Iv + IIs and zone Ip . Gravitative 
differentiation begins within the chamber . Magma continue s  to be extruded along the new rift zone , thickening 
the upper lava ( IIv) as spreading proceeds . 

d .  Continued spreading and growth of oceanic crust at the new spreading center ( II ) . Point Sal section (PS )  
occurs within the interval o f  overlapping old ( I )  and new ( II )  oceanic crust . 
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