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Cover photo 
Touchet (pronounced TOO·~hee) beds al Burlingallll' Canyon 

ncar Touchel. Washin~lon . Thc beds wcre exposed in 1926. when 
waler escaping from an ilTigation canal cut Burlingame Canyon. 
These layers selllcd out of lurbid waler during repealed inundations 
eau",d hy cal~slrophi c ll00ds from Montana·s icc-dammed glacial 
Lake Missoula. Anick beginning on nexl page deSl"fibcs how Ple is
tocene flvods and other cnwstrophic geologic events shaped the 
Pacific Nonhwesl. 

OIL AND GAS NEWS 
Drilling al Mist Gas Field 

Nahama and Weagant Ene rgy Co .. of Bakersfield. Cali f.. con
linues Ihe m ulti -well drilling program at Ihe M is! Gas Field in 
Columbia Counly. Oftht:: f irs! ten wells fo r !he ye<lr. lwo have been 
complelcd as gas producer~, Ihree <I re suspended. four have been 
pluggcd and abandoned. and o ne was red ri lled and is suspended. 
A n e leventh well . H NR 24- 22-64 was dri lled 10 a IOlal depth of 
2,553 ft and was pl ugged and abandoned. Nexl. Ihe well Johnston 
11 -30-65 reached a lotal deplh of 2.794 fl and was plugged and 
redri lled 10 a 10lal depth of 2,8 11 fl and Ihen plugged and aban
doned. The final we ll of lhe year. Ihe LibcI32- 15-65. was dr illed 
10 2.835 fl. pl ugged. and abandont::d . T his concluded Ihe Nahama 
and Wcaganl progr<lm fo r 1993. 

Carbon Energy continues drilling 

C"rbon Energy Inle rnal ional of Kent. Washing ton. conti nues 
dr illi ng opcr"t ions in Coos County. Oregon. The fi rst well drilled. 
Coos Counly Foresl 7- 1. reached a tOla l depth of 3,993 ft and is 
current ly suspended. Drilling operations have been concluded a t 
the second well . WNS- Menasha 32- 1, bul no results have been 
re lcased. 

Recent permits 

Pennit OIWrlltor, Wt U, 
no. AI" number 

498 Carbon &.cr£y intI. 
Menasha Timber Itrl 
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Who will catch the rain? 
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Underthis Iheme. lhe Governor 's Watershed Enhancement Board 
will ho ld ils 1984 conference on Thursdaylfriday. January 27 <lnd 28, 
1984, at Ihe Ashland Hi lls Inn in Ashland. Oregon. 

The Board consis(s of rcprescn(at ives from slate com missions 
and agencies for na tura l- resource. environmenla l. and agricuHura l 
concerns and from several fcderal agencies. 

The program will include sessions all day T hursday and un lil 
noon Friday. address ing such lopics as wa tershed management. 
cooperat ion and partnersh ips, environ mellIal education. and ex
amples of walershed restora tion and improvemenl projects. A 
banquet on Thursday will fcalur(' S ieve Amen of Oregon Pub lic 
Broadcllsl ing. Ihe e:w;eculive producer of Ihe le levision program 
Oregun "";eltl Guide. 

Further information is available f rom Liz Krai ter. Confe re nce 
Coordinalor, Northwe.~t Rendezvous. 11700 SW Ashwood Court. 
T igard, OR 97223, phone (503) 590-4240. D 
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CatastrophiC events 
cteatcd and continue to shape 
the western edge of the NOf1h American continent. 

Geologic catastrophes in the Pacific Northwest 

Thefi/lloU'il/g (micit> was l'n'fKlr,>dfor lilt, COIl!'flJliol/ Guil/,'hook tifllw / WJ Nmiol/al SI'I'It'oloXim/ 5<N'il'ly Cmll'l'lIIio" (1/ 1'1'1111/1'101/. Ore.~on, 
lIlItl i.,' prill/I'd Iwre willi lill' Ill'rllJissioll .iflilt' IlI<blishas. -I'ds. 

IN Til t: IIEGI NI"jlN(; 
llefor,: Ihc C~mbri~n Period. the lime "hen mO!.l animal groops 

MK.·h a, clams ~nd trilobites acquired (hrir hard shells aoo (IK:-i r 
remain) ~gan to docume nt (IK:- fossil re<:ord. ITlOSl of (he Paci fic 
Nonh"e,1 did not yet e.\isi . 

The cnnlincnt nfNor1h America has had a loog gwlngic hi ~lory. 

and indeed :WIll<: of the " 'OI"hrs o ldest rocks crop ou t in Canada and 
Greenland. But before thc Cambrian Period. Nonh America was 
attached to Australia and AIIl;.rctica ;t lo ng it s wcqem si llc Wigure 
I ), Only I~tcr did the , tates of Orcgon and Wa, hington I1IOVC in to 
occupy a .·otuinental fift Ihat until then hm.l bo;:en firm ly closed . 

The ri fting. thc first geologic catastrophe in a long series toaffcrt 
thoe Pacific Nonh .... ·e~t. stancd about 7(XI million yean; ago during 
lhe Precambrian. Thc tectonic plale ix:aring AtI~tr,ll ia 3nd Ant;.,..,I;';a 
(~nd aiM) 100i;1 and China on ilS f;tr side) broke ~way and began a 
long S\I ing throogh thcOCl.:an Ihat \I'ith othcr IJler breaku ps brought 
us 10 the prCSCIll world scene 4 HoffmJn. IWI J. 

Comitk"'tI1 ~ 1 cru~t i~ aboul .lS kill 122 mi, lhkk. :! Ild an open 
"er1ical fi ~Sl<re wi th ~ new O(X';ln in il did ncx f(Xl n ~ tth.e rift where 
Au,tr,lli~ ~ lId Ant ~rCl iea broke ~wa)" frolll Nonh America. The £anh 
iSloo ..... eak for lhal. Formore than 20 million y~ars.each incremental 
~;ttpansion of lhe rift at the fut ure p()~ itinn of Oregon ~nd Washingto n 
wa~ followed hy m~s,ive (' IlISlal slid.', t\lw!ud it fWIll bOlh s ides. 
Tw:rcforc. no cr;tck opened ;tlong the rift. bUI g imlt faults broke up 
~ wide be ll of the flanking tcrrain. Whc n new oceanic crust fin:!lIy 
did begin to form. belts of dismpled continenl :!.1 em't sc"cral hun· 
dred kilo meler, wide lapered ' "ward il from each ,ide. 

Thc tapc r ing fon ner edge of Norlh AUl(ric:l i~ \It'll preserved 
in r-:c\·~da. "here richly fossil ifeffiu, rock la)ers from )ounger 
geologic periods blanket the new eominental edgc. In the Pacific 

.o.USTRAU.o. 

~~ 
SHIELD 

FigUf(' I. ,>,bow 700 millio/l .1'<'''','' IIW' during lilt' PremmiJriall , 
" ('Olllillfllllli rift .ferN/ralt'd Nor/iJ Alllfrim from a lIIudl la~1'f 

CO<llille"l1l, Cr{lS/(I1 s/rer('hillJ: cOllrinuedfof 20 lII illioll Yl'ar,T or mof('. 
Theil a lie ... ,-,rean fonlled UI Ihr rifl. /lful rile f',wiji ,' NI)rll" >"I.'J'1 
r.lllll>/'.I'II#'(/IIII (II/chof(Igt' OIt ils North AIllt'riC/I/lu'rxill. 
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Northwest. no" e'·er. later eala~ lrophic geulogic events removed 
lhat original taper ing continental marg in and rcplaeed it" ith alien 
continental blocks. 

GIM":T IIlTES ""RO~ I TilE C01\.INF.:'I.'· 
Fur a long period after lhe Precambrian breakup, the we,1 coaSt 

of Nonh Alncrica was tecton ic~lIy qu iet. and ~diment banks and 
org:l11ie rcefs buih steadily seaward . The n. aboUf 150 million yean; 
agll during the Trias.'ic (some i n\'~Sl igators ~ay it ..... as earlier). ~ 
disruption bcg,tO. perhaps triggered by c rusta l stretching before lhc 
opening o f the Allanlic Ocean and thc consequent weslward drift of 
the North America Plate (Howell aoolHhcrs. 19871. Sono mia. a I~ rge 
block of the Eanh's cmst now (cnten. .... in .... ·cstern r.;cI·ada. was 
,wept up ~Ild "aIHured by lhe dr ifting ~'ont i nental plale of North 
Amern:a (Speed. 19li3,. This was followed about :200 mill ion yeJfS 
ago. during the Jurassic. by the art"·al o f yet anothoer big block. 
Stikinia. IlI'W ccmered in Bri li_~h Columbia (Figure 2). 

TIIi,· ..... mlst:11 bloch. whicll had fonlli.-d a~ "oleanic arcs aoo \lere 
pl;t.lercd again~tlhe WCSl side of Nonh AtJlcrica, wem :l good way 
loward build ing lhe shore line of Nonh America OUI to mughly ils 
prc!>Cn l posilion . But after Ihose bloch joined North Anll'rica. giam 
hites "ere laken from the continental edge. In rhe fiN of the:.t 
di ' pl;lcements. aboUI 120 million years ~go during Ihe Crelaceous. 

PACIFIC OCEAN 

f"igur-e 1. A :;I<<:Ct'.uiOl' of farge b/ucb, mOof/l." offs/Wff' ' 'O/cclilic 
fln·.f .Iimifur 10 wduy"s ,tiel<rj(m fsfwl(/J-. 1,,("{m,1' (I//(lchl'd /(} IIII' 

I'rt'lYlmliri"" ("Off' vf Nonlt Alllt'rim. Firsl III (I/"ri"r ""as Sonomill, 
lill'n Slikillifl. f/lllrn 'l'lIill~ OI1:;IIon' IIII!IIII/l'fllt!d flf"('fI.~ (Ire sea·floor 
1II(IIl'ri(,ls squt!t':cJ bl'11t't!i'1I11u: h/()('h. J 11ft('/" Slikilliflj";IIl'd Nonh 
Alllnil'lI. i, I/((wcd non/m-anl. ' .... 01,.',,'illll 1//1' 1'''''f"lImlJr!t", (',," of 
IIII' n llllillt'''' I" Ih" 0('1'1111. 111/" /llil' 1101' ("( imf Wmllgt'lli<l. II,e jillal 
}In·at iJIWIII'<ln: ",,,;:I;. Tlrt'll fill/o ll"'d " J't'rit's of diJl/Ii,cements 
IOWIIIt! Ih(' /lorth 111111 sl'/Xlrllled IYmll8l'lIill illlo ,',>"tm l fra.~lIwmJ 

alld It'ft 1J('ltilid Silt'l~ia. fI 1m." of IN 'I'IIII floor. i..nlt'r pro("('s.t(',\· 
r .Twhfisltrd 11/1' Ctt-fClldt' 1"()I<'(lIIit· "'t· (lfl/I ",,,luS/uffhl "lid liftrd lip 
Siln: itt /II fon" 11r<' IJft's<'''' CUCUI R/III~I' ojl!W P,,,.ijk NOT/hll·rst. 

J 



the previously caprured Stikinia slipped toward the north, taking with 
it a pan of Sonomia and much of the tapered cont inental margin of 
North America that had tx:cn left after Australia and Antarctica pulled 
away. In Idaho, this left a gap where oceanic crust of the Pacific Basin 
wasjuxtapOSed against the Precambrian core of North America. 

The ni bbling of the contillental edge was interrupted later during 
the Cretaceous by Ihe arrival of Wrangellia (including the Blue 
Mountains of Oregon ) inlo Ihe gap at Idaho. Then a final great bite 
took place about 60 million years ago during the early Teniary, when 
nearly all o f what was then coastal Oregon and Washington wa.~ 
carried northward loward Alaska (Moore, 1984). This left behind 
Si letzia, the youngest tract of new grourtd in the Pacific Northwest. 

Baja Californ ia ortoday may serve as a model for these dispersals 
of large tracts o f land from Oregon and Washington. Baja California 
is moving northwestward along the San Andreas Fault, lcaving 
behind new oceanic crust in the Gul f o f Califomia. 

Siletzia is made of thin basaltic crust. and like the Gulf of 
California it, too, initially wa.~ a marine gul f underlain by new ground 
on the sea floor. Soon, however, a subduction zone was cstablished 
along the margin of the Pacific Northwest, and the Cascade volcanic 
arc came into being. As part of the establishment of the new subduc· 
tion zone, a wedge of buoyant sediment and rock was stuffed under 
the edge of Si letzia's Dew ground. The wedge lifted the edge of 
Silctzia above sea level, and today it forms the Coast Range of the 
Pacific Northwest. 

Bul in eastern Oregon and Wa.~hington the lartd remained low; 
and somet ime later, this interior lowland would become the site of 
yet another geologic catastrophe. 

SWAMPED BY LAVA 
About 17 million years ago, during the Miocene, fissures opened 

in eastern Oregon and Washington and began to dclivcr tens of 
thousands of cubic kilometers of basaltic lava to the land surface. 
Chemical analyses show thaI the basalt came from the Earth's mantle 
below the North America Plate. The repeated earlier disruption of 
the p late in this area may have played a role in the eruptions. Not 
known, however, is whether oblique crustal stretching related to 
movement of the San Andreas Faull was suffieient to trigger thc lava 

outpourings (Hooper and Conrey, 1989), or whethera hot spot below 
the plate caused by large-scale overturn of mantle material was 
responsible (Duncan and Richards. 1991), The net result, however, 
was that the 3-km (2-mi)..thick Columbia River Basalt Group, rep" 
resenting one of the world's great flood·basalt provinces and con, 
sisting of over 300 individual lava flows, filled in the lowland of 
eastern Oregon and Washington (Figure 3). 

Some individual lava flows ran all the way to the Pacific Ocean, 
protected from premature solidificat ion by an insulating blanket of 
already hardened lava at the top of the flow. At the coast, the heavy 
lava entered the ocean through lava tubes and in places "floated" 
lighter sediment and sedimentary rocks to create a once..puzzling 
array of basalt ic dikes and sills (Beeson and others, 1979). 

Much of the scenic majesty of the Columbia River region owes 
its origin 10 these catascrophic outpourings of lava. Where the river 
has eu t inlo them in the Columbia River Gorge, magnificent water· 
falls punctuate the mighty cliffs that line the ri ver. 

THEN CAME THE DELUGE 
The flood basalt of the Columbia River Basalt Group had long 

since solidified and begun to be deformed by younger Earth proc
esses, when yet another great catastrophe hit the Pacifie Northwest: 
stupendous floods of water that sculpted the Channeled Scablands 
in southeastern Washington. About 40 great floods, each containing 
roughly 2,000 km) (500 mP) of water and as much as 600 m 
(2,000 ft) deep. swept across approximately the same area as had 
been crossed by the basalt flows, They are the Earth's greatest known 
floods (Figure 4). 

About 60 years ago, J Harlen Bretz. a professor of geology at the 
University of Chicago and the discoverer of lhe floods, first mapped 
and published the evidence for massive floodi ng in the State of 
Washington (Bretz. 1923). Thus began a long and diffieult effort to 
convince the scientific community that the great floods indeed had 
occurred. Over the next 30 years, Bretz continued to map the area 
and to publish his evidence and conclusions, but acccptance of the 
concept was frustratingly slow. In the meantime, Bret7. alSO did much 
other research. most notably his classic paper on the then also 
controversial topic that most limestone caves are formed below the ............. 

(_.IIO ...... :gtay. ,"",*

t.in:_.~ 

water table (BrC\z, 1942) . 
Part of the problem with Bretz' flood theory was 

that most people only read about it and never saw the 
evidence firsthand. Another part was that those who 
did investigate it were ove rly steeped in the doctrine 
of uniformitarianism (geologie processes have uni, 
form intensi ty). which they interpreted to prohibit 
any form of geologic catastrophe. 

Figure 3. During a brief 3-mi/lion-yeor period, 170,(}(}() kml (41,0fXJ mil) of basalt 
flooded across Ihe Pacific NQrlhweSllO produce Ihe Columbia River Basalt Group. 17re 
over 300 flows in Ihefo171l(llions of the group are identified by their Slructure, texture. 
and chemical composition, augmented by the magnetic poWrity they recorded when the 
Earth:" north and south magnetic poles repeatedly reversed. Abbrevialed and simplified 
iIlastralion based on (/(Ita/rom Tolan and mhers (1989). 

Bretz' opponents were respected, and they wert 
eloquent. Foremost among them was Richard Foste r 
A im, a former Bretz student (!) and a professor of 
geology 81 Yale University, Ainl's major contribution 
was a paper in which he proposed that the Touchet 
beds, now recognized as the widespread deposi ts of 
the floods, were formed by uniformitarian processes 
of stream deposition beyond the front of an ice sheet 
during the ice age (Flint, 1938). 

Year aftertetth-gnashingyearpassed for J Harlen 
Bretz, hut finally in the 19SOs. aerial photographs 
became widely avai lable. Suddenly, these revealed to 
everyone the fantastic patterns of giant ripple marks 
left by the floods (Brell: and others, 1956). Most of 
the ripples are d ifficult to recognize on the ground, 
but on the photographs they show up as g iant water· 
laid dunes with heights measured in the tens of meters 
and wavelengths in the hundreds. 

Bretz at first thought in tenns of a single flood. 
We now know that this concept was derived from the 
evidence for the final molding of the ripp les by the 
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fluid basaltic laV3 flows freely as a liquid-and 
mak.es the world's lal'3 caves-the viscosity of 
subduction-lOne lava causes i[ [0 push up into 
bul bous domes and then to explode violently. Tile 
mOSt recent volc:lrJic catastrophe of this sort in tho:: 
I':lcific Nonhwesl was the eruption of Moum SI. 
Helens in 1980. 

About IWO months before the massive eruption 
May 18th 31 8:32 a.m .. which killed 57 people and 
devastated an area seven times the size of Manhat
tan Island, Mount 51. Helens unucrv,lcnl several 
minor croptions and began to swell measurably. 
The experts a~sumed that the activity would in
crease only gradually. and they laid out what then 
was considered a gene rous safe lY zone. Bul lhe 
swelling led to a bulge on the north side of the 
mountain. and on tile day of tile eli macl;c eruption, 
'he nonh side suddenly began to slille downward. 
rhc slip surface intcrsected the magma chamber 
wi thin the mountain. and the unloading of the top 
abrupt ly released gas pressure inside. 

The resu lting explosion. similar to un~""Orking a 
champagne bottle. was wholly unexpected in size 
and foree. Within .<;cconds. a shock wave had tumcd 
a clear morning imo deep overcast. A blast sped 
down the slope of the mountain at 330 km (200 mil 
per hour. followed by a debris avalanche made of 
the fonner nonh side of the mountain and including 
giant bloeks of glacial ice from the summit An 
cl\lptive plume sllot 16 km (10 mil into the strato
sphere and continued jelling stcadily fur the nexl 

FiRure4. From 15,00010 /3,000 yearsagoduring the ice age. a lobeoflhe Corrlillerun 
Ice Sheet dammed Lake M issoula in Montana. When rhe i(lke rea('hed a deplh of6{)() m 
(2.()()()fi), ils "'arer floaled Ihe ice oflhe dam. flushing Ihe la(e "'aler through lhe PaCIfic 
Northwesl. Hl'hind conslricliollsa/(/IIg Ihe Columbia Rirer miley, Jlw ",arercrealed giam 
lemporary lakes. Where il rushed across high ground, il scoured OUI channels and laid 
down giant grm'e/ ripples. 

nine hours. Mudflows of volcanic ash swept down 
the river valleys all the way to the Columbia River. 80 km (SO mil 
away. disrupting river navigation for many mOflths afterward. 

final nood in a long sequence. After later field work. he recognized 
that more than one nood had taken place. probably one for each 
major glacial stage. We now know, from the Touchet beds (cover 
photo) and other evidence. that 40 stupendous noods S1Tippcd off 
the surface of the Channeled Scablands and laid down the giant 
ripples and other deposits (Waitt. 1985). 

The Ooods came from andent Lake Missoula in Montana. A lobe 
oflhe Cordi llcrnn Icc Sheet closed off the out let 10 the lake wi th an 
ice dam. After a few decade.~ with the dam in place. the lake fi lled. 
and when il reached a depth of about 600 m (2,000 ft). the water 
staned to nom the ice dum. immediatdy. the dam burst, and the water 
of Lake Missoula .~wept down tow:lrd the state of Washington. 

Aftereach nood. the glacial lobe again mOved slowly across the 
oullel, water filled the lake. the dam noated and burst, and the cycle 
was repeated--repeall'd 40 times. So, although they were cata
stmphic. these nOQds. tccurring again and again over a period of 
2.000 ycars. had a unifonn intensity; hence they are. after all, an 
e~ample of the doctrine of uniformitarianism. 

ERUPTION PAST Ai\D EARTHQUAKE ,,'UTURE 
Today. the Pacific Nonhwest has its own offshore tectonic plate. 

the Juan de Fuca Plate, and ils own sulxluction zone (figure 5). 
Subduction wnes are notorious for two important types of geologic 
catastrophes: e~plos i ve volcanic eruptions and great earthquakes. 
The Pacific Nonhwest has had a long sequence of both. 

The JUJn dc Fuca Plate moves eastward toward the coaSt and then 
curves downward and penetrates hundreds of kilometers into the 
lower mantle (Figure 6). At the same time, the North America Plate 
moves westward. One might think that the plates collide forct:fully. 
but that is nOt so (Moore. 1992). The North America Plate overrides 
and pushes down the curve of the Juan de Fuca Plilte and docs not 
bun direct ly against it. 

The lava uf voJc~nic arcs above subduction zones differs from 
basalt delivered direct ly from the Eanh's mantle in two important 
respects: it is lighter in color. and it is more viscous. Whereas highly 
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The 1980 <.:atas\mphe at Mount SI. Hdt:ns is the world's best 
studied volcanic eruption. We now know that magma depressurized 
and released by giant lands lides has becn common at other volcanoes 
elsewh.:re in the world. and the new knowledge will help to reduce 
the loss of life fmm such eruptions worldwide (Lipman and Mullin
eaux. 1981). But what about the othcr notorious natural hazard of a 
subduction zone'! Shou ld thc Pacific Nonhwest cxpect a great 
eanhguake in the future? 

In historic time, Oregon and Washington have never had a great 
earthquake. that is, an eanhquake larger than magni tude 7.5. And in 
Oregon even moderate-sizcd canhquakes are rare. This was long 
thought to be a good state of offaio;. but we now know that a seismic 
gap of this son is dangerous. The Pacific NOr1hwest is waiting for a 
C~ tastrophic eanhquake. 

American Indian tradition held that mony lives were lost during 
achange in l~nd level ~nd thcarrival ofagreat wovc (now recognized 
a~ a tsunami) that took place not long before European fur traders 
arrived in the Pacific Nonhwest (Sw~n, 1870). Recent study on the 
basisof submerged cO:lstal m:lrshcs and tree-ring dating shows, with 
an uncertainty of about 20 ycars. that thiS last great earthquake took 
place in 1680 (Atwater. 1987). 

The experts know appmximately when the last great earthquake 
o<xurred in the Pacific Nonhwest, bu t they are less cen ain abou t Ihe 
interval between the great earthquakes. lntens i\'e research continues 
on this topic. and sevcral pre- J680eanhquakes have been identified. 
What remains unccnaio is whether any preceding earthquakes werc 
missed, because this is a critical ingredient in detennining the 
recurrence interval alld hence the probability of such an e\'em soon. 
The best evidcnce now available points to a recurrence interval of 
300 to 500 years. Hence, the Pacific Nonhwes\ should look for a 
great eanhqua[(e anylime from now to 200 years from now. 

Future research may sharpen this estimate. and in the meantime 
building codes are being strengthened, and the public is being made 
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Figure S. TIu! Juan de Fuca Plnte mows /Oward Nonh America 

and bends down at the Cascadia subdue/ion zone /0 produce the 
Cascade volcarwes and greal subtiuClion-ZQIIe ellrlhqlUllces. 

aware of steps that ca ll be taken before, during, and after a great 
eanhqu3ke to reduce the danger. 

The good news about subduction-zone earthquakes is that the 
fault s lip surface is relatively far away. SO to 100 km (30-60 mi) 
below the surface. This reduces the earthquake intensi ty. The bad 
news is that the sllp zone is relatively long: in the wars! case, all the 
way from British Columbia to northern California. T his leads to a 
long period of shaking. up to four minutes . which can shake down 
buildings or send down landsl ides thaI might have survived briefer 
earthquakes. 

Let's hope thai all the right things are being done to thoroughly 
understand the next geologic cataslrophe in Ihe Pacific Northwest. 
so as 10 reduce ils effects and make il a small one for us. As we have 
seen, il wi ll join a long history of cataStrophes, some of which were 
very large indeed. 
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Oregon Academy of Science announces 
1994 meeting 

The Oregon Academy of Science will hold its fifty-second annual 
meeting on Saturday, February 26, 1994. at Oregon State University 
in Corvallis . 

'The mceting usually draws about 400 participants, includ ing 100 
atthe Junior Academy level. It isan exce llent chanee to make contact 
wi th scientists at other Oregon colleges, universities. and research 
facili ties. The meeting will have papers presented in sections of 
anthropology. biology. chemistry, economics, geography, geology, 
history and philosophy of scieJlCe, mathemat ics, physics, poli tical 
science, psychology, scie J\Ce education, and sociology. The Junior 
Academy will also have 8 fu ll slate of papers . 

This year'S "keynote address" will feature A Visual Triprych Of 
Science with three IS·minute presell1ations aimed at the Jttnior ACad
cmy level but appropriate for- all members. The presenters and the 
tentative titles of their presentatioos will be: Dr. Cordon Matzke (OSU 
Geoscience). "Should we invite 8 zebra to lunch?"; Dr. Pallicia Muir 
(OSU Environmelltal Science), 'The chemistry of fog"; and Dr. Phil 
Brownell (OSU Zoology), "Scorpions-up close and personaL" 

The oonferellCc registration fee o f $ 10 incJl.Ides a IUJlChoon with 
the keynote program. Additional information is available from Dr. 
Dick Thies, College of Science, Oregon State University. Corvall is, 
OR 9733 1-4608, phone (503) 737-3879. 0 
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Ground-water anomalies associated with the Klamath Basin 
earthquakes of September 20-24,1993 

by Paul J. Uenau and John W. /"und, Geo-Heal Center, Oregon!nslitule ojTecluwlogy, Klamath Falls, Oregon 97601 
(An earlier version of this repon was published in the Geo-Hem Quorterly Bul/elin, v. 15, no. 2, November 1993, p. \7- 19) 

Two moderate earthquakes occurred approximately 30 km north
west (l22. loW. and 42.3Q N.) of Klamath Falls, Oregon, on the 
eveningofSeptember20, 1993 (Figure I). These two were measured 
at magnitudes (M) 5.9 and 6.0 by the University of Washington and 
occurred al an approximate depth of 12 km. (The U.s. Geological 
Survey [USGS) National Earthquake Information Center in Golden, 
Colorado, reported preliminary magnitudes of 5.4 and 5.2 31 depths 
of 10 km.) Numerous aftershocks measuring between M 2.8 and M 
4.3, oc<:urring in the same general vicinity, were fe ll in lhe area 
through Seplember24{Figure I). 'Theearthquakes were felt in Salem 
(320 km north) and in Redding. California (2oo km soulh). One 
person was killed by falling rocks on U.S. Highway 97. approxi 
mately 25 km north of lown. and one person died of a heart attack. 
probably induced by Ihe evenlS. Unfortunately, there were no seis
mometers located in soulhern Oregon during the earthquakes; thus 
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the data. recorded by more dislant seismometers, are not as precise 
as is liked. Figure 2 is a seismogram of the 8:29 p.m. earthquake of 
September 20. recorded at Corvallis. Oregon. 285 km nonhwest of 
Klamath Falls. Since the earthquake. the USGS has established eight 
seismometers in the area to morel aftershocks. They have recorded 
over400 eventS of M I.S and greater since installation. 

At least 300 structures were damaged by Ihe quakes. several 
serious enough tobeclosed to publ ic use. The most notable buildin8 
severely damaged and closed to public use is the Klamath County 
Courthouse on Main 5\reet in Klamath Falls. The Federal Emer
gency Management Agency (FEMA) has recommended that this 
structure be repaired, but it may take up to a year before the buildi IIg 
can be occupied aga in. Buildings constructed of unreinforced ma
sonry rece ived Ihe greatest damage. whereas buildings constructed 
of wood suffered little to no damage-typieal of earthquake dam-
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Figun! I. Plot showing beslioca/ioll$foreanhqlUJkes in tile Klanuuh Falls, On!gon. an!a. third qlUJrterof 1993. The IWOlargesteanhqllakes 
(shaded circles) wen! on 9121/93 at 03:28 (M "" 5. 9) and 04:45 (M '" 6.0) UT. AI/locations contain arrivaitimes/rom both CALNET (USGS, 
Menlo Park) and WRSN (Uw. Sea/tie). Seismograph stations an! shown as triangles. Most stations wen! portables deployed after the main 
shocks. Permanent stations VSP, VRc'l..AB. and HAM (bold) wen! ins/(lll~d by the USGS in early October. Readingsfrom portable stations 
an! usedfor SOllie aftershocks. Fallits shown an! from Peu.opane (/993). The nornwlfocal mec1wnism (/ower hemispMn!. eqlWl an!a)for the 
first nwin shock wru determined/rom combined UW and CALNt,T polarities. The meclumism oftM second nwin sluxk is similar. Computer 
image courtesy of Ruth Ludwin. Uni~ersity oflfushingtan Geophysics Program. 
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age. Brick walls outside and inside bui ldings on the 
Oregon Institutc of Technology (OIT) c:tmpus were 
also damaged, and some had to be closed temporar
ily. All are being used now. with some stairwells and 
enlranees closed unlil the brickwork can be re
paired. Throughout the city. no severc damage to 
ulililies was found. Only minor leaks occurred in 
water lines and were quickly repaired. The total 
damage is at least several million doll a~. It should 
be noted that none of the buildings in Klamath Falls 
meet the 1991 (adopted 1993) Unifonn Hui ld ing 
Code (UBC) earthquake lone 3 standards. Klamath 
County was originally in :tone I, then zone 2. and 
most recently in lone 28 according to USc. 

1llc Gco-Heat Center was especially interested 
in the effed of the earthquakes on the geothermal 
re~ourL"t~. In addition to measuring changes caused 
by the eanhquakes. we also tried to document any 
precursor signals Illat may lI:tve occurred. These 
observations are discussed later in this paper. 

Since 1945, at least 12eanhquakes haveoceurrro 
within 33 km of Klamath Falls, but only seven of 
these were larger than M 3 (Jacobson. 1986). The 
largest recorded in this period was M 4.3 in 1948. :tnd 
twoof M 3.7 occorrro in 1949. l3ased on the authors ' 
personal conversations with local residents, minor 
buildingd:tm:tge did occur in KI:tm:tlh F:tlls from one 

Figurt' Z. TIIrI!!I'-component seismogram 0/ the September ZO, 1993. eorlhquakc, 
rt'corrJed at Con'ollis, Oregon, representing horizontal east· west (lop). horizontal 
IIO/Th ·.mUlh (middle), (IJld VCr/iral (/}ottom) motions. 

or more of the 194s-49 eanhqu:tkes. Two e:trthqu:tke swarms have 
alsooceurrOO within ISOkmofKlamath Fallsduring the last 3Oyears: 
one in Warner Valley due east of Klamath Falls near Adel, Oregon 
( I %8), :tnd the OIher due south of !hecity at Stcphtns Pass near Mount 
Shasta. California (1978). The l:trgest of tltese quakes W:lS M S. I. 

The Klamath Bas in is located at the wes tern edge of the Il:tsin 
and Range geologic provinct Ihat extends eastward to Salt Lake City. 
The Klamath Basin, with the city of Klamath Falls located on its 
eastcrn edge, is a down-faulted graben. The horst blocks on either 
side have been estimated to have moved at least SOO m vertically. 
Several fresh fault scarpsovtr 10 m high and' several hundred meters 
long are visible in the basin. The absence of alluvial fans cutting 
across tllese {:tult scarps indicates th:tt the faul ts h:tve been active 
during thc past several thousand years. Tllese relmively young fauhs 
exten\l from Upper Klamath Lake southeastward to Tulelake, Cali
fornia, a \listance of about SO km, and probably extend northwest. 
ward to Crater Lake N:ttional Park (Figure I). A study by the U.S. 
Bureau of Reclamation describes twO recent fauh zones :tlong the 
west side of Upper Klamath Lake. One of these, the West Klamath 
Lake fau lt zone, has a fault scarp as high as 2S m cutting across 
glaei:tl deposits less than 30.000 years ol\l. Another scarp shows 
displacement of 1- 2 m in dcposits thought to be less {han 10.000 
years old. Geologists estimate th:tt the West K.lamath Lake fault zone 
is capable of generating earthquakes as large as magnitude 7.2S . The 
September earthyuakes appear to have originated in this faul t :rone. 

Most of the original hot springs in the basin. li>e majori ty of which 
are localed in the vicinily of Klamath Falls. are associated with the 
horst and graben structure. The geOthermal util ization. mainly for 
space heating, is in the city of Klamath Falls_ Approximately SOO 
wells tap geothermal nui\ls from SOOC 10 II()<C al depths from 30 
to 600 m. The cmire OIT campus. located at the northwest end of 
the well concentrations, uses 88"<: geothennal water for space 
heating alll.! domestic hot water (Lienau and othe~, 1989). 

TI>e September20eanhquakes appeared 10 have had an effect on 
both the gCOthemlal and cold-water aquifers in the Klamath Falls 
area. Long-tcrm monitoring of both aquifers is done by wen owners. 
tile city of Klamath Falls, and the OIT Gco-Hcat Center. 

Well owners manually measure five residential wells dai ly for 
water leve!. using an ele<:trical probe. Afterthecanhquakes, all wells 
had waterlevcls increase by 'IO-SOmm/day. Before theearthqllakes, 

• 
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water levels were not changing. Generally. water-level increases in 
the hot-water well area have been 900 mm from September 15 10 

October S. By comparison, during the same period in 1992 the water 
levels decrcnscd by 208 mm, :tnd in 199 1 they increased by 18 mm. 

Long- term monitoring of th'e cold-water wells for wntcr-Ievel 
changes and bottom-hole temperatures is required by the Oregon 
Dt:partment of Environmental Quality for the permit 10 inject geo
therm:tl fl uids at OIT. Shaft encoder water- level inst ruments and 
thermistors are conneCted to data loggers. which record on a 6·hour 
intern!. Immediately after the eanhquakcs. water levels in all fhc 
wells decreased dramatically, about 0.3-2. 1 m, depending on lhe 
well, for a duration of one EO Iwodays amI then stabilized at the lower 
water level. Figure 3 is an example of a hydrograph showing tIM: 
water level decl ine. 

The city of Klamalh Falls monitors a hot· water well at Laguna 
and Herben Streets using a chart recorder Ihal produces a continuous 
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Figure 3. lIydmgroph n/ motel observalion .... ell near OIT showi/rg 
warer-Ievel decline as a result oflhe earthquuus. Data/rom Seprember 
1 to October4, 1993; depth = 6()m, lemptrolurt = 13.S°C. 
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analog record of water levcl change. Prior to the earthqunkes. there 
were very small changes in the water level. Thc carlh(IUakes caused 
Ihe cable to jump off the pulley. which was replaced o n September 
23. From September 23 to O<:tober I. three aftershOl:ks were re
oorded o n the cllart, and tile water leve l increased about ISO mm 
from September 23 to September 24. 

Ke n Johnson, who manages Jackson Hot Springs in Asiliand, 
Oregon, reponed that the flow of the springs has increased by about 
20 pereent sincc the September 20 earthquake. The springs. which 
flow up to 100,000 gaVday. now allow Ilim to till his holding tank. 
in about 43 hours instead of the previous 52 hours. The water 
temperature has nOt changed. remaining at between 86· and 96·F 
(Ken Jollnson. personal communicalion, 1993). 

Other hydrolog ic events Ihal may be related to tile eanhquake 
include the full owing: 

Klamath Medical Clinic geothermal we ll at 1905 M~in Street 
started all anesiall flow uf approximately 11 5 liters pt:r millute 
tUmill) about 1.5 months before Ilic carthquakes. AftCT tile earth
quakes, the flow illcreased to 570 Umin at 91 OC Ino apparent changc 
in temperature). 

A well behind City Hall used by Modoc LumberCo. fo r makeup 
watcr to a boiler increased SOC in temperature, from 18"C to 23'C 
after the eanllquakes. 

The Conger well field near Link Rive r i~ used hy thc City as 
supply wells. After the e:lrthqullk .. s. these cold-wate r wells had an 
inercase in water leyel of about 2. 1 m. 

Wells in an area about 25 km wutheast of Klamath Falls in late 
July lind early Augu,t 1993 reportedly began to smel l and ta.~tc had. 
In the same area. th .. Jim Moore well suddenly beg~n producing 
49·C waler (estimaled at I sue before). 

Finally. between 4:00 to S:OO p.m. in the :lfiernoon of September 
20 (before the earthquake). w~terehanged at the GOrdOIl Ai rcs wel1 
abou t 11 km south of the epicemer. The water was whitish gray in 
color with a tremendous amount of g,IS thai had a strong " rottell egg" 
or hydrogen sulfidc odor. Other well ownw in the Keno area noticed 
similar changes to their wc lls. Thi ~ area is wuthwest of the We~t 
Klamath Lake fault 7.onc, ~ Iong ils ~tructural trend . 

Similar precursor changes in we ll water h.ave been reponed as 
far back as the sixth crntury B.c. in Greece. Springs in lInden t 
Greece. in the Roman Empire. in Japan. and in China were reponed 
tu h~ve hecome murky before a quake. with changes in taste and 
flow. Such changes were noted prior to the Haicheng. China, earth· 
qUllke of 1975. wilen thr entire city was evacuated ju~t prior to a 
major canhquake. Approximatcly one month prior to this quak .. , 
well·water le vels rose, hOi springs stopped fl owing. and some wel1s 
became muddy. Repons by the USGS indicated that earthquakes 
caused compression in some areas and tens ion in OIhel"$, thus ac_ 
counting for watcr-Ie\'cl ch:lllges after the events. Many cases of 
unusual behavior of animals prior 10 earthquakes have a lso been 
documented (Tributsch, 1982). 

The March 27, 1964. Alaska earthquake caused signi fica nt 
changes in w:lIer level, in several artesian wells in the Anchorage 
area. In one. the water level initially dropped 4 m and then an 
additional 2 m. In others. the water levels within 5 days after the 
quake were 1-6m lower. We lls in Palmer were also luwer.and some 
in Chugiah were I m higher. The general rule wa.~ a lowering of the 
waler level in artesi;).n wells afler the quake a nd a subsequent rise 
(Grantz and olhers. 1964; Waller. 1966, . 

According to Ferris ;).nd uthers ( 1962). "There will first be an 
abrupt increase in water pressure as the w;).ter assumes part of the 
imposed compressive stress. followed by an abrupldecreasc in water 
pressure as thc imposcd stress is removed. In an attempt to adjust to 
the pressure changes, the water level in an artesian well first rises 
and then falls:' This phenomenon has been noted in wells thlll are 
hundreds and even thousands of miles from epicenters. AI these 
dist;).nces. the long-period w~vcs of earthquakes cause the fl uclUa
liuns; whereas in wells close to the epiccnter, only the s hon -period 

w~ves can effect ively mOve watr r rap idly into and out of wells 
(Thomas, I 'J40). 

We are not sure about the mcanillg orthe Klamath Basin events 
and whether or nOi some or lI li are rebted to the eanhquakes. ln any 
c;).se. they are cenainly out uf the ordinary. based un about 20 years 
of monitoring the gcothermal resource in the Klo.math falls area. We 
are continuing to monitor wells in the area and arc also performing 
geoche mical lInlllyses of Ihe water. 
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Potentially new species of pond turtle 
discovered in Columbia River Gorge 
by Joel Pres/oil Smith, 4736 S£ 45th Avenue, POrllund, OR 97106 

The deadly Plei~tocene floods that buried Portland under nearly 
400 ft of water. inundated the Wi llallletle VlIlley as far south as 
Eugene, and SCOUTed ;).n ;).rea Ihe size of the State of Del;).ware 
(approximately 2,0IXJ mi 2) clean of a ll soi I and vegetation may prove 
to be a creative force as w~lI. (Refe rences to detai ls of the floods 
from Allen and others. 1986). 

Dan C. HolI;).nd. dire<:torofthe Western Aquatic Turtle Research 
Consortium in Corvallis, believcs the "8retz floods" may have 
geographically iso lated several rare populations of pond turtles 
found on the basalt ridges of the Culumbia Riv~r Gorge. Holland 
belie\'es the populations. which ;).Tl,! currently classi fied as Western 
pond turtles. Clemmys marmora/a. warrant listing as a new species 
(Holland. personal communication. 1993). 

Holland. a herpetologist who has studied pond turtles io the west 
for more than 20 years. says the Gurge tunics are extremely difficult 
to tell apan from Westcrn pond tunks. unless the anim31 is in hand. 
The forelimbs of older We.~tcm pond turtles arc. for the most part. 
c harcoal colored. The fore limbs of Gorge tunles bear charcoal sca les 
tinged with pale yellow and thus h;).ve a s lig htly lighter appearance. 

Just above the hind limbs. on folds of ~kin att3l:hed tu the 
carap;).cc (thc upper shell), 311 these turtles tK:ar II small scale called 
the "ing ui nal shie ld."' In Gorge turtles. this is abou t half the size of 
the one fou nd in Western pond turt les. 

Less than 200 individua ls of the potential ly new speci .. s occur in 
a total of three locations in the Gorge. TWo of the populations arc in 
Washington; the third occurs in Oregon. In all eao;cs. the pond tun les 
are found at e levat ions above the high_water marl.; postulated for the 
Bretz floods when they raced through the sections of the Gorge 
wherc the tun les occur. 
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was litera lly bisected in the :lne ie nt pas t by the downcutting 
o f the Colorado Ri ver and the ere,l\io n of the Gn llld Canyon. 

Vo lcanism and orogeny. th rough time. havc also acted as 
;!gellts of geographic isolation. Holland notes. 

The uniqueness o f the geologic setting in the case of the 
Gorge turtles res ts on the precision wi th which the event C,1Il 
be timed. "With the Columbi:l Gorge anima ls:' J--1 olland e;r.;
plains. "we h,lve-hypothetically- a very n . .'ccnt event that we 
can determine with a high degree of accuracy. We nOt only 
know what physical event wo uld have produced isolation. but 
we also know when it happened . 

"When we look at patterns o f differentiation in species." 
Holland continues. "it 's rare that yo u can point out a specific 
geological event , and it's even rarer that yo u can point out the 
timing. This is o ne of the better documented cases we have." 

Holland says that it was hi s readi ng o f Cmllclysms on the 
CO/llmbia (A llen and others, 1(86) that provided the hy
pothesis that led him to hi s theory about the isolatio n of the 
"Bretz" turtles. 

To determine the e;r.;tent to which the Gorge Illrtles vary 
" Bretz pOlld II/rife.\''' ill Ihe Cofl/mbia River Gorge diffe r visl/affy from 

We.I'lem f)()Iu/ll/rl fe,l' ill c%r alld Ihe COllslmction of Iheir shells. 
from other pond turtle populations. Holland used a technique 

called "discriminate function analys is:' a stat ist ical system of calcu
lating how far certain sets o f variables deviate fro m olhcr sets. By 
measuring variables (such as the si:l:e of the inguinal shield) nOt 
re lated to differences in sex or age. Holland came up with 13 
variables in the Gorge turtles that. he says. set them distinctly apart 
from Western pond turtles. 

J Harle n Bretz. the geologist for whom the catastrophic floods 
are named, first noted the erosive force of a massive Plcistocene 
fl ood in western Washington which he named the "Spokane fl OO(r 
(Bretl. 1923). In subsequem papers. Bretl ollliined how a series of 
cataclysms about 13.000 years ago carved the Channe led Scablands 
of Washingto n. f,lthercd hundreds of hang ing vallcys and deserted 
plungc pools. and raft ed hundreds of efnlti cs (weighing up 10 200 
tons) as far south as Eugene. 

Many geologists now believe that as many as 40 floods may have 
broken out from ancient Lake Mi~soula. a Pleistocene lake in west
ern Montana formed (and reformed) when g laci al ice repeatedly 
pluggcd the Clark Fork River. The 500 mi3 of water that surged from 
the lake covered- at least in the largest of the f1 00d5-16.000 mi2 
ef Montana. Idaho. Washington. and Oregon and str ipped up to 
150 ft of soil and loess from portions of the Columbia Plateau. 

In the upper Columbia River Gorge, as John E. A llen puts it 
simply, "Anything under a thousand feet in elevation was wiped out" 
(personal communication. 19(3). 

Holland believes that the turtle populations high atop the basalt 
ridges of the Gorge may have narrowly e~caped the f100ds. which 
in some areas brought a I.OOO-ft-high wall of water racing through 
the Gorge. Sheltered and thus isolated. the turtles may have been 
genetically cut off from other populations by the disaster. says 
Holland. He notes that lhe nearest populations of Western pond 
turtles occur more th,1Il 60 mi away from the Gorge popUlations. 

Holland. who received his doctorate in 1992 in environmental 
and evolution,lry biology from the University of Southwestern Lou
isiana for his study of the relationship between geographic distance 
(and isolation) and morphological divergence in Western pond tur
tles. says he may propose naming the Gorge turtles after Bretz. 
Before the Gorge turtles would be accepted as a new species by the 
scientific community. Holland's findings would have to be published 
in a scientific journal and st:md up to scientific scrutiny. Oregon's 
only other native turtle, the painted turtle (Chrysemys picta belli), 
shares a place on the Oregon state sensitive species list with the 
Westcrn pond turtle. 

Holland says th;!t Bretz' work laid the foundation for his theory. 
which attempts to explain how Gorge turtles were differentiated 
from Western pond turtles in a process called "allopatric specia
tion"- the development of a new species through the geographic 
isolation of a JXlpulation. 

Isolation through geologic events is nothing new in natural 
history. Holland points out that the twO species of Kaibab squirrels 
now present in the Grand Canyon (one species on the north rim. 
one on the south) arc believed to have been derived from a single 
parent species. The gene pool of the squirrels. as the theory goes. 

"No mailer how I did the calculatiOn>. the Gorge tut11es always 
came up different," Holland explains. 

If Charles Darwin had known about the Bretz turtles. perhaps his 
principal fears in publishing 111e Origin oj SIJCcies would have been 
put to rest. Darwin noted in hi s 1859 text that the absence of 
intermediary links between species, in the geological record, formed 
a strong argument against thc theory of evol ution. (D(lrwin ciwtions 
from Darwin. 1958). 

Darwin staled that the record. due to its "extreme imperfection," 
fail ed to preserve evolutionary links between parent species and 
more recently evolved species. "Geology assuredly does not reveal 
any such fi nely graduated organic chain," Darwin s;!id. "And this 
perhaps. is the most obvious and serious objection which c;!n be 
urged against the theory." 

Darwin noted that the pri ncipal of competition made quick work 
of parent species. "In all cases, Ihe new and improved forms of life 
tend to supplant the old and unimproved forms." 

But Ihen Darwin never met the Bretl pond turtle. The Gorge 
turtles may. at the minimum. be considered intermediary forms. but 
their presence in the geologic record is illustr31ed in print. not in the 
strata_ The "Bretz" tun Ie-if eventually classified as a distinct 
species- may be seen as an extremely rare. clo~c link to a still-e;r.; 
isting parelll species. an animallhat perhaps would have relieved 
Darwin of his principal worry. 

Darwin would have appreciated the irony: the catastrophiC Bretz 
floods providing a near-perfect geological record in regard to the 
isolation of the Gorge JXlpulations- and the f100ds themselves being 
the cause of the genetic isolation, "We continually forget how large 
the world is. compared with the are;! over which our geological 
formations have been carefully examined:' Darwin noted. "we 
forget that groups of species may elsewhere have long existed." 
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Inflated basaltic lava - examples of processes and landforms 
from central and southeast Oregon 
by LlIH'l1!nCl' A. Chi/wool/' De.w:/!IIII!S Nmi()lw/ Poresl. 1645 H ighll'lI)' 20 t "'asl. Belld. Oregon 97701 

INTRODUCTION 
Much of the land in ccnlnll and southeast Oregon is relat ively 

nat notwithstand ing extraordinary examples to [he contrary. Wlwt 
procc.~scs ,I fe al work . ,lnd wh'll iandforms del/e loJ) in basa ltic lava 
thaI erupts onto these nat H.:rra ins? Fortunately, a number of 
young. acces-~ib le basalt nows offer relatively fresh. uncrodcd 
surfaces and landforms 10 study and enjoy. Road eUis. railroad 
cuts, :l1ld canyons offer cross-sectional views of the o lder. soil
covered ] .. vas in these areas. 
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Figllrt! I. £nell/ioll oj ixl.fUltie 1(lI"(ljie/ds diJCllsud in this (lr/ie/l!. 

Many of the youngest. highly nuid basaltic lava nows in eentr-JI 
aud southca~t Oregon show dist incti ve forms and St ruCIU rc5 that have 
resulted from impressive swelling, or infllition 
(Chitwood. 19R7. 1992. 1993a) (Figures 1-3). 
Beginning as thin nows only 20 or 30 crn (8- 12 
in.) thick. these lavas innated in complex ways 
to thi ckne~scs o f generally 1.5- 18 m (5-60 ft). 
Landsc:lpcs of low slope gradient. usually less 
th:tn 2°. allow these p.:lhochoc lav:ls tospre:KI OUt 
over wide are<rs and to develop cluOOrnte tube
fed systems. Flow rronL~. which initially advance 
rapidly. slow down a.~ thc I'lva fans oot. Eventu
ally. now advancc eeases when the strength and 
viscosity of a devcloping ernst cannot be over
come by intental hydraulic prCl,~urcs.l1ut molten 
lav:1 continues to tlow into the system. The result 
is intllilion. The ~urface Cillst rises, lilts, :lIld 
cT,u.;h in complicated pa\1erns. 

Brown, 1980). Jord.m Cr,llers (C;d;r.ia ,nul others, 1981:1), and Pot
holes (Jensen. 1988) (Figure 4. Tables I and 2). 

T he temt " infla ted lava" was coined in 1972 by Robin Holcomb 
(pe rsonal communication. 1(93) to describe fie lds o f tube-fed P.1-
hoehoe lava that had swelled at Kilauea Volcano. Hawaii. He later 
included inflated lava in a morphologic classification of lava flows 
aI Kilauea (Holcomb. 1987). O nly in the past few year.; hasdctailcd 
and e)(citing work begun on inflated l ava.~. Indeed. the tcrm is only 
now becoming known among gl."Ologists and volcanologists. Geo
logic uni ts described as "inflated 1:1\' .. ·· are .. ppearing in increasing 
number.; on geologic maps (c.g .. Kuntz :lI1d others. 1988). Inflmed 
lava hlls been observed 1I 10ng the spreading cClller of the luan de 
Fuca Ridge off the coast o f Oregon (Appclgate and Ertl bley. 1(92). 
M<l ny o f the lavas of thc Columbia Ri ver Bnsnh Group mny be 
infla ted (I'lon and Kauahikau:l. 1991: Sel f lind others. 199 1; Fin
nc more and others. 1(93). 

EVIDENCE FOR INFLATION 
In the you ng basaltic lava fie lds of cermnl and somheast 

Oregon. tilted slabs and surfaces of p:thoehne lava arc common. 
The ropy or smooth surfnccs o f these slabs suggest they formed 
in essentia lly horizontal positions. The slabs usua lly make up the 
sides of raised areas of lava. Clefts or big c rac ks fa r tOO large to 
be accounted for by contrac tio n during cooling often :Iccomp:tny 
tilted slabs. The tilted slabs. c1e rt.~, :lIld raised are:IS suggest 
swelling fro m within the lav:t 

On lavas recently en.rpted from Ki l;lue:1 Volcano. Hllwaii, meas
urementS of the surf<lces of Ilumerous tumuli show that swe lling 
from within broke and tilted the overlying crust. When the tilted 
slnbs are graphically made hori7.0ntal. the crustal pie<.'Cs fit nicely 
back together (Walker. 1(91 ). 

Holcomb (1981. p. 94) describes evidencc for inflation of lava 
during the eruption of Maun:1 Ulu on Hawaii; 'The site is ncar the 
south wnll of Makaopuhi pit croucr. where a large boulder had fallen 

Muc h of what is described and suggested in 
this llrticle hlls been derived from observations 
of the remarkable I:rndfor ln ~ of basal tic lava 
fie lds ;rround l1end, Oregon. ,md five b<rs.1I tic 
hlva fields of QU<rlcrnary age in central and 
southeast Oregon. The fi ve fields inclode Had
land~ (Bergquis\ and others. 19(0). Devil.\. Gar
den ( Keith and other.;. 1988; Chitwood. 1990). 
Di:unond Craler.; (Peterson :lnd Groh. 1964; 

Figll re 2. UIIlIIi/aling/lIIldscape ojillftlltel/llII'lll/olllinllled by 1'f('s.wf(' "llI/ew/I·. pl(l/eml 
pi/so WId Joil-filled f('.~itlulll depre.ui(m.l· (/JlIlllllluh /al'(/ fif'ftl). 
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onto Ihe mezzanine. A small lree had grown from the lOp of the 
boulder. When the initially thin pahoehoe now nooded the area. it 
chilled against the boulder. and where it was chilled il cou ld not 
innate. Innation of the rest of the now caused it to thicken about 4 
III ( 13 ft),leaving the boulder in the center of a depression. The walls 
of the pit have an accordionlike structure that developed at the site 
of greatest differentia l expansion .. ' 

On the Mauna Loa lava now of 1859. north of the Kona Airport 
in Hawaii. light·colored, angular rocks 8-25 cm (3-10 in.) across 
liner the surface in some areas. But you cannD! pick up the rocks. 
The lower part of each rock is encased by and firmly held in the 
pahoehoe lava. They achieved their present si tuation when the first. 
thin flows surrounded them as they lay loosc on the old. pre- l 859 
surface and encased them in a thin crust. Subsequent inflation of the 
flow carried these rocks vertically upwards 1.5-3 m (5-10 ft ). 

Figure 3. Air photograph showing several inflated flow units and 
feature)' (5 /IIi northwest of Upper Cow wke, Jordan CrlIleD·lavajield). 

Lavas from thc Puu 00 eruptions of Kilauca Volcano in Hawaii , 
which began in 1983, have enc ircled metal fence posts. cars. traffic 
signs. parts of incinerated homes. trees. and coconuts and carried 
them aloft 1.5- 9 m (5-30 ft) as the lava inn'lted. 
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Figure 4. Overview //laps of lawljields discussed ill this article. NOIe low slaIN! gratiiellfs 
in eachjield. 

Lava flows have been observed and meas
ured while inflating. but the rate of inflation is 
so slow that ,letual movement is seldom seen 
(Hon and Kauahikaua. 1991). 

RHEOLOGICAL AND MECHANICAL 
BEHAVIOR 

The ability of basaltic lava to inflate without 
rupturing depends on its rheological properties 
(i.e .. properties pertnining to deformution and 
flow) at sub-liquidus tempermures. Above the 
liquidus. lava behaves esscntially as a viscous 
(Newtonian) liquid. But below the liquidus. the 
rheologic prope rties are dependent on time and 
motion (Murase and McBimey. 1973; Hulme, 
1974; McBirney. 1984; Dragoni and others. 
1986; Solomatov and Stevenson. 1991). That 
is. lava held at a fixed. sub-liquidus tempera
ture will have different viscosities and diffcrent 
yield strengths depending on how long the lava 
is held at the fixed temperature and how vigor
ously the lava is stirred. Viscosity and yield 
strength can increase greatly with time and 
with lack of stirring. Apparently. networks of 
atoms. molecules. and crystals grow and inter
act if allowed time and lillie disturbance. 

For convenicnce. although vastly oversim
plified. lava between the liquidus and solidus 
temperatures is in a zone here called the "zone 
of crystallization." For a slowly cooling lava 
lake of tholeiitic basalt in Hawaii, the zone of 
crystallization occurred between a liquidus 
temperature (100 percent liquid) of 1.21O°C 
(2. I 20°F) and solidus temperature (95 percent 
solids) of about 980°C (1.706~F) (Wright and 
Okamura. 1977). 

The potential for lava to innate depends on 
the development of a tough. plastic region of 
high viscosity and yicld strength that encloses 
lobes and sheets of lava (Figure 5). This plastic 
region thickens as molten lava cools conduc
lively from its surface inward. The plastic re
gion is within the middle of the thicker. migrat
ing zoneofcrystallizution within the lava flow . 
As the lava loscs heat. the zone of crystal
lization thickens and moves inward at a rale 
approximately proportional to Ihe inverse of 
time squared. The zone of crystallization con-
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Figure 5. e lvss-sectiollal diagram of illflating laI'a. A 10118h, 
plaslic region .mrrowuls Ihe lIIolten region (/Iul limilS le(lkl18e {/luI 
breakollls. Duril/g iliflmion. all zanes Ihicken. cOlI/raelioll cracks 
lel/glhell. brillie CfUSllilIS. lI/uJ clefts O/Jell. 

tains a wide range of crystal-to-meh proportions. 
The rheological ond mechanical propert ies at different places and 

tim e.~ in the zone o f crystalli zation will be strikingly di fferent (Figure 
6). The hotter, inner part of the lOne contains few crystals and 
behaves esscllI ia lly as a viscous liqllid . Th is region ~as liule or no 
yie ld strength, as evidenced by the rise of gas bubbles where lava 
has ponded. In the lava lake slUdied by Wright and O kamura ( 1977). 
bubbles eeased to rise when 55 percent crystals had fonned at a 
temperature of 1.0700<: (I .870°F). 

The middle part Of the zone of crystallizat ion. the plastic region, 
contains a substantial percentage of crystals and behaves as a plast ic 
wi th high viscosi ty and high yie ld strength. This materi al ho lds its 
shape until ~ sufficient ly I~rge foree overCOmes its yie ld strength, 
and the material begins to slowly bend. st retch. or flow. 

The cooler. outer pan of the zone of crystallization contains a 
high percentage of crystals. behaves as a brittle solid. and fonns a 
croSt over the plastic region. It fractures during cooling when ten
sional stress from contr.lction exceeds tensile strength. Blocks and 
columns of this brittle erosl. which result from the fractu ring, 
interlock. to some degree and may support modest tensional forces. 

DISTRIBUTION ANI) INFLATION 
Fields of innate<! lava are highly comple);, hydrodynamic sys

tems consisting of hlrge numbers of flow units, most of which have 
inflatcd. An inflated flow unit is a region that has swollen or inn:ned 
to many times its original thickness. It possesses a relatively inde
pendent static or dyn:unic pressure regime and often develops from 
the breakout.~ or leaks of other flow units. Systems of innated flow 
units spread out alongside, over the top of. and downslope from 
older systems. 

Where lava pours from a breakout along a lava tube or an 
inflated feature, it floods an area by flowing and spreading rapidly. 
As it fans OUt, the velocity of the flow front decreases, and advance 
by flooding changes to advance by budding. Budding describes a 
process where small tongues or toes of red, rounded lava 10-20 cm 
or so (4-8 in.) in diameter break out. or "bud." from a crusted now 
front (Figure 7). A toe emerges with a plastic skin that stretches as 
the toe elongates. A erost quickly develops and thickens, fonning 
II rigid shell. and the toe ceases to advance. But increasing hydraulic 
prcssun: wi thin causes II weak spot to distend and ropture, and 
another toe develops. The rate of advance by budding is quite slow, 
often on the order of 3- 30 m ( 10-100 ft ) per hour. 

Flow units advance and inflate in at least two general styles: 
conti nuous and discontinuous. A continuous series of processes 
characterizes the COll tinuous style of advance (Jackson and OIhers, 
1987). In the continuous style, the flow advances by budding (Figure 
8). Toes and small lobes oflava branch and advance in all directions, 
while initia lly creating numerous. temporary kipukas (is lands sur
rounded by other lava). The toes and small lobes run into and 
alongside each other. fuse. and coalesce. Lava passes through this 
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Figllu 6. Physicnl properties of iJifl(llifl8 basallic 1(II'il. The :,olle 
of cryswlli<llfiO/r (where liquid chul/ges /0 cryswls) desct'lu/s and 
thickells as hem is losl frolllihe sllrjllce. Pro/Jerties til (Iifferelll 1,luces 
imd limes withill this W ile lI'il/ be strikil/gly diffen'llI. 

Figlfrt! 7. This 1990 I(l\'afiow ill Hawaii odl·ol1C1'll by bllddil/g as 
ilj10wed across Road 130. 1.5 kill (I mi) west ofKalil/HuW fOwl/sile. 
AU/ of I,je", 10 the left. the lava illfltllcd IU 10 limes the thickness of 
rhese buds. NO/e pemly 011 clou.\·/ budfor .\"Cale. 

interconnected maze, until the rigid septa (thin walls) between lobes 
become plastic by reheat ing. Hydraulic pressure then lifts a thicken
ing cruSt upward. The septa pull apan as the flow inflates, and the 
interior of the lava flow becomes a more or less continuous molten 
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front adwlllus slowly by butkling ofpohoehlH! tots. 8. Seplo befll't'tll 
toes (1I1(I/t"",5 par/ially remelt: lOts omllllbts coo/e)'ct. C. SepIa pllll 
af)(lrI, (III/I flow ilrjlotts. D. S/(lw,"wving (Illd Slilg/ulni !?gions .lOlidi/)'. 
..... hile molltn regions become confined IObraidtd comJuiu. E. Mollell 
/(11'(1 cOIljintd to (}fIt or ,wo conduiu (i(lI"(lluw-sJ. which rtinflate /0 
c"ate ("/Will oftumuli and P"'SSIlrt! ridges. 

region. t aler, this inflaled region develops bnide<! lava lubeS. E\'cn
lually. as additional regions siagnate and rlttle. only one or IWQ lava 
lUbes may remain active. which can reinflate to creale a chain of 
tumuii and pressure ridges. A large area call be covered in such an 
inflated lava sheet, but in the field. unless the sheet is drilled. link 
evidencc may exist to suggcst that inflation has occurred. 

In the discontinuous style of advance, an active flow un it spreads 
over a widcning sec tor o f land. advance evcmually stops, the flow 
unit inflates and then ckvclops onc or more breakollts. Lava from 
the breakouts becomes the 500rce for subsequent flow un its. Break
outs seem to be sustained only w~n lava actively flows into an 
inflated flow unit and provides ~umcicnt hydraulic pressure to 
maimain open cracks at breakout points. Inflated now units can 
deflate catastrophically when a large breakout drains t~ unit befo«: 
it gains structura l integrity. Such draslic fa ilures appear uncommon. 

Routinely. the advancing lava develops inflated flow units that 
do not Icak. Lava does not pass through them to feed downstream 
flow units but forms lava ponds po:rched on the land surface. 

In Hawaii. large lava tubes that feed systcmsofinflated lava have 
been observed to fill and drain rcpeatedly. Measured clevations 
across the surface abovc thcse tubes show a corresponding and 
significant rise and fa ll (Kauahikaua and others. 1990). If a main 
tube remains drained for several tens of hours, the smaller hranching 
tu bes (\own stream beeome clogged with frozen lava. Refilling of the 
main tube may result in large brcakouts from which new inflated 
systems develop. 
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T he style of advance of a developing flow uni t can change 
between continuous and discontinuous as topograph ic features 
influence the path and velocity of advance (Figure 9). Spreading of 
an aCt ive flow uni t may be di vergent . paralle l. or convergent. If 
di vergcnt. the \'e locity of the flow front decreases as it advances 
into a widening sector of land. The flow will tend to advance 
discont inuous ly_ If parallcl, the sides of the advancing flow un it 
remain roughly parallel. atKIthe ve locity and style o f advance will 
tend to remain constant. If convergent. the ve locity increases as thc 
flow thickens and advances into a narrowing sector of land. The 
style of advance will lend to change from discont inuous to continu
OU$. In fie lds o f inflated lava. dctermining what style o f advance 
occurred. what is or is nO! part of a now unit , and how an inflated 
feature is connected to another is usually difficult and orten impos
sib le. However. places exist where these connections and the results 
o f proce.~ses are wdl displayed. 

Row units that display a great range of widths can be traced 
rou tinely. Along its course, a single flow unit may consist of a web 
of one or more tumuli. pressure ridges, pressure plateaus. and narrow 
connecting channels. Notably_ the narrower places arc less inflated. 
Resistance to inflation in narrow regions is related in part to the 
radius of curvature of the condui t (lava tube). If the conduit is 
thought of as a pipe. then the tensi le force that develops in the pipe 
wall is proportional to the radius o f the pipe for a given hydraulic 
pressure. The yield strength orthe plastic region in the conduit wall 
is often sufficiently high to reduce or prevcll1 sl r<::tehing. 

Fields of inflated lava in central and southeast Oregon show a 
genera l organizing charaCteristic in which a wide. central . in!l~ted 
flow unit that advuoced in a continoous ~ty le is L'Onnectcd 10 and 
flan ked on one or both sides by numerous inflated flow units that 
advanced d iscontinuously. 

VESICLES ANO FRACTUR ES 
In vertical CT"OSS SC"C1ions of inflated now units, jXlllems of 

\'esicles and fractures offer insight into processes once active (Figure 
10). Inflated flow units display three ves icle zoncs (Aube1c and 
others. 1988). ln the upper vesicular zone. the abundanceof\'esic les 
de<:reascs, and vesicle size increases. with depth. At the top of this 
l.one. vesicles can account for more thnn hnlfthc volume of the rock. 
Within the middle nonvesicular zone_ vesic les are rart (except for 
vesicle cy linders, vesicle sheets. and the microvesicles of diktytax i
tic tu tu re). In the lower vesicular zone, the trends of s i~e and 
abundance are reversed compared 10 the upper 7.one. This l.one is 
thinner Ihan lhe Ilpper ~one. seldom ucteding O.S III (\.S ft). 
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Table I. General descriplimu ofbasallic la"afields discusJed in Ihis anic/e 

(U Rits) lIadlands l)coyil. Garden Diamond Cnters Jordan Craters Polholes 

Slope (') 0.8 06 0.5 0.9 0.5 

,,~ (tm2) 75 86 " 65 65 
(mi l) (29) (33) (26) (25) (25) 

Volume (tm' ) 
" 

U (0 (0 0.96 
(mi l) 10.341 /0.31) /0.24) (0.24) (0.23 ) 

Thickness ' (m) " " " " " (0) (62) (50) (50) (50) (50) 

A,. (yr) ]00.0001 20.00IY l1.oool 3.200' 5O,00Y 

, Eslimal~"<l . 

1 Estima'ed age. lhi , "'pon. Ilawkins and OIhe~ (1989) r"porI a K_Ar age of 700.000. Howe,·e •. the Bend pumic~. approximately )70.000 yr old (Hill and 
Taylor. 19901. underlies Radland~ lavas. 

1 Hydralion rind age date (Friedman and Pelerson. 197 I. p. 1018) . 

• Radiocarboo age (Mehringer, 1987. p. (0). 

Table 2. Major eleme'" chemistry for hasllits discussed illl/,is aniele. in percelll (FeO* '" 10111/ Fe expren-I!d III FeO) 

Hadlands' De"ils Garden' Diamond Craters ' Jordan Cratersl Potholes' 

SiOl 5036 48.88 47.74 47.45 49.28 

Alz0 3 17.29 16.51 17.62 16.15 11.17 

,.0' 8.65 9.47 9.82 10.45 9.27 

MgO 8.45 9.49 8.61 909 8.72 

MnO O.IS 0.17 0.17 0.17 0.17 

e.o 9.6 9.77 I l.53 9.77 10.17 

Na10 3.41 3.31 2.86 3.07 3.09 

K,O 0." 056 0.3 0.69 0.53 

110, 1.28 1.48 1.17 2.38 1.28 

1'10 • 0.25 0.36 0.17 0.27 0.32 

"lotal 99.98 100.00 99.99 99,49 100.00 

'This anide. Run 1391 . 28 Scp 91. Wash. Slate University. Elements normalized on a volatile·free basis. 

I Han and Merlzman. 1983. p. 16. 

The upper vesicular lone develops as bubbles nucleate and riso:: 
in the flowing. molten lava. Tbe bubbles accumulato:: under the 
thicko::ning cruSt and become trapped al progressively grealerdepths 
(Figure lOa). The thickness o f this lOne is primarily controlled by 
the length of ti me that gas-saturated lava flows through the un it 
(Cashman and others. 1993). When the flow rate decreases. the mte 
of bubble production decreases. Changing flow rates and pressures 
modulate the rate and SilC cf bubblc production. These flUClUations 
in flow rate and pressure are recorded as layers poorly or richly 
cndowed with vesicles. A flood of bubbles can accumulate aM 
coalesce under the descending solidification front to form gas pod
ets and cavernous layers. An alternating sequence of bubble-poor 
and bubblt:-rich regions can impan a st riking layered apptarance 10 
the upper ves icular zone (Figure II). Similar-looking but unre lated 
cavernous layers may develop when the level o f lava in a lava tube 
or inflated unit temporarily drops and a ncw. th in erost deve lops in 
the open space (K. Cashman. personal communication. 1993). 

In the lower vo::sicu lar zone. most bubbles Ihat nuc leate here ri se 
before becoming trapped in tho:: upward-moving solidification front 
Consequent ly. this lone is much thinner than the upper zone. 

Diktylaxitic tex lure. veskle cylinders. and vesic le sheets are tlte 
primary features of Ihe middle non vesicular zone. ("'Nonvesicular" 
is apl only in the sense that few or no vesic les arc visible when a 
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rock Outcrop is viewed from a distance of 1- 2 m (3-6 fl).) Diktylaxi
tic texture often ex tends beyond the middk lone to wi thin 30 cm ( I 
ft) or so of the t()p and bottom of the flow unit. This diktylllxit ic 
texture pervades most inflated basaltic lava of late Teniary and 
Quaternary age in central and soutilcast Oregon. Fuller (193 I) first 
described and named diktytallitic texture when he encountered it in 
the Stct:ns Basalt in southeast Oregon. The textu re is characterized 
by numerous jagged. irregular microvesides bounded by crySlals 
(most ly plagioclase). some of which prO(fude into the cavities. 

The first episode of gas exsolu1 ion from the lava created the 
bubbles of the upper and lower vesicular zones. A second episode 
created diktytaxitic texture (Figure lOb). The microvesiclt:s develop 
as dissolved gases concentrate in the liquid pan of a cool ing inflated 
flow un il. At a critical concentrat ion, the pressure of exsolving 
vola1iles exceeds the mechanical strength of a growing crystal net
work (Chitwood. 1993b). The gas pressure creato::s microvo::sicles by 
distoning. rearranging. and opening up the crystal ne twork. The 
microvesic les interconnect to a large degree. and at 1he moment of 
interconnec1ion. gases ga in sudden access to the atmosphere through 
a vast network uf previously formed and interconnected mierovesi
des. IntO::TConnection allons growth of the microvesicles. At the 
Badland~ and Potholes lava fi elds. diktyl311itic texture accounts for 
approximately 10 percent of the volume within inflated flow unit s. 
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ga.\'CJ ('.!JOI"f. {lml jm(-Wrn d"l'd"" ;n IIrm"n/! IIwl d"I!<'tI(l/ar;.:dy "" lire 
meciumi<,<,il'ropt'J"lin ill dijji.' rCIII p/OCl'.t and limn. lOa. Upper mrd /m\'{' ,
\,t'.\'i,-/" ::mlt'S .I:ron· ""'y ",he,-!' 8",-· ,I'{/I/1I"(lIe'/ 101"(' ('ont"i", /I',U (/UIII 111" 

pm.rimm.-/y 50 pern'lI/ <'fn talJ'. 10/,. ,1/icml '",idl'.I' ,~r diI:IY'axil;,- I<'.," ",e 

IIIIe/nlle fIIul }lWlI' alii.\' '''''''Y(' klll'-.f(I/III"II/ed {""/I CmllilillJ' more Ih"" 

Gl'l'ntXillllllcll' 50 PI."~·c"l cn'Jla/s. 10c. Coo/ingfraclIIlY'.I dn'dop joI/Uld"J.: 
. wlidiji' .. ,,/ion. Illilial raJ'iil {"(,p/ill/!. ,mulllu's d",,"'." sl"w,'d fraclllrc's: 
Jto " '" r ,-,,,,Iill/!. product'.,- mort' 1I";,I"h _'f"wed In" '/IIn'.' , 

Diktylax itie texture appears to predispose basaltic 1.1\'.1 
to ca"eru(lU, "nd honeycomb weathaing in ccntr~ 1 and 
southeast Or,\goll. especial! y where mi<:rove~i ck~ are "bulI
d~ lI t (usua lly li ftup c<lves <lod inflat ion deft~) (Figure 12), 
A crude re lat ionship is appal\!l11 betwttn age of la\"a and 
degree of c;!vernOliS wcmhering. Fur example. at the Jordan 
Crale~ 1;lVa field, w ... ~ t hcri n g has rcmovcd 1I1l to 1 J mmlO,5 
in.1 of la\"<1 inloc,,1 ;Ireas. while at the B,uj land, la l'a field 
up to 1.2 m (4 fO hal'e been remol'ed. Badl"nds 1.1".1 is about 
100 limes older. 

Frw.:ture P;!ltern~ deve lop in inOated la\";1 from ten , ional 
., t re~se~ due to contra(:l ion during \'oolillg (Aydill and ~
Graff. 1988). Two fraelU!"\! wnes are notable (Figure lOe). 
The upper " lucky zone con~i st s of c lo,ely spaced (racturcs 
and shol"1. ,tuhby bloeb and columns. These "'~\lh from 
steep I herrnalgrHd i ~ nt' near the lOp "fO",,' uni ts thm "I\!atc 
strong. toc<l l stres>es during and fullowin); !>fI l idifie~tion. 

These stresses may intnact "ilh vesic le- layered lava :l.IId 
pmd,lCc qriking platy and hlocky layers , 

In Ihe lower columnar zone. d istance between fractu res 
ill(;n:a""s where Ihc Tl ll<11 gradients are less and str~,,'es mm~ 
widclydistributed. Herc. lal'';;c . widc. crode \.'o lumllsdtvelop 
lh~t are o ften 1,5 III (5 (t) or w in di:'l mctcr, Thc notnbly low 
strength o r .Jiklytaxi tic lava may prc\,cntthe dC"c loP111(;nt of 
the well ,o",;aniJ.e.J, ~lender, pri,malic ~o l ll mn~ ,'hara(;t,'riSlil' 
of many flows of the Columbia River Ba~:lh Group. 

LANDF{)Rl'I'IS Al'\" J) ST RUCTUR";S 
In tlat ing la\"a devclop~ di"l il1l't ivc morphologic fcat urc~ 

as well as an cndlcss \'<l riety of hl1mmuc:ky and ,'h"ut;" 
fcmul\!, nOi easi ly described (Figures 13 and 14), 

The fol lowing arc dc'niption .; of distinct i vc and common 
I~ndf<)rrn~ and ,'tructu re~ found in lic ld .. "I' intlated I"va, 
Many have ho:en described pre,'ious ly ("-I; .• W,'ntworth ,Uld 
M<K:donald. 1953). but thdr origin was poorly known. S~v
era( landform, de~cribcd hcre h3\'c nOI hern pl\!\' iously 
nam~xl. They includc rmaled ,'n,s!. pbtcau pit. liftup ~;l\"e, 
cX I", ~ion w<ll l, and d~tlation la\",\ ~avc . 

Ruta ted c rusl is a ~ohertm s]"b or block of la, a (;rust 
lhm has been ti lled or rotated , Crustli l !~ or rotates wherev~r 

inflation is greater in one "rca than in 311 adjacent area. Since 
(he axis of rot al i on ;, not a lway,~ hmit,on.,,1 or tixed, the term 
"rotaled" describe~ Ihe movement of th ... ~rusl more a(;cU
ralely lhan "t ilted," 

An infla tion cleft is an c longmcd crack or clcfl on tbe 
,urfaee of inflated lava and develops during hl'nding and 
till in); of la\a (;ro ~t (Walke r. 19911. The opp<"ing walls of 
a de li rn ~tch upe~ccpl low ill tht cleft. where widcning ~nd 
deepening t ake~ plncc in the p lastic I\!~io n, At the bonom of 
the ddt. l1Ioll<'n la\'a ~"111ctimc< Icaks or hr~ak< out. AI<o. 
squl't'ze-ups of sel1li'rigid I~va C'1O he for.:ed 0 111 ill iUlpr~s
si\"C wedges (ri~u rc 15). 

A IUmulus is a circular or 0\'.11 mound of inl1mcd la\"a 
with rnt" ted sides ,111(1 usu~l l y a medial in11ation cleft I Fig
Uf<' 16). M;I11Y tU11lHI i huv~ ( WO or mo!"\! in11ation cldts. AI 
Olhcrs where nn d eft for11l~ , extension or ~preadillg "pan of 
the hrink surfac:e during in11"tion is d iSlribuled ,,,nong 
nUlllcrnus sm~ 1 1 cont raction frnC1Ure~. A IHmlJius dc\'el llp~ 

o\'er plIrt of "n "ctivc, filled lava tnt>.:: under enougb pressu!"\! 
to fom! it, roof upw"nl, A highly el' )llg'ltcd IU11luius gwdes 
into <I pressure ridge. MOSI IU111Uli are 1.5- 6 m 15- 20 ft) 
high, but Badlands Rock in tile Badland, l:ll '~ field is 30 m 
{iO(] 1"0 high. 

A pressu l"(' rid}:c is a rd ,ui\'ely narrow bl1t long ridge {It 
inllmed lava wilh sides thai hal'c Ix,"n uplifted and mtated 
out"'ard. It forms abo"r an a\,til"e. o\'erp!"\!s~un:d 1:.1'.1 tube . 
Csually. one or more inllntion delis dcvclop lengthwise 
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Figllre II. Clwllgillg pressure {lild (I/Iemming IXI/clles of gas
salumled amlllll.wluflIte(1 1t11'1I crearefl Ihese vesicle-rich alld ~·e.l"

icle-puor layers lIet/r (IOWIlfOWII Beml, Oregon. Heighf of oil/emf' i~' 
1.5 III (5fl). 

Figure 12. The presence of diklyllLri/ic /exlUre may prel/ispose 
inflated Ixlsa/lic /m'lI /() cavernous lIlt(1 honeycolllb weathering (n,e 
Caslle. Badlllllll~·I(I\·afleld). 
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Figwc 13. This pahoehoe /(lI'a flow from Kilauea Vo/cw/(). Ha
waii. ilif/med after burying p(ln of Higl!\wly 130 (.wwhwe.w of 
Kala/xII/a IOI ... nsife) ill /990. Illilililflow lohe.l· film cm.\"~·ed the mad 
were fhin, .I·imi/at" to the Olle 1I1 far left foreground. The II/Olphology 
of illjlmcfl !am ofte/l lIPIJimrs 1u/IIIIII(x:ky alit! (;IIlIO/ic as seell here. 
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Figure 14. Gelleraliz.efl llrawing and cmSJ ~'ec/iolls (iepiC/illg 
COIIIII/Oll lalll(forms t/nd .\·/mClures of ilif/(l/ell l)(lsallic ItII'll. 

along its crest. (The term "pressure ridge'" is also used to describe an 
elongate uplift or lava caused by a compressive crumpling or ems!.) 

A pressure plateau i~ a broad, extensive area or innnted lavn that 
has a horizontal or subhorizontal, elevated surface and sides of 
rotated crust (Figures 17 and 18). Inflation clefts usually develop 
around the perimeter of. and somet imes in, the elcvutcd surrace und 
in the rotated crust. The nat. elcvatcd surface represents hydrostatic 
eqUilibrium when the pressure pbteau possessed a molten interior. 
A pre~sure plateau can extend latemlly from several meters to more 
than 1.5 km ( I mi), and its thickness can mnge from 1 m to more 
than 2 1 m (3- 70 ft). 

A residual depression is any closed basin within a fie ld or 
iunaled lava that has sides of contClllporant.."OllS lavll (Holcomb. 
1987). These depressions arc common and vary widely in size. 
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Figure 15. EX{l/II{Jle of sqlleeze- llps. These g roOl'ed I""<lges of 
{XI.,·/y lam were extruded ow oflhe Imllam of WI ilifTalioll cleft. Olher 
squeeze-up)" /IIay be bulbuus. lillem: will )"1I/0()//i. Pell is 14 011 (5.4 
ill.) 10llg (Dails Gardell lal"llfieid). 

Figul1' 16. Thi.,· lu/IIulus. like ollier-Illlllllii. del'elo{Jed illlile mof 
of (I Im ·a wbe flVlII Ihe pressure of Ihe mullell lal'{/ wilhill Ille wbe. 
NOIe injlm;on dljl (111// mt(lIf'(I .,·ide~· (B(I(J/'Illds 1(/1"(1 fiell/). 

Fi/-iure 17. nle xwface of Illis pressllre plateall stands lIearly 18 
/1/ (60 ft) (Ibol'c IIIe slIrmundin;.: lal1dsmpe. II WII.I" raiselillp by 
lip/millie: {He~·.\"IIre of /l/ollell lam III{/( once IlfItlerillY Ille elllire 
fealllre . Note Ihe wide injlation deJI 111(11 eomple/ely .wrrlJllluls the 
elel'tlle<l block (n/(' C(I.I·lle. Badlalld.5Im'{/jield). 

"-igll re 18. Side oj a pres.mre pia/elm. 1hi~· /(lI'a ilifTalcd /0 a 
IhickneS.5 oj 18 m (60 JI) from WI illiliallhickness oj perhaps 30 ell1 
( I JI). Tile side i .Y (I series oJslabs oj mlaled £"I"IISI. NOle {JefSOII al Jar 
righl Jor scale (Polholes {m·a ftc/d). 

ngllre 19. Exalllple oj tI p{a/eall I,il. 'I11C~·e IJil~· tlerelop wilhill 
pressure 1,lmeall.1" til ~·iJes Ihal do 1101 ilifTole. P/(l/eorl pils were 
origilwlly called col/apse depres.yioll.'·. which ill II/rm r:tIse.\· illcor
reclly slICgeSI fheir uri;.:ill (Badlallds 1{lI'lI field) . 

Figllre 20. Exllmple oj a liflllP em'/'. Cill't'flisform aloll!, COIICare 
etlge~ offlolV IIlIilS where bl(){;/{s WIt! culum/ls oj ("I"/ISI (Ire {·Oll/pressed 
alld IIplijied during illjlalioll. "Hlis liJlllp 1·III'e eXI/:Ild.,· 7.61/1 (25 ji) 
horizrJ/lllllly IXlckjrom lilt' t'lIIrtlllCe (Potholes lal"llftl'id). 
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What begins as a minor. shallow low area often 
becomes an exaggerated and deep depression as 
the surrounding lava inflates. Residual depres
sions usually form where inflated flow units in
termingle. A subsequent flow unit that fills and 
inflates within a residual depression can turn the 
depression into an e levated. positive landform- a 
kind of inverted topography. 

A pla teau pit is a residual depression com
pletely within a pressure plateau (Figure 19). II may 
be circular or irregularly shaped with steeply slop
ing sides. A plateau pit isa region within a pressure 
plateau that did not inflate. The pit floor did not 
inflate due to a minor. preex isting topographic high 
area that either was not covered with lava or not 
covered to a sufficient depth to inflate with the rest 
of the lava of the pressure plateau. 

Figure 21. uampleofalJ extrusion wail. The back wail of a liftup cave slowly extrudes 
at (j stee/,angle out of the plastic region. It often displays grooves and has the appearance 
of draperies. Some extmsionwails are lIot associated wilh iijtup cill'es. NOte rock hammer 
for scale (8(1dlands 1(I ~·ajield). 

Most feature s called collapse depressions by 
many earlier geologists are now considered to be 
plateau pits. A collapse depression was be lieved 
to be a col lapsed part of the roof of a lava tube. 
Ironicall y. Hatheway ( 1971 ). who did a major 
study of collapse depressions. noted that "acces
sible tubes are extremely rare in terrain of col
lapse depressions." 

A lava tube is a tube-shaped conduit within a 
solidified lava flow that isactively transport ing lava. 
is plugged with solidified lava, or is open because 
lava drained away. Lava lubes form in two major 

Figure 22. Example of accordion struclllre. During illflation. (I 

series of lifwp caves fonn one Ullder lhe OIher ill lire cominUOl/sly 
concave and circular walls of this plateau pil (Manatee Pil, DiamOlld 
Craters). 
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ways (Wentworth and Macdonald. 1953). On steeper slopes (> 2°), 
lava flowing in an open channel develops a crust that becomes the 
roof of a lava tube. On gentle slopes « 2°). conduits develop unseen 
in the complex distributary systems of inflated lava (Gillett and others, 
1991) (Figure 8). Lava tubes that fornl in field s of inflated lava tend 
to develop from multiple, interconnected, and adjacent conduits. 

Other important features of inflated lava are related to the shape 
of the edge of a flow unit. The slopes above the edge often react 
differently to inflation, depending on whether they occur along 
concave, straight, or convex edges. 

During inflation at a concave edge (looking toward lava flow), 
the slabs. blocks, and columns of crust thm make up the uplifting 
and tilting sides of pressure plateaus and ridges compress to fonn a 
more or less rigid, curved block that rises as a unit . A cavern, called 
a liftup cave, may open up under the rising block (Figure 20). The 
back wall of the cave, an extrusion wall. extrudes at a steep angle 
out of the past)' crystal mush of the plastic region (Figure 21). 
Sometimes. extrusion is cycl ic as inflation proceeds by discrete 
uplifts, as evidenced by chauennarks or small ledges thm mark each 
period of quiescence between uplifts. In a circular plateau pit where 
the edge of the lava is continuously concave. liflup caves may 
completely encircle the pit floor. Usually two or more liftup caves 
develop sequentially, the newer fonning under the older. A group of 
such caves compose an accordion structure (Holcomb. J 981). a 
feature roughly analogous to horizontally oriented pleats in the 
bellows of an accordion (Figure 22 and 23). 

Along straight edges. one or morc inflation clefts may develop 
approximately parallel to the edge of the flow at the top of the rOlated 
sides of pressure plateaus and ridges. 

Above convcx cdges, groups of slabs. blocks. and columns of 
crust may spread apart during inflation. Pic-shaped wedges of ro
tated crust alternate with inflation clefts. 

A deflation lava cave fo rms when molten lava partly or com· 
pletely drains from an inflated feature such as a pressure pl ateau . 
The rigid exterior of the feature remains eS!lCntially intact. A defla
tion lava cave is distinguished from a lava tube by a lack of cave 
lining and smooth, frozen flow features. However. drainage from 
inflatcd features is uncommOn. 
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Figufl' 23. Generalized crol'S H!Clion Qjplull.'lll< pil in "-;gllrl' 22. 
Tile posi/ion of n/rlHiml walls shifrs diJ'comi,mously (l1J(1 {li/emarc/.\' 
fromfronllO i}(lc;k tJjeJel'e/opillg 'ijiupcan's. Cooling {lIld thicken ing 
of lire floor of each ( (In' ("(lUse it 10 (Illacil 10 the txm,sion .".,,1/ //I 
the bu("k oflhe C(/l'(1 (I'll/ be lifted up. 

SUMMARY 
High.ly fluid lava !lows of basalt in c~ ntraJ and somheasl Ore)!on 

developed disti nctive landforms and interna l structures and tex
tures when they crup.ed OnlO landscapes of luw topographic gradi 
ent « 2°). These lavas swelled or inflated 10 several times their 
initia l thickness. Exce llent examples of inflated lava can be fo unu 
in the well-presen'cd Quaternary !;lva fiel ds of Badlands. Devils 
Garden. D iamond Craters. Jo rdall Crakrs. a nd Potho les. 

Lavas in tht'se fields spread and divided in cumplcx. lUbe-fed, 
distributary system, . The advancing front s of acti ve flow un its 
slowed as Java sprt:ad into widening sector.; o f I,md. The lava 
e"cntua liy ceased to advance when il developed sufficient st ren gt h 
due 10 co()1ing to resist cont inued mo.-emen!. The ab ility of this lava 
to inflme dependtd u n the developme nl of a strong, pl;lstie region 
within Ihe la va. 

An inflated fl ow un it develops in the wake of a slowly advancing 
fluw fmnt, whic h consi~ts o f 3 m37.e uf p<l hochoc toe.~ and small 
lobes that progrt'ssively coaksc.:. imcrconnel:t, deve lo p into a con
tinuous ly mollen reg io n. and then inflme. 

Within inflated fl ow units. three vesicle zones develop fro m 
gas-sa lu rated lava: the upper vesicular w ne, middle non ves icular 
zone, and j(lwer I'eskular lOne. T ile thickne~s of lhe upper vesicular 
zone is relaled 10 th.: length of time that lal'3 flowed Ihrough the unit. 
In the middle nonvesicular zone. diktytaxilic texture, vt'siele cyli n
ders. and vesicle shct:ls a rt: common . Likewise. three fracture 70nes 
deve lop in respons.: to eool illg rates: the upper hlock I.one, middle 
column w n<: , and lower block zone (often abse nt ). 

Inflation of lava produced d i:;t inctive landforms and structures 
inc ludi ng tilted and rotated crust. inllation cl<: f1s. tumuli. pn:ssure 
r idges, pressure plateaus, pl,lteau pits. residual depress ions. liftup 
caves, accordion struc tu res. cxtrusion walls. sq u<ltlze- ups . lav~. 

tubes. and denation lava caves. Tumuli, pressure ridges . lind pr~ s· 
sure plateaus stand typical ly 1.5- 18 m (5 - 60 ft) above the ir imme 
dial<: surro und ings. B adlands Rock, a 30-m (I OO-ft )-h igh turnulus 
in the Badlands la va field. is tile tallest known innatcd feature in 
central and southeast Oregon. 
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BOOK REVIEW 

Beautiful scenery Is geology at its best! 

A review of Ne .... berry NatiQlIU/ W>/can;c M (}fIumen/; (In Oregon 
Documentary. by Sluan G. Garrett, 1991. Webb Research Group. 
Medford, Oregon. 125 p. 

by Lanny H. Fisk, F & F GeoResource Associo/es. IlIc" 
66928 '*.sf llighway 20. Bend. Oreg(m 9770{ 

Oregon's newest National Monument now has a helpful guide
book for visitors. The author is Bend family physician Dr. Stuart 
Garren , who chaired the commillee Ihal proposed National Monu
ment status for Newberry Volcano and successfu lly hammered out 
the compromises necessary \0 gCI agreement and wide support for 
its designation. Dr. Garrel1's book is meant [0 serve as a general 
introduction to the his!Ory and natural fea tures of Newberry Vol
cano. located in cemral Oregon southeast of Bend. The guidebook 
contains chapters on '-The Making of the Monument:' "Cultural 
and E~plOl1uion History," "Geologic History." "Geothermal Re
sources." "Plant and Wi ldlife." and "Recreation Opportunit ies in 
the Mo nument and Out lyi llg Areas." Th~ book a lso contains a brief 
biography of John Stro ng Newberry. for whom the volcano was 
named. and. finally, a helpful bibl iography and an indell. 

Although des igned as a sigh ts~er 's guide. the book exceeds thi s 
usage. The author's hope that the book "will whet the appe tite of 
vis itors alld wi II encourage them to delve deeper into the fascinat ing 
story of Newberry Volcano" will cen ailily be rcali7.ed. As he poinl~ 
out. Newberry Volcano is truly "a mountaill of superlatives ... a 
geologic wonderland of lava flows, ash flows. pumice cones. and 
tuff cones."-and a clear illustr.l1ion that beautiful scenery is geol
ogyat its best! 

Th~ chapter on disco~ery and early ellploration q uotes ell tcn
sively from the journals of explorers Peter Skene Ogden and John 
C. Fremont. which adds much live liness to the generally interesting 
presentation. III 1826 Ogden wrote: "T his i. really a wretched 
Count ry and certai li ly no other inducement but fil!hy lucre can 
induce an hones t man to vi si t it , , ," Very few people would agree 
with his assessment today! 

The chapter on geologic history. though brief. is excellent. 
thanks in part to the help of U.S . Forest Service geologis ts Larry 

(Continued from last page) 
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Hulme, G .. 1974, n.e interpretation of lava now morpl1ology: Oxfoo:l. UK, 
Royal Astronomical Society. Geophysical Joumal, v, 39. no. 2, p. 361-383. 

Jackson. D,B .. Hon. MKG" Hon. K" and Kauahikaua, J.. 1987. Detection 
aod mapping of active lava tubes using the ULF ioduction techniql>l:, 
Kilauea Vokano. Hawaii labs,[: EOS, v, 68. no, 44. p, tS43. 

Jensen. R,A .• 1988. Roadside guide to the geology Qf l\'ewberry \lQkanQ: 
Beod, Orcg .. CenOreGeoPub (20180 Briggs RQad. Bend, OR 9770 1). 
p. 52. ~4 , 

Kauahikaua. J .. Moold<, T .. and HQII. K .. 1990. Observations Qf lava lIIbe 
(ormatioo in Kalapllna. Hawai'i labs, l: EO&. ~. 71.1\Q.43, p, 1711, 

Keith. WJ" King. H,D" Ci<:l1ings. M.E" aod Joon!iOO, EL" 19118. Mineral 
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U,S, GeQlogkal Survey Bulletin lng·A, 14 p, 
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Chitwood and Bob Jensen, For a more comp lete coverage. geolo
gists will also want!o pick up copies of Jc nsen 's R()(U/side Guide 
10 Ihe GeologyofNewberr), Volcano ( 1988. CenOreGeoPub. 75 p.) 
and the Geologic Map of Newberry !.Vlcuno by Nonn MacLeod. 
Dave Shcrrod. and Larry Chitwood (U.s. Geological Survcy Ope ll
Fi le Report 82-847.1982). Dr. Garret gives fair treatment to the 
geology of such features as Lava BUIl~, La~a River Caves. Lava 
Cast Forest. Paulina Falls, Paulina and East Lakes. Central Pumice 
COliC. Big Obsidian Flow. and Paulina Peak fou nd within Newberry 
Monumelil. He a lso provides geological snapshOIS of such nearby 
features as Fort Rock (a tuff ring), Holt'- in-the-Ground and Big 
Hole (both volcanic explosion craters or maars), alld Dry River 
Canyon (a re lict Pleistocene eros io lla l feat ure). 

All annoying flaw of the book is the generally poor quality o f 
the publisher' s edi t ing, including poor word d ivis io lls (such as 
NOf-thwest. dep-th, alld hun- ting) and illconsistent spe11i llg and 
capi talization (such as archeologist/archaeologist, nat ivelNative 
Americans. and central/Centra l Oregon), Typograph ical errors are 
too numerous to mention, Awkward st:'!nte IlC~ ~trocture is not un
commOIl . such as: "Olle of these you llg cinder cones alld flows is 
Lava Billie which is near Lava Lands Interpretive Center, the top 
of which is eas ily reached by car"! 

Inaccuracies are rare but ellist, such as ", , , the escarpmentS of 
Hart Mountain and Steens Mountain can be observed" from Paulina 
Peak, Altho ugh it is troe that from the top of Palliina Peak. on a 
c lear day, observers call sec both these large faul t-block mOllntains 
when looking cast: thc escarpmenls, however, are east fac ing and 
thus not visible, 

It is unforill nate that the maps of the Monllment boundaries 
(p. 28) and caldcra features (p, 34) are 1I0t introdllced or referenced 
earlier in the text so th~ t readers CQuid use them for o rien tation. A 
map showing the locat ions of Ihe outlying features described in the 
book would also be helpfuL 

However, these shortcomings do not serious ly detract from the 
book's va llie to the user. It still ful fi ll s its primary purpose well : to 
serve as a genera l guide to Newberry Nationa l Volca ll ic Monumcnt. 
Overall. this book is a valuab le compilation of information and an 
excellen t guidebook to Newberry Vo lcano and the surroundi llg 
area, Allyone pia lining to visit central OregOIl shollid pick up a copy 
of Dr, Garrell's book and read it before arrivaL I bought rny copy 
at the Nature of Oregon Iliformation Center in Portland. but it may 
be ava ilab lc now at a bookstore near you,D 
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DOGAMI PUBLICATIONS 
fl rst digita l geologic map publlshro by DOGAMJ 

The Oregorl DcpanmCn! of Geology and Mineral Industries 
(DOGAM I) has released Grology (lnd Minaal R~S(/Urr·tl· (Ji The 
EII:!t, .... Quoomngk Mulht ur COUII'.I: OlTgon. on the geology and 
mineral re§I)Urccs for an area around nonhcm Lake Owyhee. It is 
DOGAMI map GMS-62. and its purchase price is SS. 

Production of GMS-62 represenL~ a milestone in DOGAM l's 
publication h i~l ory. II is the firM DOGAMI geologic map that was 
prepared largely through digital (computerized) techniques by the 
DOOA MI staff and technical pnnner,;; at Ih~ University of Oregon. 
11 is one of the first geologic maps produced anywhere in the 
country in which full- tolor digital techniques have achieved a 
product that meets high standards of map quality. 

The publication consists of twO plates. Plme 1 includes the map. 
two geologic cross sections. e~p1anatiOlis of the 26 identi fied rock 
units. and a brief discussio n of tnt minernl resourees. Plate 2comains 
four tables with analytical d:lla from o ver 60 sample~. 

Mup G MS-62 is the product of the cooperntive worl.: of geolo
gists under the leadership of Mark L. Fe rns of the DOGAM I Baker 
City omce and Michael L. Cummings of the Po nland Stme Uni
vers ity Depllnment of Geology. Production was funded jointly by 
IXJGAMI. the Oregon State Louery. and the COGEOMAP Pro
gram of the: U.S. Geological Sur\'ey as pan o f a coopcr:lI ive dfon 
to map tile Wesl half of the I - by 20 Boise sheet in eastern OregOli. 

Portland quadl'1l.ngk haurd maps releasecl 

DOGAM I lias released map GMS-79 in its Geological Map 
Series: EM/lrq/wke Hawrcl MllpJ' of/he POri/mill QIIGdr(mgle. MI'/I
,t()nl(th (t1tl/ 1~lshinll/()n Coumits, Ol't'gon. und Clark Coltm),. mt,l'h· 

illgum, 
After Metro (t ile Portland area reg ional government) in 1993 

released the Re/alil't &lrfhquakt Hazanl Map of tile same q uad
rangle, the: new. more technical, multi -map public3tiOli now pre
scnts maps or the huard aspects thai were studied and combined 
to produce the init ial map. It will be m()!i;t usefu l to technical 
consultnnts who are concerned with eart llquake safe ty in the co n
struction of public build ings, bridges. and utilit y systems, as well 
a.~ with huard-mitigation ~nd e mergency-response. 

The new publication consists of three full -color mapli (sca le 
1:24.000) and a 106-pllge tUI. Tlle maps depict hazard levels for 
liqudaction ( liquefaction susceptibi lity and lateral spread displace
ment), ground motio n amplification. and dynamic s lope instability. 
as tll<: y may be produced at a given loca tion in the quadrangle when 
eanhquakes of various lypeS occur. The text contai ns a separa te 
chapter for each map and for the ear lier re lativc ha7.ard map, 
discussing tile methods and results of tile compilat ions and models 
that led to the maps. 

Text and maps were aut llored by Matthew A. Mabey and Ian P. 
Madin of OOGAMI and T. Leslie Youd and Celinda F. Jones o ftlle 
Depaflment of Civil Engineering at Brigham Youn~ Universi ty. 1lIe 
cartogrnplly work was done hy LD. Freedman of Mctro, Til<: studies 
were funded, in part, by the U,S. Geological Sur ... ey. The purchase 
price of G MS· 79 is 520. 

The new maps are now avai lab le Ol'erthc counter, by Innil, FAX . 
or pllone from the Naillre of Oregon Information Center. Sui te 177, 
State Office Building, 800 NE Oregon Street #5. Port land. Oregon 
97232-2 109, phone (503) 73 1·4444, FAX (503) 73 1-4066: and the 
DOCiAM l fie ld omces: 1831 First Street, Baker C ity. OR 978 14, 
phone (503) 523-3 133, FAX (503) 523-9088; and 5375 Mo nument 
Drive. GrantS Pass. OR 97526. phone (503) 476-2496. FAX (503) 
474-3 158. Orders may be charged to Visa or MasterCard, OrdeT!i 
under SSO require prepayment except for credit-card ordcrs. 

" 

Report Of! abandont'd mines addt'd to library open file 

A listing of abandoned mines has been placed OIl library open 
fi le by DOGAMI and is availab le for public inspection in tile 
DOGAMllibrary in Portland. 

']be library open IiIc contains repons lhat hnve not been repro
duced in the tradi tional manner of publication. Only .~ ingle copies 
o f such reports are available for inspect ion in the DOGAMllibrary, 
and photocopies may be obIained al cost. 

Repon 0 - 93-12 is entitled AballdQfled Mines (Jlld Mills That 
May He Cfa.fsijied as (J ffa ::.omous I~me Sile Under Seclion 120 of 
Ihe Cmllprehelrsil'e Enl'irr:mlllflrwi Response, Cnlllpel'S(llion, olld 
liabilil)' An (CERCLA) and was produced by Jerry 1. Gray of 
DOGAMI. It oontains a computer printout that lists detai led infor
mation and hazardous-matter class ifications for over 1.1 00 aban
doned sites in Oregon. 

The basis o f the repol1 is DOCiAMl's database MILOC (Mineral 
Information Layer for Oregon by COUnty), current ly available for 
purchase ($25) in its recently updated version as Open-File Report 
0-93-8,0 

Letter to the editor 
Thank you so much for sending me the November is~ ue of 

Oregml G~olng)' in response to my inquiry concerning the Kia· 
math Falls eartllquaJ,:es. I found the anide very in(e rest ing a nd 
e njoyed tile whole booklet. In fact, I subscribed to it the same day 
I received it. 

There was, however, an e rror on the Figure ] Location Map on 
page 127 1 in the anicle on lhe Klamatll Falls eart hquakes-cd.l . It 
sho ws Tulela ke, Cali fomia, as being locatcd o n Higllway 97. Tu· 
Iclake is actually loca ted a long Highway 139. Donis and Macdoel 
are located along Highway 97. 

Also, I would like to lell you I responded to your eanllquake 
survey form right after the eanhquakes. I responded that my resi
dence did II()I suffer any damage, That was premature. I later fou nd 
one living-room window c racked in three places and numerous 
cracks in the plaster in the interiOl'of the house. These range in size 
from hairline to clearl y ~ i s iblc from across the room. 

SItSIIII CrawflJm 
Mulil/, 0"11011 

Yes, "·t apoltJgiZt for Ihe slip 011 IIII' localion map. {)mris is 
indeed lilt pi(JCt' lhill "'(IS pi(leed IHI Ille //lap bw Ihell mislI,be/td, 
Tltlel(lkt uclttally is located StH/lt 25 m; to lite ta,'1 bill jrm about as 
far fOullt oflhe stll/e line as Dorris, HiglHI'lI)' 139 "'(lS nm represtllled 
(III lilt .rktlcl. "urp, and tlrOllllu)' 1t00't W l/lributed 10 Ihe ('Otrj".I·ion. 

We '<'1111/ /0 /hank ),ol, for Ihf correcliml bill abo for ( 11/ Iht other 
good /hings F'it included in F lllr lell"" All our readers, ... e feel, CllII 

profil fff/m lennwillll whm yolt did: 8 tg;'lIIillg wilh sltb"cribill8 10 
Oregon Geology, readillg careful/)', (/I,d lelling ItS kI.ow about il; 10 
sem/illg ill fl.t eanllqlUlke sU"'e)'questiom ,oire; In poimillK OIIllhi1l 
e(/nhquake dtlnwge son,Climes m(J), lrot befOllIld imliledime/.Il 

FI/r mOil)' all edilor Ihis must appear as lite model of (I g()O(/ 
relldet: We !tope Iltlll Olhers will follow Jour exalll(J/e. -('d. 

REMEMBER TO RENEW 
Remember that the code number on your address label e nds in 

rourdigits that identify the expi ration date (month and year) of your 
subscription. And remember thaI all you need todo is use the renewal 
form on the la.~t page to make Sure you will cont inue receiving 
OreXOtI Gfolag)'. And remembcr to re new. please, Ry the way-why 
not consider a gift subscription for a friend? 
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G~IS- 12 Or-<~on 1"'''. MII,..,."I I,' q"ad""'~k. 1!."~""C"u"')'. 1'178 ____ 4,()O _ _ 
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GMS·l'l :-1£';, lIa'., 15' 4u, .. Ir,mgle. lI,kaJ(i" ,", Coonl;"'. 19l!.~ 6.00 

GMS·3(l St'l, 1 "''',,....III-'~al l~' quad .. C~"ylJ"""phioc COlIn,,,,, . I 'J!;'! __ 7.00 __ 
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(;~1S·37 M' r'k'mJ I<"WUn·",o(f;;l'.-.... lJo"<gno , 1985 7.110 
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'" "'~ ""i,h (;MS-43 onO G:"S-4S 11.f1O 
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2 Fi~1tl g.'Oi<>n. SW H,, "-en Tor 4u:!dr.ngle. 1117)\ -;C;:;::::;CCc;;:.---5.oo- -
3 Rnd In:o!~.ial rcsourec.'. Oxb.""" C"I"not>;" Mullt~,,,,"h, ".>11 

W"hingtoo Counties. 1975 ~.OU 
4H"a~n" ... "fOfqo ... 191g " m 
5 Analy,i, aoo f<><cro,,,,,r de",."d f,)l' " ""k ",ar~,iak 191\1 4 .011 
6 Urolog)" uf!he La Gmn<.lc ;U-C~. 1980 6 UtI 
7 rlu, i.l F,)l'1 R, ,,,~ Lakr. [",k.· C'~lnt), 1979 5.UtI _ _ 
H "OO[oH and ~cocl"'''' i '!ryof~hc \1""n, H'M..J ,,,k~n,, [91«1 ___ '00 _ _ 
~ (jcolo~)" oflho Urci Tcnbush [[01 Sprin~s q",dr~nl'-Io . 1980 ~.(.I __ 
10 T"'-~"n'" "~~I;'"' "f ~1It Ore~"n W~.~"rn Ca<o;adc<, 1980 4 .00 __ 
II TIlc<.c> ,,,>II d;.sonalion< "" grolu!')" or Orcgon, lIiN ;"g, . phy and 

i",I~" I 899·1 9~2. IW2 J UtI 
12 (',,-~,l.'ti<' I"k:~". C>/ patl " fCa",'a<k RHnge. O"'gOl1, 1980 4.00 __ 
U Faull, a,>II li 'k:an",,," of ><)U~h"", Ca><"""." Orc~,,,,. 19ft l _ ___ 5.00 _ _ 
I" C:;roh~y , nJ !:eoIhormal resou",,, • . Moon~ Hood :IIoa. 19~:! _ 800 
15 C"""''llY . nJ &l.'Olh.r",,,1 ""oon·~ .... " nlrJ I C~""aMs. 1983 ____ 13m __ 
I ii Inde . To the 0,,, II", ( 1 9~9· 19J8) anJ O,,~"" &,,'ol(l" 4 1979. 191<21. 

1983 . 

17 Bihli"g'.l'lty"f Or~g"" pak "",ul"gy. 1792· 19H3 . 191>4 
I ~ I",·o"ig.l i"" . O( 4alc i" Qn'8 ,m, 1988 
19 Lnn".loo", tkposil< in 0"'1'-00 . [ 9~9 

20 lIen"",i~<' in O,..g"n, 1989 
2 1 Fi.:kI ~","I"gy nf ' he l"W I , Fl,,,,,"u Tn!, I .~-",inu~. 4,,,.Jr;'n~I •. 

"" 7.00 

"00 

'"' '00 

Il.;""hu' c.' C.~lnl )". 19M 7 ;~::::-:;;;:;;::;;;;::;;=:-___ (, no 22 Silic' in Q",goo. 1<190 H 00 
2J [:.. .. unl OIl Ihr Geolog)" of h>llu,,,ial Millt""'. 251h. 19&9. 

Pr"" .... :.! in..:-', 19907==-C-"""""7"CC~~CC=",,,,~~- I O,OO 
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l,ane CounTies. 19&4 7 ()() 
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17 O",ho"" .. ,ff,J""" Cr<"" ,,-,eliot,. f", ,,, MiS! Go; Field ." c'~lI i""n,"l 

Wc lf"nd ,I,>pc. 1<;9(1 __ IOUt>_ 
III Seh"",",,,, f"."" diasram of r"," "",, ~hem Tyee Basin . Oregon Coo", 
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BULLETIN S Price t/ 
JJ Biblio£,."phy of geology and mi""r~1 ",,,,,UfCC< of Ores"" 

( l .. supp1emcm. 1936-45). 1<J.t7.,-::-__ C---:--:-:c ______ .'OO 
35 G eolQgY of the Dalias and Val<etl IS' '1uadrnnglcs. Polk Coumy (map 

only). R~vised 1964::-;:::",-:-;c::-:::=CO:=CCCCC;;;;oc::CC-;;;;;;C'OO __ 
36 Papers on For~minifera fwm the Tomary (v. 2 [pans vl1.vm l on ly). 19-19 4.00 
4.j Bibliography of geology and mineral "''''Ufces of Oregon 

(2nd supplement, 194().SO). 195) ~;;;C;~;;:~.--======'OO 
46 Ferrugi nous bay.ile. S"lcm Hills. '\,1,""00 County. 1956 4.00 
53 Bibliogmphy of geology ",,<I miner:,] resources ofOr.:S'''' 

(3nJ supplement. 1951 -55). 1%2 -;;;::",.0:;;::=======-,'.00 
65 Proc""dingSQfthe AIkk,ilo CQnf~""oce. 1969 11.00 
67 Iliblu.>grnphy of g<'Ology "nd n", ... r,,1 reSOllrCeS of OregO" 

(4'h,,,pplc,, ... "'.19~60), 1'170 C;;;;;;0;;;~;-'~====='.00 
71 Gwlogy of lava ,ube.'. Bend area. ~~hutes County. 1911 6.00 
78 Ilibliogrnphy of g~""logy and IllInerol reSOllrc ... ' "fOregoo 

(51h sUflPlclIlent. 1961 _70). 1973 :;;;;;;",,-;::::::=::;:::::::===-,4.m 
81 En.iromncnWI geology or Lineol" Coun,y, 1973 10.00 __ 
H2 G<:ol"l>;~ h"~.ru< of Rull RUIl W"t~"hcJ. Mullnomah '''Ill Ciadwmas 

ClIUIl,i"'.1974 8.00 
87 En"irollll,, " ,~ 1 grology. we>tem CoosIDougl~' Countiel, 1975 ___ IU.OO __ 

88 Geology and ",i!ler~1 "'."",n:es. upper Chetc" Ri verdra,nage. Curry ond 

J"""phi"" C"",,' ;cs. 1975 5.00 
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91 Goologic h"""I, "fpart< of non bern H,,,~I R,\"Cr. Wasco. and Shennan 

Counties. 1977~C;;;;;;;;;;;;;;""p;.;;;;;;;;;~o;;~;-i9i~:::== 9.oo 92 Fossils m Orego,.,. Colleclion of n:prinl~ fromlhe 01"1' Bin. 1977 5.00 
9) Cit'<l lugy. mincro,1 ,esoun:es."OO rod m~leriaL Curry County. 1977 1\ 00 
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99 Grol"gi<' h"',,rds "r 11Onhwcs'cm Clad,amos Cou n'Y. 197)1 11.00 
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15 Quicbilwrlkposits in Oregon, 1971 -l.OO __ 
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dala 1979lhrough 1<)92. Revi<e,11 <)93 (OFR 0 ·93' 1) ccc-cccc,----" 00 __ 
Nm1hwcs, On:gon. Correia, ion Sec. 24. Rruer & OIhc"" 1984 (AAI'GI __ 6.00 __ 
Oregon rocks and rni,,,,ral<. n <kscription. 19~8 (OFR 0·88,6) 6,00 __ 
Mi neroT infomlO,ion byer fo.-Ore;;C>I1 by <'Kon'y (MILOC). 1')<)3 u",b,,, 

(OFR 0 ·93·8), 2 di,kcllCll (~If. in .. high·density. MS·JX)S) 25.00 __ 
DiINtory of mineral prod~cers III Qn,goo. 199.1 ~pdo'c. 56 p. 

(O FR 0 ·93·9) 
Geod'tmlal ","ou=< of Oregon (publ"hcd by NOAA I, 1982 
Min;ng cla,m, (S~1Ie law~ go>'Cming q~artl ~nd plocer obim,) 
Bad issues of Orcgon Geolog)' 
Colur (1OS'~"rd: Or~gon S'a'. Rock and Sta'e (km'lOne 

'.00 __ 
4(", __ 

,.~ 

2,00 __ 
1.IX1 __ 

So>par-~,e prj"" li't~ ro. """n.lile "'porls. tour I!uidcs .... """aUonal gold mining inrormalion. and nOlO.Depa"",,, ... ,,1 ",aps and .... ports "ill be ",ailed upon ""Iu'-"l. 
The Depar,,,,,,'" a lso ... IIs Oregon lupographk maps published by Ihe 1l.S. G ..... lol:i~al Sun'"y. 
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ORDER AND RENEWAL FORM 
Ched; desired public;ll iol1s in li st above or in<l ieate how many copies and emu lOla! amount below. Send order 10 The Na tu re o r Oregon Inrormation 
Cenler, Suite 177,!!OO Nt: Oregon Street , I'ortland , OR 97232, or 10 FAX (S(}J) 73 1-4066: if you wish 10 or<ler by poone. hll'"C yl1ur credit card re~dy 
and call (503) 731-4444. Payment muSI accompany orde" of less than $50. Payment in U.S. dollars only. Publiealions arc scm (lOSlpaid. All ~ales arc 
fina l. Subscriplion prke for Oregon Geology: $8 for I year. 519 for 3 )·cars. 

Renewal _ I new subscription_ to Orego/! Geology: 1 year ($8) or 3 years ($ 19) $ _________ _ 
Total amount fo r pUblications marked above: $ __________ _ 
Total payment enclosed or (0 be charged to credit card as indicated below: $ __________ _ 

Nanlc ___________________________ __ 

Address ________________ _ _ ___________ _ 

CitylStatelZip ::::::::::-~:::::::::::-::::::=:-;::::;::::;::::;:=;~::;::::;:=;=~::;:::::;=;;:::;_;:::;:"," 
Please charge to Visa_' Mastercard_. account number: LLL-,---,1 LI--,--,---,-,I LI--,--,---,-,I LI--,--,---,-, 
Expiration dale: [I] [I] 
Cardholder 'S Signature 
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