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Cover photo 
With this splendid view of the summit of Mount Hood, seen from 

the 6,600-ft level, just above Timberline Lodge, we are sending you 
our best wishes for a happy new year and our thanks for your being 
faithful readers of and contributors to Oregon Geology. We hope to 
continue our work with your attention and support. (Photo courtesy 
Oregon Department of Transportation) 
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What's your earthquake IQ? 
Scientists frequently warn Oregonians about seismic 

hazards and increasing seismic safety standards; however, 
the current level of awareness and preparedness does not 
ensure protection of lives and property from even moderate 
earthquake shaking. To support earthquake awareness, tltis 
quiz was modified from a quiz developed by staff member 
Mei Mei Wang for the November 1995 Fall Institute of the 
Oregon Building Officials Association. 
L What is generally considered to be a "major" earthquake? 

a_ Magnitude 6. 
b. Magnitude 7. 
c. Magnitude 8. 
d. Intensity VII. 

2. When will the next big earthquake be? 
a. More likely during the next full moon. 
b. No one knows. No one can reliably predict "when, 

where, and how big" the next earthquake will be. 
c. Sometime soon in the morning, since earthquakes 

generally occur in the morning. 
d. Never. Earthquakes don't occur in Oregon. 

3. What should you do during an earthquake? 
a. Get frantic and scream. 
b. Duck, cover and hold on. 
c. Remain quiet and pass out. 
d. It really depends on where you are. 

4. What should you do immediately after an earthquake? 
a. Go about your business and pretend it never hap

pened. 
b. Call your family and friends and tie up the phone 

lines. 
c. Check for injuries, hazards (fire, gas leaks, spills, 

etc.), clean up, expect aftershocks, listen to radio. 
d. Anticipate tsunamis if you're on the coast. 
e. Answers c and d. 

5. When did the last great subduction-zone earthquake and 
tsunami hit coastal Oregon? 

a. Precisely on January 26,1700. 
b. About 300 years ago. 
c. Several thousand years ago. 
d. There hasn't been one. 

6. When did the last damaging tsunami hit the Oregon coast? 
a. Precisely on January 26, 1700. 
b. About 300 years ago. 
c. March 1964. 
d. There hasn't been one. 

7. Are there active faults near you? 
a. Probably yes, but their locations are not well under-

stood. 
b. No, there are none. 
c. I don't know. 
d. There were, but they were voted out of office. 

8. To protect against loss of life or damage, do the following: 
a. Vulnerability study. 
b. Risk study. 
c. Prioritize your seismic strengthening needs. 
d. Prepare emergency kit and response plan. 
e. All of the above, and follow through with necessary 

actions. (Answers on page 9) 
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New areas of geothermal potential in southeastern Oregon are being explored 

Field and stable isotope indicators of geothermal resource 
potential, central Lake County, Oregon 
by A. Mark Jellinek, Research School of Earth SCiences, The Australian National University, Canberra; Ian P Madin, 
Oregon Department of Geology and Mineral Industries; and Robert Langridge, University of Oregon 

ABSTRACT 
The geotbennal resource potential in central Lake County, 

Oregon, has been known for some time on the basis of ac
tive hot springs and hot wells in the Summer Lake Known 
Geothermal Resource Area, scattered warm springs at the 
north end of Summer Lake and on the east shore of Lake 
Abert, and a single published borehole heat-flow measure
ment at Paisley. We report field and stable isotopic evidence 
for Quaternary hot springs at the north end of Lake Abert 
and in the Picture Rock Pass area that indicate the presence 
of recently active paleogeothermal systems. At the north 
end of Lake Abert, tufa mounds and travertine vein fill
ings are possibly associated with a zone of intersecting 
northeast- and northwest-trending faults. The tufa 
mounds occur in a narrow elevation range, a feature that 
suggests their deposition was controlled by the Pleis
tocene lake level. At Picture Rock Pass, travertine and 
silica sinter mineralization occurs in fractures, joints, and 
cavities in basalt bedrock, in Pliocene or Quaternary chan
nel gravels, and in Holocene colluvium associated with the 
Egli Rim escarpment and an adjacent network of closely 
spaced northeast- and northwest-trending faults. The 0

18
0 

(SMOW) and Ol3C (PDB) data for samples of travertine 
from the study areas range from 16.1 to 17.4 per mil and 
--6.8 to -10.7 per mil, respectively, at Picture Rock Pass and 
from 24.0 to 28.9 per mil and 1.4 to 4.5 per mil, respec
tively, at Lake Abert. These data are similar to analogous 
data from geothermal areas in New Zealand, central Italy, 
western Germany, southwestern Colorado, and Yellow
stone in Wyoming. Surface precipitation temperatures 
for samples of sinter and travertine from the Picture 
Rock Pass area are determined with equilibrium oxygen
isotopic thermometry to be 39°-70°C and 30°-49°C, re
spectively, and are geologically reasonable. The precipi
tation temperatures for samples of Picture Rock Pass sin
ter combined with temperature-dependent solubility curves 
of Rimstidt and Cole (1983) for amorphous silica and 
quartz indicate geothermal reservoir temperatures of 
145°-205°C and suggest that the Picture Rock Pass sinter 
was precipitated from a hot-water system. The results of 
the field and stable isotopic studies indicate a significant 
geothermal resource potential at both sites. 

INTRODUCTION 

This study is part of a program of the Oregon Depart
ment of Geology and Mineral Industries (DOGAMI) to 
prospect for geothermal resources in southeastern Oregon 

by looking for geologic evidence of late Quaternary hot 
spring activity. The program began in 1992 and is funded 
by the Bonneville Power Administration, the U.S. Depart
ment of Energy, and Portland General Electric Company. 

Most of the Known Geothermal Resource Areas 
(KGRAs) in southeast Oregon (Alvord, Crump Geyser, 
Lakeview, Summer Lake, and Klamath Falls) are spa
tially associated with major Basin and Range faults 
(Oregon Department of Geology and Mineral Indus
tries/NOAA, 1982). All of these KGRAs have natural 
hot springs, and the Alvord KGRA (Hemphill-Haley and 
others, 1989), Summer Lake KGRA (pezzopane, 1993), 
and Klamath Falls KGRA (Sherrod and Pickthorn, 1992) 
show evidence of Holocene faulting. The program's aim 
is to use the association of faulting and hot springs to 
locate new areas of geothermal potential by locating evi
dence for geologically young but currently inactive hot 
springs associated with Neogene faulting in southeast 
Oregon. We report the results of preliminary field and 
stable isotopic studies from two sites in central Lake 
County, Oregon (Figure 1). The two areas, Picture Rock 
Pass and Sawed Hom (at the north end of Lake Abert), 
were selected for detailed field investigation on the basis 
of complex and closely spaced faulting observed with 
photogeologic mapping and in the field. Neither site has 
a known hot spring or hot well, but both sites showed evi
dence of late Quaternary or Holocene hot springs in the 
form of travertine and sinter mineralization precipitated 
into Miocene basalt bedrock, Pliocene or Quaternary chan
nel gravels, and Holocene colluvium. Both sites were 
mapped at 1:24,000 scale, and the travertine and sinter 
were sampled. 

Stable isotopic data are presented for samples of 
travertine and sinter collected from the Picture Rock 
Pass area and for samples of travertine collected from 
the Sawed Hom area. Oxygen and carbon isotopic data for 
the Lake Abert and Picture Rock Pass travertine are com
pared with similar data from travertine of central Italy, 
southwest Colorado, western Germany, Yellowstone Na
tional Park, and the Broadlands geothermal field in New 
Zealand. Additionally, surface saturation temperatures for 
fluids precipitating travertine and surface saturation and 
geothermal reservoir temperatures for fluids precipitating 
sinter from the Picture Rock Pass area are determined with 
oxygen isotope thermometry on the basis of temperature
dependent equilibrium quartz-water and calcite-water iso
topic fractionations. 

OREGON GEOLOGY, VOLUME 58, NUMBER 1, JANUARY 1996 3 



Figure f . Shaded-re fief map of central Lake Coumy showing study areas. 
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PICTURE ROCK PASS 
The Picture Rock Pass study area is located on the Egli 

Rim 7Y2-minute quadrangle astride Highway 31 between 
two major Basin and Range basins, Silver Lake to the north 
and Summer Lake to the south (Figure 1). The bedrock is 
predominantly Miocene basalt (Hampton, 1964; Walker and 
others, 1967; Travis, 1977; Walker and McLeod, 1991). Fie
belkorn and others (1983) report a K-Ar age of 6.9 ± 0.9 Ma 
for basalt at Picture Rock Pass. Bedrock in the study area is 
cut by numerous, commonly intersecting, northeast- and 
northwest-trending faults (Figure 2). Paleochannels follow 
many of the grabens developed between the intersecting 
faults, and Pliocene or Quaternary cobble gravel deposits 
fill the channels. Where the channels are cut by intersecting 
faults, numerous small Pliocene or Quaternary playa lakes 
have formed. Quaternary lacustrine deposits fill the Silver 
Lake basin west of the Egli Rim, and Holocene colluvium 
mantles the escarpment of the Egli Rim. 

Samples of sinter and travertine were collected from the 
cobble gravel; colluvium; and cavities, fractures, and joints 

Figure 2. Sketch map of the Picture Rock Pass area, Egli 
Rim quadrangle. Heavy lines are faults, with ball on down
thrown side. Fine lines are unimproved roads; dot-and-dash 
line is a transmission line. Stars show sample locations. 

in basalt flows along the Egli Rim (Figure 1). The best ex
posures of sinter and travertine occur in road-cuts along 
Highway 31 and the other unimproved roads in the area. 
The proximity of these exposures to regional faults and 
fault intersections suggests that the movement of associated 
geothermal fluids was strongly fault controlled. 

In most sampled exposures, travertine is a soft, white- to 
cream-colored rind on typically vitreous, honey-colored to 
yellow or tan, hard to friable siliceous sinter. The stratigraphic 
position of travertine on top of sinter indicates that the two 
phases were probably not syndepositional. In exposures of al
tered colluvium, sinter is friable, occurs as meter-scale layers or 
paleoterraces, and can contain internal, centimeter-scale layers 
that are fine grained to conglomeratic. Packages of centimeter
scale layers can include rhythmic interbeds of sinter and 
travertine. The pebbles constituting conglomeratic layers 
are generally well rounded and attributed to the host sedi
ment. The sedimentary appearance of these exposures is 
similar, for example, to that described for the Beowawe, 
Nevada, sinter deposit (Rimstidt and Cole, 1983). 

In exposures of altered and mineralized cobble gravels, 
boulders, and basalt flows, sinter occurs as a hard, smooth 
or rough glaze up to 2 cm thick that is also typically coated 
by rinds of travertine. Minor brecciation is common, partic
ularly in exposures along Highway 31. Mineralized zones 
hosted by cobble gravel are typically massive, up to 7 m 
thick, and stratigraphically confined to gravel horizons of 
high permeability. Alteration zones in basalt flows are rect
angular to prolate and up to 10m high and can have aspect 
ratios of 60: 1. Mineralization is typically confined to single 
flows within flow packages, which suggests that certain 
flows exhibit greater fracture permeability than others. 

SAWED HORN 

Lake Abert occupies a Basin and Range graben bounded 
by the Abert Rim to the east and Coglan Buttes to the west 
(Figure 1). The Sawed Hom study area is an area offaulted 
bedrock at the north end of the graben and is on the Sawed 
Hom and Lake Abert North 7Y2-minute quadrangles. The 
bedrock consists of Miocene basalt flows overlain by the 
Miocene Rattlesnake Ash-flow Tuff (Walker and MacLeod, 
1991). Quaternary beach, dune, and lacustrine deposits 
overlie the bedrock along the north shore of the lake. Nu
merous well-defined northwest- and northeast-trending 
faults cut the bedrock units (Figure 3). Several travertine 
mounds overlie the Quaternary deposits at an elevation of 
about 4,390 ft and may be associated with the projections of 
faults beneath the alluvium. Travertine also occurs as vein 
fillings in joints and fractures in the basalt bedrock. 

The mounds are oblate to mushroom-shaped, 1-3 m 
high, and constructed of weakly bedded to massive, spongy, 
and exceedingly porous carbonate material or tufa (Turi, 
1986). The relative proportions of calcite and aragonite are 
not known. Several mounds have rounded pebbles and 
cobbles of the host sediment entrained in their bases. 
Their occurrences at similar elevations suggest a rela-
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Figure 3. Sketch map of the Lake Abert North and 
Sawed Horn quadrangles. Heavy lines are faults, with 
ball on down thrown side. Dashed lines are unimproved 
roads. Dot-and-dash line is a transmission line. Stars 
show sample locations. 

tionship to paleo-lake level. Samples were collected from 
tufa mounds and travertine vein fillings in the Sawed Horn 
area, and one tufa mound was sampled (COGBUT-1) on 
the shore of Lake Abert, several kilometers southwest of 
the study area. 

OXYGEN AND CARBON ISOTOPES 
AND THERMOMETRY 

Samples of travertine and sinter were collected and ana
lyzed for stable isotopic characterization and comparison 
with other geothermal areas around the world. Oxygen iso
tope data are also used with appropriate equilibrium frac
tionation equations to determine travertine and amorphous 
silica surface saturation temperatures for the geothermal 
fluids of Picture Rock Pass in order to evaluate fluid reser
voir temperatures (Fournier and Rowe, 1966; Rimstidt and 
Barnes, 1980; Rimstidt and Cole, 1983). Temperatures de
termined in this way are generally in good agreement with 
measured precipitation temperatures (Clayton and others, 
1968; Friedman, 1970). The methods of McCrea (1950) 
and Borthwick and Harmon (1982) were employed to deter
mine 180 /60 ratios for siliceous sinter and 180 /60 and 13CPC 
ratios for travertine. The analyses were performed at the Stable 
Isotope Laboratory at Washington State University. The 180 /60 
ratios are reported relative to the standard mean ocean water 
standard (SMOW) and the 13C/2C ratios relative to the PDB 
(peedee belemnite) standard as (5180 and (513C values in per 
mil, respectively. 

The (5180 and (513C data are tabulated with comparative 
analyses from other studies in Table 1. The (5180 values are 
not included for all of the comparative studies because 
global comparison of (5180 values for hydrothermal traver
tine and sinter is complicated by latitude-controlled varia
tions in the (5180 values for meteoric water (Taylor, 1974), 
from which the two phases acquire most of their oxygen. 
Shallow geothermal fluids are composed of nearly purely 
meteoric water (Truesdell and Fournier, 1976; Truesdell 

18 
and others, 1977; Taylor, 1979). The (5 0 data for traver-
tine of central Italy and southwest Colorado are included 
because they are from study areas of similar latitude to 
south-central Oregon. Analogous (5180 values for sinter are 
currently unavailable. 

The (5180 data for Picture Rock Pass sinter vary from 
17.5 to 21.5 per mil. The (5180 and (513C data for travertine 
range from 16.1 to 17.7 per mil and -6.8 to -10.7 per mil, 
respectively. The (5180 values are similar to those reported 
by Chafetz and others (1991) for travertine deposited from 
a warm spring in southwest Colorado and are substantially 
lighter than values ~ven by Turi (1986) for travertine of 
central Italy. The (5 C values are analogous to data of 
Savelli and Wedepohl (1969) for travertine of the Wester
hof, Gottingen, and Iburg areas of western Germany and to 
data of Blattner (1975) for travertine of the Broadlands 

18 
geothermal field, New Zealand. The (5 0 values for sam-
ples of Lake Abert tufa mounds vary from 24.0 to 28.9 per 
mil and are similar to values recorded by Turi (1986) for 
travertine of central Italy. The (513C data range from 1.4 to 
4.5 per mil and are analogous to data reported by Friedman 
(1970) for samples of travertine from New Highland Ter
race, Mammoth Hot Springs, Yellowstone National Park, 
and also similar to data ofTuri (1986). These (5180 and (513C 
values are considerably heavier than those of Picture 
Rock Pass samples. 

Precipitation temperatures are determined for sinter and 
travertine samples from Picture Rock Pass with the assump
tion that the geothermal fluids and precipitates were in sta
ble isotopic equilibrium at the time of their deposition 
(Bottinga and Javoy, 1973; O'Neil, 1986; Clayton and oth
ers, 1989). We evaluated the equilibrium fractionation 
temperatures for sinter using the quartz-water fractiona
tion equation of Sharp and Kirschner (1994): 

18 18 6 ~ 
(5 Oqtz - (5 OH20 = 3.65(10 11 ) - 2.9 = 10001na, 

where T is absolute temperature and a is the fractiona
tion factor. We determined similar temperatures for traver
tine by combining the quartz-calcite and quartz-water frac
tionation equations of Clayton and others (1989) and Sharp 
and Kirschner (1994) into a calcite-water fractionation 
equation: 

(5180cc - (5180H20 = 3.27(106Ir) - 2.95 = 1000 Ina. 

We calculated the (5180H20 values for meteoric water of 
south-central Oregon, which are taken to be equivalent to 
geothermal fluid values, using the meteoric water line and 
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Table 1. Stable isotope data from this and comparative studies along with calculated precipitation temperatures of samples of 
travertine and sinter from Picture Rock Pass. Values in per mil 

Picture Rock Pass 

Sinter 

Travertine 

Sawed Horn 

Travertine 

Comparative studies 

Sample number 

MJER94-2 

MJER94-3 

MJER94-8 

MJER94-4 

MJER94-10 

MJER 94-12 

MJER94-9 

MJER94-11 

MJER94-1 

MJER94-7 

MJER94-5 

MJER94-!3 

IMLA-7 

COGBUT-1 

IMLA-8 

IMLA-lb 

MJLA-5 

Chafetz and others (1991) 

Blattner (1975) 

Friedman (1970) 

Turi (1986) 

Savelli and Wedepohl (1969) 

/5180 

17.5 

21.5 

18.7 

21.5 

19.7 

15.8 

17.3 

17.7 

16.8 

16.1 

17.0 

17.4 

24.9 

24.0 

24.8 

28.9 

24.8 

16.74 to 16.95 

16 to 26 

-8.4 

-7.7 

-10.7 

--6.8 

-8.8 

--6.8 

1.8 

1.4 

1.3 

4.5 

1.5 

-2.89 to -2.70 

-5.4 to -10.2 

1.7 to 4.3 

-4 to 8 

-lOto-7 

Tp (-112.5)* 

60.0 

41.4 

54.0 

41.3 

49.1 

68.9 

42.6 

40.9 

45.2 

48.9 

44.4 

42.5 

33.21 

73 to 30.5 

Tp (-13.75)* 

53.8 

36.2 

48.1 

36.1 

43.5 

62.3 

36.7 

35.1 

39.3 

42.7 

38.4 

36.6 

Tp (-15)* 

48.0 

31.3 

42.6 

31.1 

38.2 

56.0 

31.2 

29.7 

33.6 

36.9 

32.8 

31.2 

• Tp (x) is the calculated precipitation temperature in degrees Celsius for the phase in equilibrium with meteoric water that has a 1)180 value ofx. 

3D values reported by Taylor (1974) for meteoric surface 
waters of south-central Oregon and northern Nevada. The 
8

18
0 H20 values used in this study are -13.8 ± 1.3 pennil and 

assume negligible 180-shifting to higher values as a re
sult of the interaction of hot geothermal waters with 
their host rocks. 

Calculated surface saturation temperatures for fluids 
precipitating samples of Picture Rock Pass sinter and 
travertine are tabulated in Table 1. The 8

18
0 values for sam

ples of Lake Abert tufa were too heavy to allow geologically 
reasonable temperatures to be calculated with equilibrium 
isotope thermometry-a feature that may reflect significant 
evaporation occurring as the tufa was precipitated. For Pic
ture Rock Pass samples, the ranges of precipitation temper
atures predicted are 30°-49°C for travertine and 31°-70°C 

for sinter and are geologically reasonable. Travertine and 
sinter are typically deposited by waters cooling through 
75°-25°C and 100°-50°C, respectively (Friedman, 1970; 
Rimstidt and Cole, 1983). The consistent stratigraphic po
sition of travertine on top of sinter in outcrops of altered 
alluvium, colluvium, and basalt suggests that the precipita
tion of these two phases was sequential and may, in part, 
reflect changes in the thermal histories of the geothermal 
fluids. Temperatures predicted for two travertine/sinter 
sample pairs, ER94-1IER94-2 and ER94-9IER94-10, sug
gest that the precipitation of travertine after sinter corre
lates with cooling of the geothermal fluids. Finally, assum
ing that the surface fluids were saturated in amorphous sil
ica, the reservoir fluid equilibrated with quartz, and there 
was no subsurface boiling, one can use Figure 1 ofRimstidt 
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and Cole (1983) to evaluate reservoir fluid temperatures 
on the basis of the different temperature-dependent solu
bilities of amorphous silica and quartz (see also Trues
dell and Fournier, 1976; Rimstidt and Barnes, 1980). 
Sinter precipitated from fluids saturated in amorphous 
silica at 30°-50°C indicates geothermal reservoir tem
peratures of 145°-205°C. 

CONCLUSION 

The results of the preliminary stable isotope study sup
port three conclusions. The first is that 0180 and ol3C data 
for samples of travertine from Picture Rock Pass and Lake 
Abert tufa mounds are similar to analogous data for traver
tine from other geothermal areas around the world. Second, 
precipitation temperatures for sinter and travertine deter
mined with oxygen isotope thermometry of 31 ° -70°C and 
30°--49°C, respectively, are geologically reasonable. Last, 
precipitation temperatures for sinter combined with the 
temperature-dependent solubility curves of Rimstidt and 
Cole (1983) for amorphous silica and quartz indicate 
geothermal reservoir temperatures of 145°-205°C. This as
sessment assumes that the surface fluids were saturated 
with respect to amorphous silica, that the reservoir fluid 
equilibrated with quartz, and that there was no subsurface 
boiling. 

These results also suggest that hot springs systems were 
active at the north end of Lake Abert during the late Qua
ternary and at Picture Rock Pass during the late Quaternary 
and Holocene. The combination of geologically recent hot 
spring activity and extensive faulting in both of these areas 
indicates that they have significant geothermal resource po
tential. Further work, including local heat flow measure
ments, is warranted to better evaluate the resource potential 
of both areas. 
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Earthquake IQ test answers 
1. Question: What is generally considered to be a "major" 

earthquake? 
Answer: b - Magnitude (M) 7. However, smaller 

magnitude earthquakes can be very damaging. Re
member, the M 5.6 earthquake on March 1993 at 
Scotts Mills ("Spring Break Quake") caused minor 
damage (about $30 million). The intensity scale 
(expressed in Roman numerals) describes the effects 
people experienced ("felt effects") from an earthquake 
and can be associated with damage levels. 

2. Question: When will the next big earthquake be? 
Answer: b - No one knows. No one can reliably pre

dict "when, where, and how big" the next earth
quake will be. 

3. Question: What do you do during an earthquake? 
Answer: d - It really depends on where you are. (1) 

If you are indoors, duck or drop down to the floor. 
Take cover under a sturdy desk, table, or other fur
niture. Hold on to it and be prepared to move with 
it. H?l~ the position until the ground stops shaking 
and It IS safe to move. Stay clear of windows, fire
places, wood stoves, and heavy furniture or appli
ances. Stay inside. Outside, you may be injured by 
falling glass or building parts. If you are in a 
crowded area, take cover and stay where you are. 
Stay calm and encourage others to do likewise. (2) 
If you are outside, get into the open, away from 
buildings, power lines, and trees. (3) If you are 
driving, stop if it is safe, but stay inside your car. 
Stay away from bridges, overpasses, and tunnels. 
Move your car as far out of the normal traffic pat
tern as possible. Avoid stopping under trees, light 
posts, power lines, or signs if possible. (4) If you 
are in a mountainous area, or near unstable slopes 
or cliffs, be alert for falling rock and other debris 
that could be loosened by the earthquake. 

4. Question: What do you do immediately after an earth
quake? 

Answer: e - Both c and d. Check for injuries, haz
ards (fire, gas leaks, spills, etc.), clean up, expect 
aftershocks, listen to radio. Anticipate tsunamis if 
you're on the coast and quickly go inland or uphill. 
Also, remember that there very well may be strong 
aftershocks, that is, additional earthquakes. 

of Yellowstone thennal waters: Journal of Geophysical Re
search, v. 82, p. 3694-3704. 

Turi, .B., 1986, Stable isotope geochemistry of travertines, in 
Fntz, P., and Fontes, lC., eds., The terrestrial environment: 
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Walker, G.w., and MacLeod, N.S., 1991, Geologic map of Ore
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S. Question: When did the last great subduction-zone earth
quake and tsunami hit coastal Oregon? 

Answer: a and b - On January 26, AD. 1700, and 
abou~ 300 years ago. Scientists have found many lines 
of evIdence for a great (i.e., magnitude 8 and higher) 
earthquake event about 300 years ago. Evidence in
c.ludes l<l?d subsidence, land uplift, tsunami deposits, 
liquefactIon features, and tUIbidites, as well as cultural 
evidence from coastal Native Americans. Studies by a 
Japanese scientist of the historic record of tsunamis 
experienced in Japan suggest that a Cascadia event oc
curred specifically on January 26, 1700. The M 7 
Cape Mendocino ("Petrolia") earthquake of April 
1992 occurred on the northern Californian coastline 
a,oout 50 km south of Eureka and was likely a subduc
tion zone earthquake. 

6. Question: When did the last damaging tsunami hit the 
Oregon coast? 

Answer: c - March 1964. The M 9.2 Prince William 
Sound Alaska ("Good Friday") earthquake on this 
date generated a tsunami that hit coastal Oregon (and 
California). There were several fatalities at Beverly 
Beach, Oregon, and in Crescent City, California. Low
lying coastal areas that suffered damage due to flood
ing included Seaside, which suffered the most damage 
to structures; Newport's Yaquina harbor; and Cannon 
Beach, which had a bridge collapse. 

7. Question: Are there active faults near you? 
Answer: a - Probably yes, but their locations are not 

well understood. Earth scientists (seismologists and 
geologists) have identified some faults in Oregon, but 
certainly not all of them. Furthermore, faults that have 
been identified mayor may not be active, that is, capa
ble of generating earthquakes. A 1995 report titled 
"Seismic Design Mapping, State of Oregon," and pre
pared for the Oregon Department of Transportation 
includes the most comprehensive active fault map for 
the state. Copies are available in the libraries of the 
DOGAMl offices in Portland, Baker City, and Grants 
Pass. 

8 .. ~uestion: To protect against loss of life, property, and 
lllJUry, do the following: 

Answer: e - All of the above (vulnerability study, risk 
study, prioritizing your seismic strengthening needs, 
and preparing emergency kit and response plan) and 
follow through with necessary actions. 0 
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The development of the Portland, Oregon, Building Code-
50 years of evolution, 1945-1995. A comparison of seismic 
events and structural aspects 
by R. Evan Kennedy, Consulting Engineer, Kennedy Associates, Inc., 2309 SW First Avenue, Portland, Oregon 97201 

ABSTRACT 
Revision to building codes has not always been an action 

resulting from specific steps taken by specific identities. 
The growth of a code has often been a very vague process. 
One factor that could affect a structural design code evolu
tion is the seismic environment in which the code operates. 
It therefore is of interest to see if the occurrence of seismic 
events in the geographic area serviced by the Portland 
Building Code seems to have had an effect on the structural 
requirements of the code for designing a structure in that 
area. The tabulation herein shows very little connection be
tween seismic occurrences and code changes from 1940 to 
1990. Subsequent changes were made by an entity created 
to examine the seismicity of Oregon, which reversed a pre
vious disinterest to a highly sensitive interest. Code 
changes as revealed by the records in the Portland Archives 
then began to respond to seismic events. 

INTRODUCTION 

The City of Portland emerged from the days of World 
War II with a code that had been written during the Depres
sion as a job maker. It specified in detail the materials that 
could be used in construction in Portland and how they 
were to be used. The Code did not pretend to address any 
loading condition that could come from an earthquake. 
It did address wind, with numbers provided for the 
pounds per square foot of vertical surface that were to be 
applied in the design, but no other horizontal loading 
was mentioned. 

Structural engineering as an identified engineering dis
cipline was greatly augmented by the Long Beach, Califor
nia, earthquake of 1933. That event, causing much loss of 
life and property, was a surprise to southern California and 
caused the passage of a state law requiring public buildings 
to be designed by a structural engineer. It also started the 
study in California of the effects of earthquakes on buildings. 

In 1948, the American Telephone and Telegraph Com
pany (AT&T) was planning to build a central switching 
building in Portland. AT&T wanted that building to be 
solid and to survive major events. They became interested 
in its exposure to earthquakes and thus were responsive to 
the insistence of a consulting structural engineer named 
Guy Taylor, who had been preaching about the susceptibil
ity of Oregon to earthquakes ever since his return from ser
vice in the Army. His firm, Moffatt, Nichol, and Taylor, 
now Moffatt, Nichol, and Bonney, was retained to furnish 
the structural design of this switching building with Pietro 

Belluschi as the architect. Since I had extensive experience 
in aircraft design and responding to loads from any direc
tion, he assigned to me the task of designing that building. 

In that process I became convinced that Portland should 
in fact address the probability of having an earthquake and 
began to talk to the city commissioners about that. There 
had been for very many years a structural engineer named 
Miles Cooper who had been, until Taylor came on the 
scene, virtually the only structural engineer in the state and 
who had been kept overwhelmingly busy just designing 
things to take their vertical loads and thus had never 
thought much about earthquakes. But Guy Taylor and I kept 
working on the city commissioners to convince them that 
earthquakes could happen in Portland. 

In 1949, we started the Structural Engineers Association 
of Oregon. The organization had an exceedingly small 
membership at the beginning, but we were attuned to the 
activities of the Structural Engineers Associations of both 
northern and southern California, where seismic design 
was extremely high on the agenda. We attended their con
ventions and listened to their theories. We advised the local 
City Council on the expectations that many engineers were 
beginning to accept: that we were likely to have earth
quakes and needed to be current on designing for them-as 
was being pursued in California. The Public Works Com
missioner then was Bill Bowes. We started talking to him 
about adopting a code that included earthquake loading. 
The idea of a performance code was a real problem with 
Bill. In fact, we had two problems with him: In his view, (1) 
the old specification code was an Oregon product and thus 
was just right for Portland, and (2) only California and 
Washington had earthquakes. 

The business community, fearing higher construction 
costs, was glad to agree with Bowes wholeheartedly. 

We were suggesting the adoption of the Uniform Build
ing Code (UBC) by the City of Portland. Bill was sure that 
no one outside Oregon was qualified to write a proper code 
for Portland, much less for Oregon. So we did not get far 
very fast. The earthquake in the Olympia, Washington, area 
in 1949 that also shook Portland fairly firmly had a slight 
effect on Bill's thinking. Finally in 1955, after a good shake 
on December 15, 1953, the City Council became convinced 
that an improvement was overdue and decided to adopt at 
least parts of the UBC. But when it came to earthquake 
loading, the City adopted the code in such a way as to put 
Portland in a Zone 1 location, even though the UBC sug
gested it be in Zone 2. 
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Table l. Correlation of Portland, Oregon, building code revisions with seismic events felt in Portland 1940-1995. Compari-
son of city ordinance and state actions and intent with seismic events magnitude 4.0 or greater. Earthquake data from Bott and 
Wong (1993). Portland ordinances in City of Portland A rchives 

Seismic design 
Ci!I and state actions reguirements Seismic events 

Year Ordinance Adopted Provisions Portland UBC' Date Magnitude Location 
1995 168627 03122/95 Delays retrofitting existing buildings until 1997 Zone 3 Zone 3 
1994 Zone 3 Zone 3' 
1993 (State) 01101193 OSSPAC' adopts Zone 3 for western Oregon Zone 3 Zone2B 09/20193 6.0 Klamath Falls 

03/25193 5.6 Scotts Mills 
1992 166111 12/23/92 State 1993 Structural Code adopted with UBC 1990 edition Zone2B Zone2B 
1991 Zone2B Zone2B' 
1990 162695 01118/90 State 1990 Structural Code adopted with UBC 1988 edition Zone2B Zone2B 
1989 
1988 Zone 2 Zone2B' 
1987 
1986 (State) 07/01/86 State adopts 1985 UBC edition Zone 2 Zone 2 
1985 Zone 2 Zone 2' 
1984 
1983 155104 09/15/83 Replaces City Title 24 regulations with new version. Adopts Zone 2 Zone 2 

State Code of 1983 
(State) 08/01183 State adopts 1982 UBC edition Zone 2 Zone 2 

1982 Zone 2 Zone 2' 
1981 02/13/81 5.5 Mt.St. Helens 
1980 (State) 07/01180 State adopts 1979 UBC edition Zone 2 Zone 2 
1979 Zone 2 Zone 2' 
1978 (State) 03/01178 State adopts 1976 UBC edition Zone 2 Zone 2 
1977 
1976 Zone 2 Zone 2' 
1975 
1974 (State) 07/01174 State adopts 1973 UBC. Cities' acceptance made mandatory Zone 2 Zone 2 
1973 Zone 2 Zone 2' 
1972 134654 05126/72 Replaces Title 24 City Code. Adopts UBC 1970 edition Zone 2 Zone 2 
1971 
1970 130672 03120170 An ordinance enacting the "Code of the City of Portland, Ore- Zone 1 Zone 2' 

gon" on the regulations and prohibitions relating to public 
space, health, safety, or public welfare 

1969 
1968 
1967 Zone 1 Zone 2' 
1966 
1965 
1964 Zone 1 Zone 2' 
1963 12/27/63 4.5 Banks 
1962 11105162 5.5 Scappoose 
1961 Zone 1 Zone 2' 11106/61 5.0 Portland 

09117/61 5.0 Cougar 
09/15161 4.5 Cougar 
08/18/61 4.5 Mill City 

1960 
1959 
1958 Zone 1 Zone 2' 
1957 11116157 4.5 Tillamook 
1956 103415 01107/56 Replaces Building Code of Ordinance 77435. First to incor- Zone 1 

porate "Earthquake Regulations" per UBC of 1955. Restricts 
to Zone 1 loading 

Zone 2' 1955 
1954 
1953 12/15/53 4.5 Portland 
1952 Zone 2' 
1951 
1950 
1949 Zone 2' 04/13/49 7.1 Olympia 
1948 
1947 
1946 Zone I' 
1945 
1944 
1943 
1942 77435 May 1942 Specification Code written by Bureau of Municipal Research None 

and Service, University of Oregon!League of Oregon Cities. 
Funded by Works Progress Administration 

1941 12/29/41 4.5 Portland 
1940 
, UBC = Uniform Building Code, which is reissued every three years. 
, OSSPAC = Oregon Seismic Safety Policy Advisory Conunission. 
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There was no state building code at that time. Outside a 
city limit, anything could be built with anything to any cri
teria, if any. So there was considerable concern expressed 
in the rural areas about the thought of requiring a building 
to be made expensive to build by requiring earthquake con
siderations in its design. So the Portland adoption was not 
a welcome development in the State of Oregon. The major
ity of the people did not consider Oregon to be subject to 
earthquakes-California, yes, and maybe Washington, but 
not Oregon. 

Structural designing is taken very seriously by structural 
engineers. During the 1950s, many of us designed to Zone 
2 loading. Even so, very often wind was the major factor, 
not the light requirement of Zone 2. One thing we did not 
fully appreciate was the relation between the characteristics 
of the site and those of the building. We had not thought 
much about the site-it was just there. 

The Oak Street Building of AT&T had been designed 
with the steel frame taking all the horizontal forces, then 
the outer concrete shear wall being nearly equal in strength 
to provide redundancy. In that process was used a method 
called Moment Distribution that determines the moments 
and shears acting on the steel frame. This was a method of 
calculating the moments created in a steel frame with con
tinuous joints and had been developed by Hardy Cross at 
Yale. Using that moment distribution method was a tedious 
procedure, requiring calculating moments reflected back 
and forth, up and down, until the refinement of accuracy 
presumed to be required by the analyst was reached. So it 
was a slow process, increasing design costs. 

The role of the structural engineer was undergoing a 
strain in this evolution of the criteria accepted as that which 
was necessary and proper for use to both safeguard the life 
and property of the public and do so at minimum cost to 
that public. That dichotomy still exists. The professional 
engineer is committed to obtaining a product safe for the 
public to use-and yet to achieving this at minimum cost to 
the using public. It is easy to establish high requirements 
and design to them, but if during the life of a structure this 
structure is never subjected to conditions that justify those 
requirements, the cost of providing for them may be consid
ered as a loss or, at a minimum, as the cost of insurance. So 
the profession has debated and continues to debate how 
much is enough but not more than needed. 

This burden is now being shared with the seismologists. 
Society is now looking to them for guidance on the probable 
size of the next earthquake as well as its possible immi
nence. Both have major impacts on the investment that so
ciety decides to make in the environment it builds. The seis
mologist has joined the meteorologist as a major influence 
on the structural design of our built environment. 

DISCUSSION OF TABLE 1 

Table 1 lists all the Portland ordinances adopted by the 
City Council that affected the structural designing of build
ings from 1940 to 1995. It also lists code-related activities 

that occurred in that time. Such activities were the issuance 
of a new Uniform Building Code, the adoption of a new city 
ordinance, or an action of the State of Oregon. Also shown 
are the dates and magnitudes of earthquakes felt in Portland 
to the extent that they were deemed to have had a magni
tude of 4 or greater. 

The table reads chronologically from the bottom up. 
Each activity is shown with its date. If there was no activity, 
no information on that year is supplied. 

The first code in the State of Oregon that required struc
tures to be designed to resist earthquake forces did so gin
gerly. The Portland Code 103415, adopted January 7, 1956, 
incorporated that requirement as an appendix and provided 
that Portland designs should utilize earthquake Zone 1 
forces, even though the UBC of 1955 that was being 
adopted showed Portland in a Zone 2 location. Portland 
Code 103415 called for the application of a horizontal load
ing at each floor, influenced by the number of stories above 
that floor. The total weight is made up of all the dead load 
tributary to the point under consideration. It called for foun
dation ties but did not address the geological characteristics 
of the site. Stresses were allowed to exceed the allowable 
working stresses by 33.3 percent. Overturning moment was 
not to exceed two thirds of the moment of stability. The 
Force Formula was a simple one of F = CW, with C coming 
from a table wherein the Zone was recognized and W being 
the contributing weight. 

The zone recommended by the UBC for Portland and 
western Oregon had been Zone 2 since the UBC edition of 
1949, which moved Portland from Zone 1 to Zone 2. The 
reluctance by Portland to accept the Zone 2 designation was 
primarily a political decision. 

The 1961 UBC edition formula for calculating the hori
zontal force became V = ZKCW, with Z coming from the 
table as before but with K from a new table reflecting the 
type of framing system and C being a numerical coefficient 
for base shear calculated to recognize the period of the 
structure. This lateral force V was distributed over the 
height of the building by an equation that reflected the mass 
of the building at the point of application of the force. The 
structural frame for buildings 13 stories high or higher had 
to be a moment-resisting ductile space frame capable of re
sisting not less than 25 percent of the required seismic load 
for the structure as a whole. 

The overturning moment was more fully addressed than 
previously by the utilization of three formulas that recog
nized the possible differences in resistance to overturning 
among various elements of the building-as well as the pe
riod of the structure. Story drift was mentioned, but no limi
tations were established. Reference was made to "accepted 
engineering practice." Stresses from a combination ofverti
cal and lateral loads could be increased. 

Thus this code reflected considerable thought on the 
structural analysis aspects of an earthquake but did not con
sider the characteristics of the site that would affect the 
structure. It was not adopted by the City of Portland. 
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The 1964 UBC edition was structurally substantially the 
same as the 1961 edition. The earthquakes of 1961 had not 
had an opportunity to have an influence on the code. 

The 1967 UBC edition required a more careful analysis 
of the W factor (total dead load). It distributed the totallat
eral load over the height of the structure by a new formula 
for V. It was still interested in the period of the building. 
The overturning moment analysis was unchanged. There 
was no reference to site geology. 

The 1970 UBC edition was substantially the same as the 
1967 code in reference to earthquake designing. It showed 
Portland as being in Zone 2, with a revised area of southern 
and western Oregon placed in Zone 1. 

On March 20, 1970, City Ordinance 130672 enacted the 
"Code of the City of Portland, Oregon," revising the 
makeup of the city codifying and retaining the established 
structural requirements, which still put the city in Zone 1, 
while the UBC had it in Zone 2 at that time (1970 edition). 

On May 26, 1972, Portland Ordinance 134654 substituted a 
new Title 24 code for the existing one. It specifically adopted 
the UBC 1970 edition, moving Portland from Zone 1 to Zone 
2 for the fIrst time. Thus, ten years after the last Oregon 
earthquake-Banks (magnitude 4.5), on 12/27/63-Portland 
moved up a space from the minimum zone level. 

The 1973 UBC edition simplifIed the determination of 
the weight W but did not change the basic lateral load for
mula which still reflected the period of the structure. Over
turning moment was addressed in Section 2314; and for 
specifIc limits, reference was made to Section 2308. Still no 
comment was made about site relevance. On July 1, 1974, 
the State of Oregon adopted the 1973 edition of the UBC 
with its designation of Zone 2 for Portland. 

The 1976 UBC edition added to the earthquake design a 
requirement to consider the "Occupancy Importance Fac
tor" as taken from a table. This factor varied from 1.5 for 
"Essential Facilities," to 1.25 for buildings of primary as
sembly for more than 330, to 1.0 for all others. Provisions 
for consideration of the site characteristics were added to 
the basic lateral forces formula. The formula V = ZIKCSW 
thus included the I (Importance) and the S (Site-structure 
resonance) in its makeup. The S factor reflected T the pe
riod of the site, which could be determined by geotechnical 
data or was to be taken as 1.5, if not otherwise established. 
The minimum T as established could be 0.3 seconds, or up 
to 2.5 seconds. Provisions for ductile design and distribu
tion of lateral loads were more fully addressed. 

On March 1, 1978, the State of Oregon adopted the 1976 
edition of the UBC-with Portland in Zone 2. 

The 1979 UBC edition made structural refInements in 
some of the equations and addressed the use of concrete 
shear wall design. It also addressed what had become 
known as "Exterior Elements" at considerable length. Port
land was still in Zone 2, with a Zone 1 area inserted across 
central and southern Oregon. 

On July 1, 1979, the State of Oregon adopted the 1979 
edition of the UBC with Portland in Zone 2. 

The 1982 UBC edition made no change in the basic lat
eral force formula as established. It did make some refine
ments in the loading of bracing members. Portland was un
changed in Zone 2. 

On August 1, 1983, the State of Oregon adopted the 
1982 edition of the UBC. 

On September 9, 1983, with Ordinance 155104, the City 
of Portland replaced its Title 24 regulations with a revised 
Title 24, and adopted the Oregon State Building Code of 
1983, thus adopting the 1982 UBC edition. 

The 1985 UBC edition added a new provision relating to 
the S factor in the horizontal force formula. The factor var
ied according to the makeup of the site, varying from rock 
to stiff clay to soft clay. The factor varied from a minimum 
of 1.0 on rock to 1.5 on soft clay. In sites of unknown char
acteristics, factor 1.5 was to be used. RefInements were 
made in structural requirements, but the Zone identities 
were not changed. 

On July 7, 1986, the State of Oregon adopted the 1985 
edition of the UBC. 

The 1988 UBC edition made major changes. It required 
that consideration be given in the structural design to zon
ing, site characteristics, occupancy, confIguration, struc
tural system, and height. It introduced a factor R, which 
reflected the type of structural system being used, into the 
lateral force equation. It mandated that design use the dy
namic lateral force procedures for structures 240 ft or more 
in height, for those having certain vertical irregularities, 
and, with some exceptions, for any structure over fIve sto
ries or 65 ft in height in Zones 3 and 4 that did not have the 
same structural system throughout their height. The code 
addressed both static and dynamic structural design and 
their relationships to the site. The soil coefficient S varied 
from 1.0 for rock to 2.0 for a 40-ft depth of clay. 

This edition put all of Oregon in a new Zone 2B and 
added a set of curves to guide the selection of the effect of 
site on structures of various periods. 

On January 18, 1990, the City of Portland, with Ordi
nance 162695, adopted the State of Oregon Structural Code 
of 1990 with its 1988 UBC edition, putting Portland in 
Seismic Zone 2B. 

The 1991 UBC edition made extensive revisions to many 
aspects of structural design but did not revise the basic ap
proach to site characteristics and their possible effects on 
the structure. The factor S was still obtained from a table. 

On December 23, 1992, the City of Portland, with Ordi
nance 166111, adopted the State of Oregon Structural Code 
of 1993 with its 1990 UBC edition, continuing Portland in 
Seismic Zone 2B. 

On January 1, 1993, the Oregon Seismic Safety Policy 
Advisory Commission adopted Seismic Zone 3 for western 
Oregon. This was the result of long analysis and debate 
among Oregon structural engineers and state geophysicists. 

The current 1994 UBC edition contains a major revision 
of the design requirements for seismic resistance of build
ings. It extensively addresses dynamic as well as static de-
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sign and relates the structures to the geology. It does not 
address the identification of the characteristics of sites in 
the retrofitting of structures less than five stories high. It 
puts all of western Oregon in Zone 3, along with western 
Washington and portions of northern California. It puts 
eastern Oregon in Zone 2B. 

CONCLUSION 

Thus it is seen that seismic events seem to have had little 
effect on the determination of seismic structural design of 
buildings until after the 1991 UBC edition. Portland had 
ten very quiet years to contemplate its seismic exposure af
ter the Banks event (M 4.5) on December 27, 1963. Subse
quent events in California and elsewhere (especially the 
1989 Lorna Prieta earthquake and its well-publicized effects 
on the San Francisco area), however, caused the Oregon 
Seismic Safety Policy Advisory Commission to take a hard 
look at the potential in Oregon for a major seismic event. 
With input from geologists of the Oregon Department of 
Geology and Mineral Industries, the Structural Engineers 
Association of Oregon, and others, this led to the adoption 
of Zone 3 as the design loading for all of western Oregon. 
In response to the adoption by Oregon, the UBC promptly 
did likewise. 

Careful examination of failures of structures in earth
quakes in the last ten years or so has revealed a potentially 
close relationship between the seismic characteristics of the 
site and the seismic performance of the structure on it. The 
UBC has increasingly recognized that potential tie. 
Whether that recognition is sufficiently close now is a mat
ter that deserves much more attention. 
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Current practice in seismic design of structures owes a 
great deal to the obsessed devotion to that matter among 
many pioneer engineers and geologists. The Earthquake 
Engineering Research Institute with its worldwide member
ship has been at the cutting edge of the development of the 
seismic design technology. Early members like George W. 
Housner, John Blume, and John Rinne provided imagina
tive and innovative thinking on a problem that had been 
recognized for several years but was not appreciated as 
something that could be conveniently addressed. They and 
many others were instantly aware that it was a problem that 
had solutions, and they devoted their professional skills to 
fully understand the phenomena involved and to provide for 
their effects. 

Response observed after recent earthquakes indicates 
that considerable progress has been made, but perfection 
may not yet have been reached. As yet, the vast field of 
retrofitting is far from being adequately addressed. An eco
nomical and effective way to obtain safety for historic or 
cherished structures at the site on which they happen to be 
located still deserves much attention. 
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EERI offers new slide set: Expected seismic performance of buildings 
The Ad Hoc Committee on Seismic Performance of the 

Earthquake Engineering Research Institute (EERl) has cre
ated a slide set to complement the highly popular booklet, 
Expected Seismic Performance of BUildings, which it pub
lished in 1994. The booklet and slide set were developed to 
help building owners, code administrators, and others in
volved in building maintenance understand how seismic 
design provisions and quality of construction affect earth
quake performance. They describe damage to buildings that 
may be expected from earthquakes of various magnitudes. 
The focus is on new buildings in Seismic Zone 4 designed 
under the 1991 UBC (Uniform Building Code) and on older 
unreinforced masonry (URM) buildings rehabilitated under 
the 1991 UCBC (Uniform Code for Building Conserva
tion). 

Both booklet and slide set are intended for a nontechni
cal audience. They can be used by building officials, engi-

neers, and others involved in seismic design, codes, and 
construction techniques as an easy way to answer questions 
with the help of a slide presentation. They also provide an 
excellent educational tool to explain the goals and limita
tions of seismic provisions in building codes and to dispel 
some myths that lead to false expectations about building 
performance. 

The new set, Expected Seismic Performance of Build
ings, consists of 40 slides (including a printed copy of each 
slide for better reference) and is offered in a package with 
the 20-page booklet of 1994 for $70 ($60 EERl members). 
The booklet alone is available for $4. California orders 
must include 8.25 percent sales tax; orders from outside the 
U.S. must add 10 percent for shipping. 

Orders should be directed to the EERl office at 499 14th 
Street, Suite 320, Oakland, CA 94612-1934, phone (510 
451-0905, FAX (510) 451-5411. 
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Evaluating the effectiveness of DOGAMI's Mined Land 
Reclamation Program 
by Deborah Gel/or, Urban and Regional Planning Program, Michigan State University, East Lansing, Michigan 48824 

ABSTRACT 
Since 1972, the Mined Land Reclamation (MLR) Pro

gram of the Oregon Department of Geology and Mineral 
Industries (DOGAMJ) has been responsible for directing 
reclamation at mine siles across Oregon. In that time, over 
3,000 acres have been reclaimed under DOGAMJ's MLR 
program . What happens to former mine s ites after they 
have met reclamation requirements and have been released 
from the program? Has reclamation had long-term impact 
on the overa11 condition of the sites? What second uses are 
being supported by these lands? To begin addressing these 
questions, the MLR Program conducted a field study in 
1995 to determine the condition of forme r mine sites. Field 
data "'ere collected al 47 former mine sites across Oregon. 
The landform, vegetation, land use, and other primary site 
characterist ics indicate that the reclamation process has 
had lasting, beneficial effects on site conditions. This 
strongly suggests that the MLR program has been effective 
over an extended period. 

INTRODUCTION 

Mi ning is an active industry in Oregon, with the extrac
tion of industrial minerals (e.g., diatomite, limestone, pumice, 
bentonite; silica), metals (e.g. , gold, sih'Cf, nickel), and aggre
gate (e.g., sand, gravel, rock) occurring throughout the 
state. In particular, the demand fo r aggregate products con· 

tinues to rise along ",<jth population and urban growth. 
Historically, the consequence of mining operations over 

t ime has resulted in shorHerm impacts on natural reo 
sources and pennanent changes to natural landfonns. The 
state of Oregon has risen to the challenge of responsibly 
regulating the mineral industry. Comprehensive s tate reo 
quirements regulate the operation and reclamation of active 
mines. In 197 1, legislation was passed which required that 
operators reclaim surface mine areas to support a second 
beneficial land use after mine closure. The Oregon Depart
ment of Geology and Mineral Industries (DOGAMI) began 
implementation of the Mined Land Reclamation (MLR) 
program in 1972. The Oregon Mined Land Reclamation 
Act exempted lands disturbed prior to JuJy I, 1972, from 
the reclamation requirements. However, any acreage mined 
after 1972 that exceeds minimum production and acreage 
requirements is subject to state reclamation requirements. 

Applications for a mine operating permit must include a 
reclamation plan. Therefore. the preferred reclamation meth· 
ods and goals are determined prior to beginning or expand· 
ing mining operations. A post-mining land use must be des· 
ignated during the application process and must be supported 
by the reclamation plan. Standard information required in 
the reclamation plan includes deslgnauon of second land 
use, creation of stable landforms, restoration of drainage(s), 
and identification of specific measures to protect surface-

Healthy stream that was reestablished after mining. 
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and ground-water quality, sloping and grading, and vegeta
tion establishment. After a site has been reshaped, and 
revegetation has been successfully established, the site is 
evaluated by DOGAMI for release from the program. 

DOGAMI's six-year plan, MisSion, Goals, and Activi
ties 1991-1997, states as part of the Department's "vision" 
that "regulatory programs will ensure that mineral resource 
extraction is conducted as an interim use of lands that are 
returned to subsequent beneficial long-term uses." More 
than 500 surface mine sites in Oregon have been closed 
since the MLR program began in 1972. Since then, 3,160 
acres have been successfully reclaimed and released from 
the program. Until this project, no comprehensive study 
had been done to evaluate the condition of these lands years 
after they were released from the MLR program. 

This paper summarizes a 1995 study to evaluate the ef
fectiveness of the MLR program. The study asks the follow
ing questions: Is the goal of providing long-term beneficial 
land use being met? What post-mining uses are these lands 
supporting? Have the required reclamation practices been 
effective over a long period of time? Have former mine sites 
continued their development towards healthy, self
sustaining environments? 

SITE SELECTION 

The primary goal of the study was to document former 
mine site conditions and to evaluate the MLR program. 
This task was addressed through field studies of 47 former 
mine sites (Table 1). DOGAMI's computer database was 
used to select sites meeting three basic criteria for the study: 
(1) Sites were subject to state reclamation requirements. (2) 
Sites have met all reclamation requirements. (3) Sites have 
been closed for at least five years (i.e., closed prior to 1990). 
Selections were further winnowed as sites were sorted by 
location and mineral commodity to ensure reasonable rep
resentation of mine types and geographic coverage. 

The selected post-mined sites form a representative sam
ple of lands that have been accepted as reclaimed by 
DOGAMI. In order to determine the effectiveness of the 
reclamation program, MLR-managed sites were also com
pared to sites not subject to reclamation. Ten mine sites ex
empt from DOGAMI reclamation requirements (pre-law 
sites l

) were also included in the study. 
Field studies were performed at 17 reclaimed sites in 

high-precipitation regions, at 20 reclaimed sites in low
precipitation regions, and at ten pre-law sites at scattered 
locations in Oregon. The commodities represented include 
rock, sand, gravel, clay, gold, topsoil, shale2

, picture rock, 
and cinder. Sites were surveyed in remote, rural areas as 
well as in densely populated, urban regions. 

1 Tenn for mine sites that are exempt from state reclamation requirements 
because they began operation prior to 1972 and have not expanded beyond 
the 1972 perimeter. 

2 In Oregon miner's terminology, shale is almost any fme-grained material 
that can be mined with a front-end loader and can be used without further 
processing for such applications as surfacing driveways. 

Site County 
0001 Clatsop 
0002 Deschutes 
0003 Douglas 
0004 Douglas 
0005 Douglas 
0006 Gilliam 
0007 Gilliam 
0008 Grant 
0009 Grant 
0010 Harney 
0011 Harney 
0012 Harney 

0013 Hood River 
0014 Jackson 
0015 Jackson 
0016 Lane 
0017 Lane 
0018 Lane 
0019 Lane 
0020 Lincoln 
0021 Linn 
0022 Linn 
0023 Linn 
0024 Linn 
0025 Linn 
0026 Malbeur 
0027 Malbeur 
0028 Malbeur 
0029 Malbeur 
0030 Malbeur 
0031 Malbeur 
0032 Marion 
0033 Morrow 
0034 Multnomah 
0035 Sherman 
0036 Tillamook 
0037 Umatilla 

0038 Umatilla 
0039 WalLowa 
0040 Wasco 
0041 Wasco 
0042 Wasco 

0043 Washington 
0044 Washington 
0045 Wbeeler 
0046 Wbeeler 
0047 Yamhill 

FIELD STUDIES 

Table 1. Site Summary 

Commodity Years closed Precipitation type 
Gravel 9 High 
Gravel 

Gold 
Gold 
Gold 
Basalt 
Basalt 
Gold 
Gravel 
Cinder 
Basalt 
Gravel 

Basalt 
Shale 
Shale 
Basalt 
Basalt 

Basalt 
Gravel 
Clay 
Rock 
Rock 
Gravel 
Gravel 
Basalt 
Gravel 

Inactive 

9 
10 
9 
7 

Inactive 
10 
13 
10 
10 
7 

12 
13 

13 
8 
8 

2 
13 
17 

Inactive 
Inactive 

11 

10 
>20 

7 
Picture rock 5 

Gravel 9 
Gold 6 

Gold 9 
Gold 9 
Topsoil 13 
Gravel Inactive 
Gravel 5 

Rock 14 
Basalt 11 
Rock Inactive 

Rock Inactive 
Gravel 8 
Rock >20 
Basalt 5 
Gravel 8 

Basalt 8 
Gravel Inactive 
Gold 12 
Gold 13 
Rock 10 

Low 
High 
High 
High 
Low 
Low (pre-law site) 
Low 
Low 
Low (pre-law site) 
Low 
Low 
Low 
Low 
Low 
High 
High 
High 
High 
High 
High (pre-law site) 
High (pre-law site) 
High 
High 
High (pre-law site) 
Low 
Low 
Low 
Low 
Low 
Low 
High 
Low 
High 
Low 
High 
Low (pre-law site) 

Low (pre-law site) 
Low 
Low (pre-law site) 
Low (pre-law site) 
Low (pre-law site) 

High 
High 
Low 
Low 
High 

The state of Oregon has diverse environmental 
regimes, including mountain ranges, large valleys and 
basins, coastal regions, and desert. For simplicity in this 
study, however, the state has been divided into two re
gions on the basis of annual precipitation rates. Low
precipitation regions are those areas with total annual 
precipitation of < 40 in./year, which generally describes 
regions east of the Cascades. There, most sites have a 
precipitation of < 20 in./year. High-precipitation re
gions are typically those west of the Cascades, where the 
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much wetter climate is character· 
ized by annual precipitation rates 
of 40- 100 in.lyear. 

The data collected during the 
fie ld studies describe the primary 
site characteristics. These are sepa
rated into five categories: 

I. TIle landfonn characteristics 
describe erosional features such as 
gullies, slumps, and slides, and 
identify any overburden piles and 
whether they were sloped and vege
tated . A determination was made 
whether the final landforms con· 
nict with or support the current 
land use and whether they blend in 
with the surrounding topography. 

2. SuccessfuJly reclaimed lands 
must support a second beneficial 
land use. Information was gath
e red to record the type of cu rrent 
use and then compared to the land use proposed in the 
reclamation plan. 

3. Dominant plant and tree species were identified, as 
well as percentage of ground cover and general species di
versity. The vegetation identified at the time of closure was 
compared to that currently supported on site. Volunteer 
species were identified and their abundance noted, includ· 
ing annual and noxious weeds. Any appearance of over
grazing was also noted. 

4. Sites were evaluated for their use as wildlife babitat, 
regardless of the designated end use. Basic indicators in· 
cluded estimates of perceOl of cover, diversity of vegetation, 
and visual observations of animals, tracks, scal, game trails, 
bedding areas, and burrows. These gave a general impres· 
sion of the usage or potential usage as wildlife habitat. 

5. Any wetlands created or left were described by size, 
type of vegetation, and general vigor. Streams were exam· 
ined for stable and vegetated banks. Ponds were often cre· 
ated by gravel mining or other excavations below water 
table, and these were described on the basis of their shape, 
size, bank stability, and vegetation. 

In addition to the preceding list, photographs were taken 
during the field surveys to document current site condi
tions. A comparison of historica1 photographic records with 
current photos allowed visual evaluation of program effec· 
tiveness over an extended period. 

RESULTS 
Landfonn characteristics 

The landforms observed at reclaimed mine sites were 
generally in excellent condition. Soils and slopes were con
sistently stable, and erosion was not an issue. No safety haz
ards were noted from unstable or oversteepened areas. One 
feature occasionally observed was the presence of unvege
tated rock piles. This prevented the site from blending in 

Pond in high·precipitatlon area. 

well with the surrounding areas and was aesthetica1ly detri
mental This is not ncc:cssariJy a reflection on reclamation reg. 
ulations, as DOGAMI policy permits leaving stockpiles for 
landowner use after mine closure. Fwther, no regulations ad
dress aesthetics (except in designated "Scenic Areas"). 

Sloping is critical as a reclamation procedure for safety, 
topograph.ic continuity, erosion control, and vegetative suc
cess. An overly steep highwalllsiope may not support vege
tation, whether volunteer. planted. or seeded. and is more 
likely to erode or be WlStable. The few small bare areas Qb.. 

served during the study ,",'Cre either rock piles with no cover 
of topsoil, steep slopes, or highwalls. The lack ofvegetation 
in these cases seemed to be a function of poor landfonn 
characteristics rather than failure of revegetation elfons. 

Most sites did blend in well with surrounding topogra
phy. The regulations regarding final angle of slopes are 3: I 
(horizontal to vertica1 ratio) below water, 2: I for above· 
water slopes of fill materia l, and 1.5: I for above-water 
slopes cut into the pre-mine topography. These standard re
quirements serve to accomplish safety, erosion control, and 
establishment of vegetation. They have been applied effec
tively and have resulted in the maintenance of high -quality 
landforms over time. 

Land use 

Statutes require that the post-mining (second) land use 
be declared in the reclamation plan. The planned reclama
tion techniques must provide the appropriate resources to 
suppon the declared land use. Second land uses also must 
be physica1ly supported by the underlying landfonn, type 
and amount of soil resources, vegetation, and appropriate 
water bodies. 

Second uses may be determined by the value of the land 
for post·mining development. Land in urban areas has rela· 
tively high propeny value, and study sites in these settings 
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tended to have high-intensity second uses. Reclamation of 
post-mined land in urban regions can be highly profitable, 
and this is a strong incentive for operators to reclaim the 
land for industrial sites, residential developments, or park
lands. For those sites that were high in human traffic, 
negative impacts on natura l resources included com
pacted soils, littering, and trampled vegetation. There
fore, some second uses can have a negative impact on the 
condition of the land if they are not designed to accommo
date high-intensity uses. 

Heavily used fishing pond in Lane County. 

The sites in rural and remote areas were supponing low
impact land uses. In high-precipitation areas, land uses 
were often fields and ponds, which also functioned as wild
life habitat. Sites in the low-precipitation areas frequently 
were reclaimed to rangeland. This is due to the fact that 
eastern Oregon sites are predominantly located on Bureau 
of Land Management (BLM) land, where policy generally 
requires the land to be returned to pre-mine use. At most of 
these sites, reclamation to grazing conditions was success
fully accomplished. 

The proposed end use must be clearly stated within the 
reclamation plan, and this use must have landowner con
currence. The plan is circulated to the appropriate local 
land use agency for comment . The accepted post-mining 
land uses can then be used as a goal that will be achieved 
through supponive reclamation practices. This administra
tive procedure appears to be successful, as forme r mining 
sites consistently support viable second uses, which are sus
tained by the underlying landfonns and vegetation. 

Vegetation 

In general, post-mining vegetation was ·well established 
in all regions. A high percentage of ground cover and good 
species diversity existed on most sites. The reclamation 

plantings and seedings did remain healthy at most sites, but 
with varying degrees of assimilation into much larger, more 
diverse vegetative communities. 

In high-precipitation regions, fast-growing species are 
selected to assure immediate erosion control through 
ground cover. The long-tenn persistence of these species 
was less important, because growing conditions also favor 
rapid volunteer growth. The survival rate and percent cover 
of vegetation is naturally greater in the high-precipitation 
regions because of the available moisture, topsoil, and adja

cent seed sources. 
In low-precipitation regions, the 

seeding mixes are more critical, be~ 
cause survival rates are lower due 
to the limited moisture and to the 
poor quality of topsoil. Survival 
of the planted species may be low 
due to overgrazing, and therefore 
volunteer species may come from 
less diverse, and sometimes less 
desirable, vegetative communi
ties. This can include noxious 
weeds, which create undesirable 
ecosystems that out-<:ompete na
tive vegetative species. Better 
grazing practices and fencing to 
exclude cattle can give vegetation 
time to achieve proper root devel
opment and develop into self
perpetuating ecosystems. 

Even in cases where percent of 
ground cover was low, .reclaimed 

low-precipitation sites still fit in well with the surround
ing plant communjties, in part due to volunteer species. 
One possible exception is proliferation of aggressive 
vegetation (e .g., annuaUnoxious weeds), which induce 
adjacent native plant communities to encroach. Again , 
it is critical to determine the appropriate seed mix for 
each site in low-precipitation regions. The type ofvege
tat ion desired should support the second land use and 
take advantage of proper planting times and ground prepa
ration techniques. 

State reclamation requirements include successful 
revegetation of the site. In low-precipitation regions, de
layed germination can result in a longer monitoring pe
riod (1 - 3 years) after seeding has been initiated. While 
this period appears to be an adequate time frame for es
tablishing vegetative cover, no set standard for vegeta
tive species mix exists. 

DOGAMI, working with the BlM and other appro
priate natural-resou rce agencies, recommends specific 
seed mixes to mine operators. The agencies also provide 
information about techniques to increase the survival 
rate of seedings, including tilling, mulching, and use of 
topsoils. This no doubt contributes towards higher sur
vival rates on low-precipitation lands. 

18 OREGON GEOLOGY, VOLUME 58, NUMBER 1, JANUARY 1996 



Wildlife habitat 
More than 50 percent of the sites were clearly function

ing as viable wildlife habitats, and anothcr 25 percent had 
significant potential (or less obvious usage by wildlife) . 
Wildlife habitat was created in a vanei)' of environments across 
the state and was nOi region-specific. Poor landfonn or aes
thetic characteristics may not negatively affect wildlife usage. 
Many sites with rock piles and highwalls were inhabited by 
wildlife. A wide diversity of animal species was directly ob
served, from song and game birds to antelope and deer. 
Sites with water bodies supported the most vigorous 
wildlife habitats. vegetative diversity is also important, and 
the presence of a wide variety of species usually increased 
the quality of the habitat. 

Many sites did not have wildlife habitat as their desig
nated end use but were functioning as such. Those sites that 
were not supporting wildlife were in urban areas or areas 
with high human usage. In eastern Oregon, overgrazing of 
reclaimed sites was observed to negatively impact both veg
etation and soil stability. Cattle will eat selectively, thus af
fecting the vegetative composition and reducing preferred 
food for grazing wildLife. 

The creation of wildlife habitat is specifically supported by 
regulations only when this is the second land use designated in 
the reclamation plan. Otherwise. while DOGAMI encourages 
seed mixes that fOSler wildlife habitat, such a requirement is 
not part of the regulatory framework. Most of the reclaimed 
and pre-law sites are supporting wildlife habitats, in addi
tion to the primary proposed cnd use. This suggests that 
regulatory initiatives arc not required to promote post-mining 
wildlife habitat. While these successes are not a direct function 
of regulatory requirements, DOGAMJ's practice of encour
aging diverse seed mixes and variety in landfonn has re
sulted in post-mining sites that support a second land use as 
well as wildlife populations. 

Water/wetlands issues 
All streams and ponds at the observed sites were well estab

lished. Banks were consistenlly well sloped, stable, and TC\'egc
tated, and no sedimentation problems existed. Wetlands ,",,'Cre 
created as a fringe effect around ponds created by the mining 
operations. Ponds are commonly created at fonner sand and 
gravel pits, and these consistently had stable, well
vegetated banks. The water bodies supported fish popula
tions and aquatic vegetation and appeared to be healthy en
vironments. Ponds are more common in the regions of 
abundant precipitation . However, several ponds in low
precipitation areas were of exceptional quality. Reclamation 
requirements that direct the reestablishment of streams and 
drainages, including bank restoration, appear to be very ef
fective. Banks were well vegetated and fit in with sur
rounding environments. The ecosystem established was 
vigorous and contributed diversity to the surrounding 
environments. 

INCIDENTAL OBSERVATIONS 

AI] sun 'eyed sites had been closed for at least five years. 
Greater age did not seem to be an important factor in estab
lishment and thickness of vegetation. For vegetation to es
tablish itself and diversify, five yeats appears to be an ade
quate period. The four remaining primary site characteris
tics showed no obvious correlation to age. 

The type of commodity mined generally did not have a 
noticeable effect on the quaJity of long-term reclamation. 
The possible exception to this statement may come from 
rock quarries. Quarries Illay experiencc lower percentages 
of .... egetative co .... er (due to rocky substrates and highwalls) 
and may be more difficult to blend with surrounding topog
raphy. Otherwise, there was no obvious pattern of commod
ity type affecting overall quality of reclamation. 

There were some relative differences in quality between 
low- and high-precipitation sites. 
Low-precipitation sites supported 
lower percentages of vegetative 
cover than high-precipitation sites. 
Yet re'o-egetation was considered suc
cessful, because low-precipitation re
gions are characteristically sparsely 
vegetated. These lands also are im
pacted by grazing pressure, which 
prevents plant establishment and 
increases erosion. A visual impres
sion of lower quality exists due to 
exposure of bare soil, but often the 
mine sites blend in ,",,-ell with sur
rounding topography and vegeta
tion. Therefore they are, for all 
functional and legal purposes, well
reclaimed sites. 

Wetlands that were specifically designed to attract wildlife. 

Mine sites operated under the 
MLR program are reclaimed better 
than the pre-law sites. Field study 
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results clearly showed that the pre· 
law sites consistently had the poor· 
est landfonns. However, these lands 
were often functioning as viable 
wildlife habitats, which may de· 
velop despite landfoml. Pre·law 
sites were usually supporting some 
type of second land use, although in 
several cases the end use could not 
be determined. Water quality char· 
acteristics scored well on both types 
of sites. At pre-law sites, vegetation 
often had a lower percentage of 
cover and tended to provide less 
even ground cover. This was most 
prevalent in low-precipitation re· 
gions. In the high-precipitation re
gions, sites without reclamation 
seeding/planting were colonized 
through volunteer species. The 
most common negative characteris· 
tic for both types of sites was the 

Low-precipitation site that blends well with surroundings. 

presence ofbare rock piles. Most of the problems associated 
with pre·law sites could have been addressed in a oost- and 
labor-effective manner, had reclamation occurred at or be
fore the time of closure. 

The overall conclusion from comparing reclaimed sites 
to pre·law sites is that MLR regulations do have a positive 
and lasting affect on the quality of primary site characteris
tics. It is also notCYiOrthy that unlike the pre-law sites, almost 
all of the sites acx::ountable to the MLR program were indistin· 
guishable from the surrounding area as former mines. 

While most of the reclaimed sites were not identifiable 
as extractive sites, the pre·law sites were obviously former 
mine sites and were aesthetically unappealing. This sug· 
gests that by meeting state reclamation requirements, aes· 
thetics are indirectly affected in an advantageous manner. 
Therefore, it appears unnecessary to specifically regulate 
aesthetics. 

Some of the reclamation activities were voluntarily in 
excess of the regulatory requirements. In these cases, the 
landowners or operators often had taken active roles in the 
reclamation process and produced reclaimed sites with 
greatly enhanced aesthetic characteristics. Several sites in 
the study were nominated for reclamation awards in past 
years because of the excellent \'o"Qrk done by landcmners and 
operators. 

CONCLUSIONS 
The purpose of the reclamation regulations is "to provide 

that the usefulness, productivity, and scenic values of all 
lands and water resources affected by surface mining . 
receive the greatest practical degree of protection and recla
mation necessary for their intended subsequent use" 
(Oregon Mined Land Reclamation Act, Division 30,1994). 
Under these regulations, reclamation is defined as any pro-

cedure that minimizes the disturbance from surface mining 
and rehabilitates surface resources adversely affected by 
mining. Specifically, this includes the use of land·shaping 
and soil·stabilizing procedures, establishment of vegetative 
cover, and protection of surface and subsurface water re· 
sources, as well as any other measures supporting the sec· 
ond beneficial use of post-mining lands. 

The data collected from this study of 47 mine sites 
strongly suggest that the goal of returning mined lands to 
subsequent beneficial long-term uses is being met by the 
MLR program. This means that mineral extraction is, in 
effect. an interim land use in the life of the site. Regulations 
applied through the MLR program appear to have a lasting 
affect on the shape and quality of the land. These reclaimed 
lands are supporting second beneficial land uses and have 
continued their development, since their release fTom the 
program, as healthy, self-sustaining environments. 

The existence of a reclamation plan prior to the mining 
process has been a positive influence on reclamation suc
cess in Oregon. Following an approved reclamation plan 
makes the requirements readily apparent to operator and 
regulator, gives guidelines for procedures ranging from 
vegetation and topsoil stripping to regrading and revegetat
ing, and provides clear goals for the reclamation process. 

Successful reclamation is contingent upon site inspec
tion by DOGAMJ and the determination that the approved 
reclamation objective was mel. Since each reclamation plan 
is site specific, final reclamation conditions vary from site 
to site. In addition, multiple opportunities exist in the Ore· 
gon Mined Land Reclamation Act to allow DOGAMl the 
discretion to permit alternative, site-specific reclamation 
practices. This allows opportunities for implementing ere· 
ative reclamation techniques and unique second land uses 
when they are well supported by a reclamation plan. Mine 
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Pre·/aw site with poor quality of landforms and aesthetics. 

document the general condilion of 
a reprcscnlative selection of fonner 
mine sites from across Oregon. The 
results of the study reflect positively 
on both the regulatory agency and 
the mining industry. In addition to 
the program evaluation process, 
this prelimiruuy field study may be 
used as a reference in future studies 
where vegetation transects, habitat 
diversity, and plant community 
changes are studied in more detail. 
As an extension of this study, field 
data are being analyzed as part of a 
master's thesis in Mined Land 
Reclamation at Michigan State 
University. Some of the preliminary 
objectives include the use of princi· 
pal component analyses to identify 
and relate critical site characteris
tics and the generation of equations 
to predict wildlife habitat and vege-

sites once permined by DOGAMI are now functioning as 
raplor habitat, recreational parks, industrial or office parks, 
fishing facilities, wildlife habitat, and a variety of other sec
ond land uses. 

Summary points 

• DOGAl\.1l's MLR goal, to reclaim mined lands to sup
port long-term, beneficial second land uses, is being met. 

• MLR regulations have positive, long-tenn impacts on 
the shape and quality of fonner mine sites. 

• Nearly all of the sites from the MLR program are in
distinguishable from their surroundings as fonner mines. 

• Fonner mine sites are consistently supporting second 
uses that are viable because they are supported by the un
derlying landfonns and vegetation. 

• Landfonns at reclaimed mine sites are generally in ex
cellent condition. 

• Post-mining vegetation at reclaimed sites is diverse 
and well established in both high- and low-precipitation re
gions. 

• Five years is an adequate period for vegetation to be
come established and diversify. 

• More than 75 percent of the reclaimed and pre-law 
sites are clearly functioning as viable wildlife habitats or 
have significant potential in that respect. 

• Reclamation requirements directi ng the reestablish
ment of streams, ponds, and drainages is highly effective. 

• Land values tend to drive reclamation in urban areas. 
• Mine sites operated under the MLR program are bener 

reclaimed than the pre·law sites. 

FURTHER STUDIES 

The objective of this preliminary field study has been to 

tative compositions. 
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Geology Board plans final adoption of 
tsunami rules at January meeting 

The Governing Board of the Oregon Department of Ge
ology and Mineral Industries (DOGAMI) met December II 
at the Hatfield Marine Science Center in Newport to receive 
public comment on proposed rules to implement Senate Bill 
379. The bill was passed by the last Oregon Legislature and 
is designed to protect public safety on the Oregon coast by 
placing restrictions on construction of certain types of 
emergency and special occupancy structures within the 
tsunami inundation zone. The Board anticipates final adop
tion of the rules at its next meeting, which is scheduled for 
January 22, 1996, in Grants Pass. 

The Governing Board is in the process of making long
term plans for DOGAM1 programs and welcomes public 
participation in this process. At the January meeting in 
Grants Pass, time will be set aside for suggestions from the 
public as to the role they think DOGAl\.1l should play in the 
future . People who are unable to attend the meeting but 
would like to submit written suggestions should send 
them to Angie Karel , DOGAMI , 800 NE Oregon St. 
#28, Ponland, OR 97232·2162 , phone 503-731-4100, 
FAX 503 -731-4066. The following Board meeting is 
scheduled for April in Bend. 0 
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DOGAMI PUBLICATIONS 

Released November 15,1995: 

Relative Earthquake Hazard Maps of the Siletz Bay 
Area, Coastal Lincoln County, Oregon, by Yumei Wang 
and George R. Priest. Geological Map Series map 
GMS-93, 4 maps on 3 sheets, 13 p. text, $20. 

The four-map set covers a coastal strip of the Lincoln 
City-Siletz Bay area, from D River in the north to Gleneden 
Beach in the south. Three earthquake hazards related to site 
geology (liquefaction, amplification, and landsliding) were 
evaluated individually and presented on separate maps. The 
three were then combined to develop the Relative Earth
quake Hazard Map (map 4). 

The four maps are printed on orthophoto base maps. The 
liquefaction and amplification maps are at the scale of 
1:24,000, the landslide and relative earthquake hazard 
maps at 1:12,000. Colors depict the three to four different 
zones of hazard levels. The accompanying 13-page text is 
written for nontechnical as well as technical readers. An 
appendix contains two site-specific seismic hazard evalua
tions. 

Released December 11,1995: 

Reconnaissance Geologic Map of the Dora and Sitkum 
Quadrangles, Coos County, Oregon, by Thomas J. Wiley. 
Geological Map Series map GMS-98, 1 map, 5 p. text, $6. 

The Dora and Sitkum quadrangles cover an area in the 
east -central part of Coos County around and north of the 
two towns of the same names along the East Fork Coquille 
River. The maps represent the final two of a block of maps 
for eight quadrangles in the southern Coast Range for 
which geologic maps have been produced by DOGAMl, in
cluding also the Camas Valley, Kenyon Mountain, Mount 
Gurney, Remote, Reston, and Tenmile quadrangles. 

The new, two-color geologic map and accompanying 
cross section were produced at a scale of 1:24,000. A five
page text discussing rock units, structural geology, geologic 
history, and mineral resources accompanies the map sheet. 

Mapping of these quadrangles in the southern Coast 
Range represents part of DOGAMl's study of the geology 
of the Tyee sedimentary basin. The study is supported by a 
consortium of nine corporations and agencies from private 
industry and federal, state, and county government and by 
the National Geologic Mapping Program (STATEMAP) ad
ministered by the U.S. Geological Survey. 

Released December 29, 1995: 

Geology and Mineral Resources Map of the Lakecreek 
Quadrangle, Jackson County, Oregon, by Frank R. 
Illadky. Geological Map Series map GMS-88, 1 map, 9 p. 
text, $8. 

The publication continues the series of geologic maps 
planned to aid regional planning in the Medford-Ashland 
area, which is experiencing rapid population growth. The 

area of the Lakecreek quadrangle lies on the western mar
gin of the Cascade Range and roughly 15 miles northeast of 
Medford. 

The full-color geologic map is at a scale of 1:24,000 and 
is accompanied by two geologic cross sections. Innovative 
mapping techniques allowed detailed mapping of the many 
lava flows that built up this part of the Western Cascades. 
A separate sheet contains tabulated analytical data from 
rock samples collected in the quadrangle. The nine-page 
text that accompanies the map contains rock-unit explana
tions and discussions of geologic structure, geologic history, 
and ground-water and mineral resources. 

Geologic Map of the Coos Bay Quadrangle, Coos 
County, Oregon, by Gerald L. Black and Ian P. Madin. Ge
ological Map Series map GMS-97, 1 map, 6 p. text, $8. 

The area of the Coos Bay 7Y2-minute quadrangle in
cludes most of the city of Coos Bay at its northern edge and 
the Isthmus and Catching Sloughs. Directly adjacent to the 
west lies the Charleston quadrangle, for which a geologic 
map was published recently as DOGAMl map GMS-94. 

The full-color geologic map is at a scale of 1:24,000 and 
is accompanied by three geologic cross sections. A six-page 
text contains rock-unit explanations and discussions of geo
logic structure, geologic history, resources, and hazards. 

Landslide Loss Reduction: A Guide for State and Lo
cal Government Planning, by Robert L. Wold, Jr., Col
orado Division of Disaster Emergency Services, and Can
dace L. Jochim, Colorado Geological Survey. DOGAMI 
Open-File Report 0-95-8, 50 p., $8. 

This report was designed to be used as a guide for state 
and local governments. It has been distributed to all states 
through the support of the Federal Emergency Management 
Agency (FEMA). In nine well-illustrated chapters, it de
scribes landslide losses and the benefits of mitigation; 
causes and types of landslides; hazard identification, as
sessment, and mapping; transferring and encouraging the 
use of information; landslide loss reduction techniques; and 
plan preparation and necessary steps in implementing such 
a plan. 

The 50-page report was published originally by the Col
orado Geological Survey for FEMA to provide stimulation 
and assistance to government agencies, private interests, 
and citizens throughout the nation to reduce the landslide 
threat. The preparation ofthe report was guided by an advi
sory committee that included Oregon's Deputy State Geolo
gist John D. Beaulieu. 

These DOGAMl publications are now available over the 
counter, by mail, FAX, or phone from the Nature of the 
Northwest Information Center in Portland (see order infor
mation on the back cover of this issue); or the DOGAMl 
field offices (see page 2 of this issue). Orders may be 
charged to Visa or Mastercard. Orders under $50 require 
prepayment except for credit-card orders. 0 
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AVAILABLE PUBLICATIONS 
OREGON DEPARTMENT OF GEOLOGY AND MINERAL INDUSTRIES 

GEOLOGICAL MAP SERIES Price 0 
GMS-5 Powers 15' quadrangle, Coos and Cuny Counties. 1971 4.0o __ 
GMS-6 Part of Snake River canyon. 1974 8.00 __ 
GMS-8 Complete Bouguer gravity anomaly map, central Cascades. 1978 ___ 4.00 __ 
GMS-9 Total-field aeromagnetic anomaly map, central Cascades. 1978 ____ 4.0o __ 
GMS-I0 Low- to intermediate-temperature thermal springs and wells. 1978 __ 4.0o __ 
GMS-12 Oregon part. Mineral 15' quadrangle, Baker County. 1978 4.00 __ 
GMS-13 HuntingtoniOlds Feny 15' quads., BakerlMalheur Counties. 1979 __ 4.0o __ 
GMS-14 Index to published geologic mapping in Oregon, 1898-1979. 1981 __ 8.00 __ 
GMS-15 Gravity anomaly maps, north Cascades. 1981 4.00 __ 
GMS-16 Gravity anomaly maps, south Cascades. 1981 4.00 __ 
GMS-17 Total-field aeromagnetic anomaly map, south Cascades. 1981 4.00 __ 
GMS-18 Rickreall, Salem West, Monmouth, and Sidney 7'h' quadrangles, Marion 

and Polk Counties. 1981 6.0o __ 
GMS-19 Bourne 7'h' quadrangle, Baker County. 1982 _________ 6.0o __ 
GMS-20 S'h Burns 15' quadrangle, Hamey County. 1982 6.00 __ 
GMS-21 Vale East 7'h' quadrangle, Malheur County. 1982 6.00 __ 
GMS-22 Mount Ireland 7'h' quadrangle, Baker/Grant Counties. 1982 6.00 __ 
GMS-23 Sheridan 7'h' quadrangle, Polk and Yamhill Counties. 1982 6.00 __ 
GMS-24 Grand Ronde 7'h' quadrangle, Polk/Yamhill Counties. 1982 6.00 __ 
GMS-25 Granite 7'h' quadrangle, Grant County. 1982 6.00 __ 
GMS-26 Residual gravity, north/central/south Cascades. 1982 6.00 __ 
GMS-27 Geologic and neotectonic evaluation of north-central Oregon. 

The Dalles 10 x 20 quadrangle. 1982 7.00 __ 
GMS-28 Greenhorn 7'h' quadrangle, Baker/Grant Counties. 1983 6.00 __ 
GMS-29 NE'I. Bates 15' quadrangle, Baker/Grant Counties. 1983 6.00 __ 
GMS-30 SEV. Pearsoll Peak 15' quad., Cuny/Josephine Counties. 1984 ___ 7.0o __ 
GMS-31 NWV. Bates 15' quadrangle, Grant County. 1984 6.00 __ 
GMS-32 Wilhoit 7'h' quadrangle, ClackamaslMarion Counties. 1984 5.00 __ 
GMS-33 Scotts Mills 7'h' quad, ClackamaslMarion Counties. 1984 5.00 __ 
GMS-34 Stayton NE 7'h' quadrangle, Marion County. 1984 5.00 __ 
GMS-35 SWv. Bates 15' quadrangle, Grant County. 1984 6.00 __ 
GMS-36 Mineral resources of Oregon. 1984 9.00 __ 
GMS-37 Mineral resources, offshore Oregon. 1985 7.00 __ 
GMS-38 NWV. Cave Junction 15' quadrangle, Josephine County. 1986 ____ 7.0o __ 
GMS-39 Bibliography and index: ocean floor, continental margin. 1986 ____ 600 __ 
GMS-40 Total-field aeromagnetic anomaly maps, northern Cascades. 1985 ___ 5.00 __ 
GMS-41 Elkhorn Peak 7'h' quadrangle, Baker County. 1987 7.00 __ 
GMS-42 Ocean floor off Oregon and adjacent continental margin. 1986 ____ 9.00 __ 
GMS-43 Eagle Butte & Gateway 7'h' quads., JeffersonlWasco C. 1987 ____ 5.00 __ 

as set with GMS-44 and GMS-45 11.00 __ 
GMS-44 Seekseequa Junct.lMetolius B. 7'h' quads., Jefferson C. 1987 5.00 __ 

as set with GMS-43 and GMS-45 11.0o __ 
GMS-45 Madras WestlEast 7'h' quads., Jefferson County. 1987 5.00 __ 

as set with GMS-43 and GMS-44 11.00 __ 
GMS-46 Breitenbush River area, Linn and Marion Counties. 1987 7.00 __ 
GMS-47 Crescent Mountain area, Linn County. 1987 7.00 __ 
GMS-48 McKenzie Bridge 15' quadrangle, Lane County. 1988 9.00 __ 
GMS-49 Map of Oregon seismicity, 1841-1986. 1987 4.0o __ 
GMS-50 Drake Crossing 7'h' quadrangle, Marion County. 1986 5.0o __ 
GMS-51 Elk Prairie 7'h' quadrangle, Marion and Clackamas Counties. 1986 __ 5.00 __ 
GMS-52 Shady Cove 7'h' quadrangle, Jackson County. 1992 6.00 __ 
GMS-53 Owyhee Ridge 7'h' quadrangle, Malheur County. 1988 5.00 __ 
GMS-54 Graveyard Point 7'h' quad., Malheur/Owyhee Counties. 1988 5.00 __ 
GMS-55 Owyhee Dam 7'h' quadrangle, Malheur County. 1989 5.00 __ 
GMS-56 Adrian 7'h' quadrangle, Malheur County. 1989 5.0o __ 
GMS-57 Grassy Mountain 7'h' quadrangle, Malheur County. 1989 5.0o __ 
GMS-58 Double Mountain 7'h' quadrangle, Malheur County. 1989 5.0o __ 
GMS-59 Lake Oswego 7'h' quad., Clackam., Multn., Wash. Counties. 1989 __ 7.00 __ 
GMS-60* Damascus 7'h' quad., Clackam., Multn. Counties. 1994 8.00 __ 
GMS-61 Mitchell Butte 7'h' quadrangle, Malheur County. 1990 5.00 __ 
GMS-62* The Elbow 7'h' quadrangle, Malheur County. 1993 8.00 __ 
GMS-63 Vines Hi1l7'h' quadrangle, Malheur County. 1991 5.00 __ 
GMS-64 Sheaville 7'h' quadrangle, Malheur County. 1990 5.00 __ 
GMS-65 Mahogany Gap 7'h' quadrangle, Malheur County. 1990 5.00 __ 
GMS-66 Jonesboro 7'h' quadrangle, Malheur County. 1992 6.00 __ 
GMS-67 South Mountain 7'h' quadrangle, Malheur County. 1990 6.00 __ 
GMS-68 Reston 7'h' quadrangle, Douglas County. 1990 6.00 __ 
GMS-69 Harper 7'h' quadrangle, Malheur County. 1992 5.0o __ 
GMS-70 Boswell Mountain 7'h' quadrangle, Jackson County. 1992 7.00 __ 
GMS-71 Westfa1l7'h' quadrangle, Malheur County. 1992 5.00 __ 
GMS-72 Little Valley 7'h' quadrangle, Malheur County. 1992 5.00 __ 

Price0 
GMS-73* Cleveland Ridge 7'h' quadrangle, Jackson County. 1993 5.0o __ 
GMS-74 Namorf7'/,' quadrangle, Malheur County. 1992 5.0o __ 
GMS-75 Portland 7'h' quadrangle, Multn., Wash., Clark Counties. 1991 ___ 7.0o __ 
GMS-76 Camas Valley 7'h' quadrangle, Douglas and Coos Counties. 1993 ___ 6.00 __ 
GMS-77 Vale 30x60 minute quadrangle, Malheur County. 1993 10.0o __ 
GMS-78 Mahogany Mountain 30x60 minute quadrangle, Malheur C. 1993 __ 10.00 __ 
GMS-79* Earthquake hazards, Portland 7'1,' quad., Multnomah C. 1993 ___ 20.0o __ 
GMS-80* McLeod 7'h' quadrangle, Jackson County. 1993 5.0o __ 
GMS-81* Turnalo Dam 7'h' quadrangle, Deschutes County. 1994 6.0o __ 
GMS-82* Limber Jim Creek 7'h' quadrangle, Union County. 1994 5.00 __ 
GMS-83* Kenyon Mountain 7'h' quadrangle, Douglas/Coos Counties. 1994 __ 6.00 __ 
GMS-84* Remote 7'h' quadrangle, Coos County. 1994 6.00 __ 
GMS-85* Mount Gurney 7'h' quadrangle, Douglas/Coos Counties. 1994 ___ 6.0o __ 
GMS-86* Tenmile 7'h' quadrangle, Douglas County. 1994 6.00 __ 
GMS-88* Lakecreek 7'h' quadrangle, Jackson County. 1995 8.00 __ 
GMS-89* Earthquake hazards, Mt. Tabor 7'h' quad., Multnomah C. 1995 __ 10.00 __ 
GMS-90* Earthquake hazards, Beaverton 7'h' quad., 1995 10.0o __ 
GMS-91 * Earthquake hazards, Lake Oswego 7'h' quad., 1995 10.0o __ 
GMS-92* Earthquake hazards, Gladstone 7'/,' quad., 1995 10.00 __ 
GMS-93* Earthquake hazards, Siletz Bay area, Lincoln County, 1995 ____ 20.00 __ 
GMS-94* Charleston 7'h' quadrangle, Coos County. 1995 8.00 __ 
GMS-97* Coos Bay 7'h' quadrangle, Coos County. 1995 6.0o __ 
GMS-98* Dora and Sitkum 7'h' quadrangles, Coos County. 1995 6.0o __ 

SPECIAL PAPERS 
2 Field geology, SW Broken Top quadrangle. 1978, __________ .5.00 __ 

3 Rock material resources, Clackam., Columb., Multn., Wash. C. 1978 8.0o __ 
4 Heat flow of Oregon. 1978 4.0o __ 
5 Analysis and forecasts of demand for rock materials. 1979 4.00 __ 
6 Geology of the La Grande area. 1980 6.0o __ 
7 Pluvial Fort Rock Lake, Lake County. 1979 5.00 __ 
8 Geology and geochemistry of the Mount Hood volcano. 1980 4.00 __ 
9 Geology of the Breitenbush Hot Springs quadrangle. 1980 5.00 __ 
10 Tectonic rotation of the Oregon Western Cascades. 1980 4.0o __ 
11 Bibliography and index of theses and dissertations, 1899-1982. 1982 ____ 7.00 __ 
12 Geologic linears, northern part of Cascade Range, Oregon. 1980 4.00 __ 
13 Faults and lineaments of southern Cascades, Oregon. 1981 5.00 __ 
14 Geology and geothermal resources, Mount Hood area. 1982 8.00 __ 
15 Geology and geothermal resources, central Cascades. 1983 13.00 __ 
16 Index to Ore Bin (1939-78) and Oregon Geology (1979-82). 1983 5.0o __ 
17 Bibliography of Oregon paleontology, 1792-1983. 1984 7.00 __ 
18 Investigations of talc in Oregon. 1988 8.00 __ 
19 Limestone deposits in Oregon. 1989 9.00 __ 
20 Bentonite in Oregon. 1989 7. 00 __ 
11 Field geology, NW'I. Broken Top 15' quadrangle, Deschutes C. 1987 ___ 6.00 __ 
22 Silica in Oregon. 1990 8.0o __ 
23 Forum on Geology of Industrial Minerals, 25th, 1989, Proceedings. 199o __ 10.0o __ 
24 Index to Forums on the Geology of Industrial Minerals, 1965-1989. 1990 __ 7.0o __ 
25 Pumice in Oregon. 1992 9.0o __ 
26 Onshore-offshore geol. cross section, N. Coast Range to cont. slope. 1992 __ 11.00 __ 

OIL AND GAS INVESTIGATIONS 

3 Foraminifera, General Petroleum Long Bell #1 well. 1973 4.00 __ 
4 Foraminifera, E.M. Warren Coos County 1-7 well. 1973 4.0o __ 
5 Prospects for natural gas, upper Nehalem River Basin. 1976 6.00 __ 
6 Prospects for oil and gas, Coos Basin. 1980 10.00 __ 
7 Correlation of Cenozoic stratigraphic units, W. OregonlWashington. 1983 __ 9.0o __ 
8 Subsurface stratigraphy of the Ochoco Basin, Oregon. 1984 8.0o __ 
9 Subsurface biostratigraphy of the east Nehalem Basin. 1983 7.0o __ 
10 Mist Gas Field: E.xplorationldevelopment, 1979-1984. 1985 5.00 __ 
11 Biostratigraphy of exploratory wells, W. Coos, Douglas, Lane Co. 1984 ___ 7.00 
12 Biostratigraphy, exploratory wells, N. WiIlamette Basin. 1984 7. 00 __ 
13 Biostratigraphy, exploratory wells, S. Willamette Basin. 1985 7.00 __ 
14 Oil and gas investigation of the Astoria Basin. 1985 8.00 __ 
15 Hydrocarbon exploration and occurrences in Oregon. 1989 8.00 __ 
16 Available well records and samples, onshore/offshore. 1987 6.00 __ 
17 Onshore-offshore cross section, Mist Gas Field to cont. sheWslope. 199o __ 10.00 __ 
18 Schematic fence diagram, S. Tyee basin, Oregon Coast Range. 1993 9.00 __ 
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Second Class Matter 

POSTMASTER: Form 3579 requested 

AVAILABLE DEPARTMENT PUBLICATIONS (continued) 

BULLETINS Price ~ 
33 Bibliography, geo!. & min. res. of Oregon (1st supp!. 1936-45). 1947 ____ 4.0o __ 
36 Papers on Tertiary Foraminifera (v. 2 [parts VII-VIII] only). 1949 4.0o __ 
44 Bibliography (2nd supplement, 1946-50). 1953 4.0o __ 
46 Ferruginous bauxite, Salem Hills, Marion County. 1956 4.00 __ 
53 Bibliography (3rd supplement, 1951-55). 1962 4.00 __ 
65 Proceedings of the Andesite Conference. 1969 11.0o __ 
67 Bibliography (4th supplement, 1956-60). 1970 4.00 __ 
71 Geology oflava tubes, Bend area, Deschutes County. 1971 6.00 __ 
78 Bibliography (5th supplement, 1961-70). 1973 4.00 __ 
82 Geologic hazards of Bull Run Watershed, Multn.!Clackam. C. 1974 8.00 __ 
87 Environmental geology, western CoosIDouglas Counties. 1975 10.00 __ 
88 Geology/min. res., upper Cheteo R drainage, Curry/Josephine C. 1975 ___ 5.00 __ 
89 Geology and mineral resources of Deschutes County. 1976 8.00 __ 
90 Land use geology of western Curry County. 1976 10.00 __ 
91 Geologic hazards, parts ofN. Hood River, Wasco, Sherman C. 1977 ____ 9.00 __ 
92 Fossils in Oregon. Collection of reprints from the Ore Bin. 1977 5.00 __ 
93 Geology, mineral resources, and rock material, Curry County. 1977 8.0o __ 
94 Land use geology, central Jackson County. 1977 10.00_._ 
95 North American ophiolites (IGCpproject). 1977 8.00 __ 
96 Magma genesis. AGU Chapman Conf on Partial Melting. 1977 15.00 __ 
97 Bibliography (6th supplement, 1971-75). 1978 4.00 __ 
98 Geologic hazards, eastern Benton County. 1979 10.00 __ 
99 Geologic hazards of northwestern Clackamas County. 1979 11.00 __ 
101 Geologic field trips in W Oregon and SW Washington. 1980 10.00 __ 
102 Bibliography (7th supplement, 1976-79). 1981 5.00 __ 
103 Bibliography (8th supplement, 1980-84). 1987 8.00 __ 

MISCELLANEOUS PAPERS 
5 Oregon's gold placers. 1954 _________________ 2.0o __ 

11 Articles on meteorites (reprints from the Ore Bin). 1968 4.0o __ 
15 Quicksilver deposits in Oregon. 1971 4.0o __ 
19 Geothermal exploration studies in Oregon, 1976. 1977 4.0o __ 
20 Investigations of nickel in Oregon. 1978 6.00 __ 

Price ~ 
SHORT PAPERS 
25 Petrography of Rattlesnake Formation at type area. 1976 _______ ·4.00 __ 
27 Rock material resources of Benton County. 1978 5.0o __ 

MISCELLANEOUS PUBLICATIONS 
Relative earthquake hazard map, Portland quadrangle (DOGAMIlMetro), 
1993, with scenario report (add $3.00 for mailing), __________ IO.OO __ 

Geology of Oregon, 4th ed., RL. and WN. Orr and RM. Baldwin, 1991, 
published by KendalllHunt (add $3.00 for mailing), __________ 26.95 
Geologic map of Oregon, G.W Walker and N.S. MacLeod, 1991, 
published by USGS (add $3.00 for mailing), ____________ 11.50 __ 
Geological highway map, Pacific Northwest region, Oregon, Washington, and 
part ofIdsho (published by AAPG). 1973 6.00 __ 
Oregon Landsat mosaic map (published by ERSAL, OSU). 1983 11.00 __ 
Mist Gas Field map, rev. 1995, with 1993-94 production figs. (OFR 0-95-1) __ 8.00 __ 
Digital form of map (CAD formats .DGN, DWG, DXF), 3Y,-in. diskette ___ 25.00 __ 
Mist Gas Field production figures 1979 through 1992 (OFR 0-94-6) 5.0o __ 
Northwest Oregon, Correlation Sec. 24. Bruer & others, 1984 (AAPG) 6.00 __ 
Oregon rocks and minerals, a description. 1988 (OFR 0-88-6) 6.00 
Mineral information layer for Oregon by county (MILOC), 1993 update 
(OFR 0-93-8), 2 diskettes (5Y.-in., high-density, MS-DOS) _______ .25.00 __ 
Directory of mineral producers, 1993 update, 56 p. (OFR 0-93-9) ______ .8.00 __ 
Geothermal resources of Oregon (published by NOAA). 1982 4.00 __ 
Mining claims (State laws governing quartz and placer clairns) ____ ~Free __ _ 
Back issues of Oregon Geology ________________ .3.00 __ 

Color postcard with Oregon State Rock and State Gemstone _______ 1.00 __ 

Separate price lists for open-file reports, tour guides, recreational gold mining 
infonnation, and non-Departmental maps and reports will be mailed upon request. 

GMS maps marked with an asterisk (·)a ... available in digital fonn on diskette 
(geological infonnation only). 

The Department also sells Oregon topographic maps published by the U.S. Geo
logical Survey. 

ORDER AND RENEWAL FORM 
Check desired publications in list above or indicate how many copies and enter total amount below. Send order to The Nature of the Northwest Infonna
tion Center, Suite 177,800 NE Oregon Street, Portland, OR 97232-2162, or to FAX (503) 731-4066. If you wish to order by phone, have your credit 
card ready and call (503) 872-2750. Payment must accompany orders ofless than $50. Payment in U.S. dollars only. Publications are sent postpaid. All sales 
are [mal. Subscription price for Oregon Geology: $10 for 1 year, $22 for 3 years. 

Renewal_ I new subscription_ to Oregon Geology: 1 year ($10) or 3 years ($22) $ _________ _ 
Total amount for publications marked above: $ _________ _ 
Total payment enclosed or to be charged to credit card as indicated below: $ _________ _ 

Name _________________________________________________________________ __ 
Admess ______________________________________________________________ __ 
City/State/Zip. ________________________________________________________ __ 

Please charge to Visa_ I Mastercard_, account number: ________________ _ 
Expiration date: ______________________________ __ 

Cardholder's signature ____________________________ _ 
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Governor proclaims April 1996 
Earthquake and Tsunami 
Preparedness Month 
1"' 

I Office of the Governor, State of Oregon 
Proclamation 

Whereas: Oregon has recently suffered considerable 
damage from two small earthquakes; and 

Whereas: Scientific evidence indicates that Oregon is at 
risk for much larger earthquakes in the future; 

! and 

I Whereas: A major earthquake associated with the Cas
cadia Subduction Zone could, also, generate a 
destructive tsunami; and 

Whereas: The loss of life and property can be greatly 
reduced if appropriate earthquake prepared
ness measures are taken BEFORE such an 
earthquake or tsunami occurs; and 

Whereas: Oregon enacted a law in 1995 that requires 
schools to instruct and drill students on emer
gency procedures such as those related to 
earthquakes and tsunamis; and 

Whereas: Emergency management agencies, the De
partment of Geology and Mineral Industries, 
and the American Red Cross will highlight 
these preparedness strategies and provide 
earthquake safety infonnation to citizens dur
ing the month of April, 

Now, 

Therefore, I, John A. Kitzhaber, Governor of the State 
of Oregon, hereby proclaim April 1996 

EARTHQUAKE AND TSUNAMI PREPAREDNESS MONTH 

in Oregon and encourage all citizens to increase their 
awareness of and preparedness for earthquake and 
tsunami hazards, 

In witness whereof, I hereunto set my hand 
and cause the Great Seal of Oregon to be af
fixed. Done at the Capitol in the City of 
Salem in the State of Oregon, on this day, 
January 22, 1966. 

~ I John A. Kitzhaber, Govemor 

L~ ___ ._. ___ p_:_';_ei~,'~_.~:7_0f_s:_.te_._._.J 
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Seismically induced water-level oscillations in a fractured-rock 
aquifer well near Grants Pass, Oregon 
by Douglas Woodcock, Oregon Water Resources Department, Salem, Oregon 97310, and Evelyn RoelojJs, u.s. Geological 
Survey, Vancouver, Washington 98660 

INTRODUCTION 
Groundwater data have been collected from water wells 

in the Grants Pass area for the last several years to assess 
groundwater conditions and aquifer behavior. Thirteen un
used water wells have been monitored with analog water
level recorders to observe short- and long-term responses to 
precipitation, pumpage, barometric effects, and well inter
ference. One of these monitored wells stands apart from the 
others for its response to the strain produced by Earth tides 
but also, more interestingly, for its extreme sensitivity to 
earthquakes that have occurred locally and at great dis
tances from the well. A digital data logger has expanded the 
data-recording capabilities at the well and has captured de
tailed seismic wave trains. These "hydroseismograms" pro
vide an interesting look at how a water well developed in a 
fractured-rock aquifer responds to earthquakes. 

There are practical reasons to study the response of wa
ter wells to earthquakes. For example, to ensure the safety 
of underground waste repositories, it is essential to under
stand how distant earthquakes could affect subsurface stress 
or fluid pressure. Distant fluid-pressure changes may also 
explain why large earthquakes, like the 1992 earthquake at 
Landers, California, sometimes trigger additional earth
quakes as far as several hundred kilometers away. 

THE SETTING 

The well of interest is the North Valley Industrial Park 
#3 well (NVIP3), located about 6 km (3.75 mi) northwest 
of the city of Grants Pass in Josephine County (Figure I). It 
is a 15-cm (6-in.)-diameter well and is 91.4 m (300 ft) deep. 
The driller's log reports that cement grout was placed to a 
depth of 36.6 m (120 ft) and casing to 50.9 m (167 ft). The 
well is open to the formation from 50.9 to 91.4 m (167-300 
ft). It was drilled to supply the industrial park with ground
water, but only domestic quantities of water were encoun
tered, so the well has gone unused. The well is developed in 
fractured granitic rock ofthe Grants Pass pluton, a 260 km2 

body of granodiorite, quartz diorite, and related intrusives. A 
down-hole video shows, in the bottom 23 m (75 ft) of the 
borehole, a fractured, complex intrusive contact between 
the pluton and a dark metamorphic rock. It is unknown 
whether the well has fully penetrated the pluton or has only 
encountered a large block of incorporated country rock. 

THE ANALOG DATA YEARS 

The Josephine County Water Resources Department rec
ognized the value of using NVIP3 as a long-term observa
tion well and, shortly after completion of the well in 1984, 
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Figure 1. Geographic location of NVIP3 in Josephine 
County. 

installed a continuous analog water-level recorder. This 
type of recorder consists of a recording drum attached to a 
float and counterweight mechanism. As the water level 
rises and falls in the well, the change in water level is 
traced on the recording drum. This recorder was main
tained until the end of 1993, when it was replaced with a 
digital unit. 

Comparison of the water-level record at NVIP3 to those 
records collected from shallower wells in the Grants Pass 
pluton suggests that the deeper, fractured aquifer is con
fined. That is, the water at depth cannot flow freely to the 
water table, because the water-bearing zones are bounded 
by rock of lower permeability. Thus, the aquifer at depth is 
under a pressure greater than atmospheric pressure and is 
sensitive to forces that produce small volumetric changes in 
the rock body. 

Figure 2 is an analog chart from NVIP3 showing the 
diurnal and semi-diurnal water-level response to the strain 
induced by Earth tides. As with coastal tides, water-level 
amplitudes reach their maximum and minimum at two
week intervals-when the gravitational attraction of the 
moon and sun are in alignment (at full and new moon) and 
when those forces are perpendicular with respect to the 
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Earth (called " lunar quadrature"). However, in contrast to 
coastal tides. the water level in a tide-sensitive well declines 
when the tide-generating force is overhead. This is because 
the lithostatic pressure on the aquifer is reduced when the 
gravitational force pulis on the Earth's crust. 

Over the period of record, the analog charts also show 
155 rapid water-level fluctuations, which are superi mposed 
on the smooth, relatively slow changes due to Earth tides, 
barometric pressure changes. and groundwater recharge. 

Figure 2. Strong diurnal and semi-diurnal Earlh-tide 
Signal dominales Ihe waler level in this analog recording 
for Ihe monlh of November J 989. The numbers on Ihe left 
side of the pholOgraph indicate water level in feet below 
land surface, while the numbers across the bollom indicate 
days of the month. 

Figure 3. Analog recording o/the September /9, /985, 
earthquake at Michoacan, Mexico (Us 7,9) and aftershock 
(Ms 7.5) superimposed on earth tide signal. The numbers 
on the left side of the photograph indicate water level in 
feet below land sur/ace, and the numbers across the bottom 
reflect days 0/ the month. The main shock caused 32 em 
(/.05 fl) of peak-to-peak fluctuation, the aftershock 7 em 
(0.13 jI). 
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These rapid fluctuations correlate with earthquakes. For ex
ample, well responses to the 1985 Michoacan (Mexico) 
earthquakes, with surface-wave magnitudes (Ms) of7.9 and 
7.5. are shown in Figure 3. The peak-to-peak response was 
32 em (1 .05 ft) from the main shock and 7 cm (0.23 ft) from 
the aftershock. Both epicenters were approximately 30 arc 
degrees (-3.330 km) distant fro m the well. 

We correlated rapid water-level oseillations on the ana
log charts 10 earthquakes by matching the event time on the 
recorder chart with large earthquakes, which are logged in 
the catalog Preliminary Determination 0/ Epicenlers (POE) 
maintained by the U.S. Geological Survey National Earth
quake Information Center. The majority of the water-level 
charts were recorded at a time scale of8 h 12.5 mm, yield
ing a ti me resolution of about two hours. Thus the earth
quake database was searched fo r any large earthquakes that 
occurred within ± 2 h of the recorded oscillat ion. Occasion
ally, the database lists more than one large earthquake 
within this time window, which makes correlation difficult. 
FurthemlOre, battery and pen fai lures and frcczing clocks 
caused either gaps in the record or discrepancies in clock 
time. Sti ll , of the 155 rapid fl uctuations in the analog 
record, 11 9 occurred withi n two hours of an earthquake 
with a magnitude 6.0 or gre..1ter somewhere in the world. 
An additional 13 of the water-level fl uctuations correspond 
to earthquakes in or offshore Oregon or California with 
magnitudes 4.0 or greater. 

CONVERSION TO DIGITAL. DATA ACQUISITION 

Detailed responses to earthquakes could not be resolved 
from the analog records because of their compressed time 
scalc. For this reason, a UNIDATA digital shaft encoder. 
data logger, and barometric transducer were installed in 
November 1993 (Figure 4). Like an analog recorder. the 
shaft encoder utilizes a float-and-counlenveight mecha
nism to track water-level change in the well. The difference 

Figure 4. Configuration of UN/DATA instrumentation al 
NVIP3. Shaft encoder (on right) digitally encodes water
level data/or storage in data logger (in weatherproofhous
ing on left). 
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is that the data are digitally encoded and 
stored in the data logger for later retrieval. 
The data logger is configured to record 
water level and barometric readings every 
15 minutes but goes to a high-speed sam
pling interval-one sample per sec
ond-anytime the water-level movement 
equals or exceeds 0.18 cm (0.006 ft) in a 
one-second interval. This split sampling 
scheme provides data for a long-term 
record and at the same time allows a finer 
resolution for short-term phenomena. 
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Since the change to digital instrumen
tation, 80 additional rapid fluctuations 
have been recorded. Figure 5 shows the 
digital record for a portion of January 
1994. It includes the response to the 
Northridge, California, event (Ms 6.8) as 
well as three other earthquakes. The peak
to-peak response to the Northridge main 
shock was 22.3 cm (0.73 ft). Figure 6 ex
pands the time scale for this response and 
compares it to the vertical component of a 
broadband seismogram recorded at Yreka, 
California. The comparison shows that 
the well and recorder are emulating a 
seismograph, recording the passage of the 
early arriving P and S waves and the later 
arriving surface waves. 

9.10 r--~-;----;----T---T-~--r----;--~-...,.....-------I 

14 15 16 17 18 

January 1994 
(PST) 

19 20 21 

Figure 5. Digital recording of water-level change for 8 days in January, 
1994. Local and distant earthquakes are identified in the record. 

Because of the greater detail provided 
in the record, the digital equipment al
lows a more accurate determination ofthe 
timing of events. Time resolution, now on 
the order of seconds as opposed to hours, 
has greatly improved the confidence of 
correlating earthquakes to fluctuations in 
the water-level record. 

OSCILLATORY WELL RESPONSE 

As can be seen in the response to the 
Northridge earthquake, the water level at 
NVIP3 fluctuates in response to the pas
sage of various seismic waves. This dy
namic response is produced by two simul-

~ 
" .2" 
"" >'" 'OE 
§" e 
C!l 

0.04 

0.02 P 

I 

0.02 

0.04 

8.85 

o 200 400 600 

Time in Seconds 

Broadband Seismogram 
Vertical component 

Yreka, California 

Water Level 
NVIP#3 Well, Grants Pass, 0 

800 1000 1200 

taneous mechanisms: (1) rapid pressure 
changes in the aquifer as the waves com
press and dilate the rock body, and (2) 
amplification by the momentum of the 
water column moving in the well. 

Figure 6. Northridge main shock, January 17, 1994. Comparison of the 
water-level response observed at NVIP3 and the vertical component broadband 
seismogram collected at Yreka, California. 

Early work by Leggette and Taylor (1935) suggested that 
water wells that employ float recorders, such as NVIP3, are 
capable of recording only those aquifer pressure changes 
produced by long-period seismic waves (e.g., Rayleigh 
waves), because considerable time is necessary for water to 
flow into and out of the borehole in response to those 
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changes. Eaton and Takasaki (1959) stated that of the dif
ferent waves produced by an earthquake, it is only waves 
that produce volume changes in the rock that induce water
level fluctuations in a well. Both P waves and the later
arriving Rayleigh waves have this property, but Rayleigh 
waves would be expected to generate the larger oscillations 
because of their longer periods. Waves that induce a shear-
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ing motion as they propagate through a rock body, such as 
S waves and Love waves, do not dilate the rock as they pass 
and, theoretically, should not induce oscillations. Rexin and 
others (1962), however, identified many seismic phases, in
cluding Love waves and S waves, in expanded time-scale 
recordings from a well in Milwaukee, Wisconsin. 

NVIP3 clearly responds not only to P waves and 
Rayleigh waves but also to the shearing motion of S waves. 
The relative amplitudes of the S wave and P wave responses 
cannot be determined at present because the one-second 
sampling rate is not fast enough to accurately record P 
waves, which have frequencies of several cycles per second. 
Consequently, the small fluctuations in response to P waves 
are not accurate representations of the pressure changes oc
curring in the aquifer. That the well responds at all to these 
higher frequency waves suggests that the hydraulic conduc
tivity in the aquifer surrounding the well must be suffi
ciently high to allow rapid movement of water in and out of 
the well in response to the small but rapid pressure changes 
induced by P waves. 

The well's response to nondilatational S waves is curi
ous. One possible explanation is that hydraulic conductivity 
within the aquifer is dominated by a single permeable frac
ture or set of fractures having a preferred orientation. If a 
fracture is oriented normal to the shearing motion of an S 
wave, then elastic deformation of the fracture aper
ture-without volumetric change of the rock body-would 
produce pressure changes in the aquifer, thus inducing wa
ter movement in the well-aquifer system. 

Cooper and others (1965) derived a mathematical equa
tion for the amplification of water-level oscillations in a 
well relative to pressure fluctuations in the aquifer caused 
by seismic waves. The most interesting feature of Cooper's 
analysis is that, for wells in aquifers with sufficiently high 
hydraulic conductivity, there is a resonant frequency at 
which the water-level fluctuation in the well can be ampli
fied orders of magnitude above the pressure fluctuation in 
the aquifer. The frequency at which resonance occurs is de
termined by the dimensions of the water column and the 
aquifer. Hydraulic conductivity is the key parameter gov
erning the amplification. Liu and others (1989) modified 
Cooper's analysis to improve its agreement with observa
tions for the case of a very thick aquifer. For the well and 
water column dimensions of NVIP3, Liu's equation sug
gests that seismic waves with periods of 10-20 s will pro
duce a resonant water-level response. This is supported by 
the hydroseismograms recorded at NVIP3, which are domi
nated by oscillations at these periods. 

RESPONSES TO LOCAL AND DISTANT EVENTS 

The majority of earthquakes inducing a response at 
NVIP3 occurred along plate margins within the active Pa
cific rim, but small fluctuations «1.0 cm) were correlated 
to large events in China, Sudan, Turkey, and India. Figure 
7 shows the worldwide distribution of all earthquakes with 
magnitudes 6.0 or larger that have occurred since data have 
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been collected at NVIP3. The largest fluctuations recorded 
at the well have been produced by earthquakes occurring 
along the western margin of North America, Alaska to Mex
ico. Local events (earthquakes with epicenters occurring in 
northern California, southern Oregon, or the near offshore) 
are responsible for many of these larger oscillations. Table 
1 displays the 20 largest responses observed at this well. 

Of27 events in the PDE catalog with surface-wave mag
nitudes of 7.4 or greater, all but five showed a response in 
the well, including all such events that have taken place 
since 1989. All but one earthquake within 20 arc degrees of 
the well and with a magnitude of Ms 6.0 or greater pro
duced a response. The most distant event to cause a water
level fluctuation (0.91 cm) was a Ms 7.1 event in the Sudan 
on May 20, 1990. Magnitude and distance being equal, a 
shallow event is more likely to produce a well response than 
a deep event. The deepest earthquake to cause a water-level 
fluctuation (0.18 cm) was a mb 6.5 event in North Korea on 
July 21, 1994, at a depth of 471 km. (Here, mb denotes a 
magnitude derived from body waves. Earthquakes this deep 
do not generate strong enough surface waves to calculate a 
meaningful Ms.) It is unknown whether water-level fluctua
tions were induced in response to the magnitude 8.2 earth
quake 600 km beneath Bolivia on June 8, 1994-the largest 
earthquake ever documented at that depth-because the 
water-level recorder was inactive at the time of the event. 

An earthquake's surface-wave magnitude and its dis
tance (<"1) in arc degrees from the well can be used to esti
mate the amplitude (A) of 20-s Rayleigh waves at the well 
site using the formula 

log A = Ms- 1.66 log (LV20), 

where <"1 is measured in degrees, and A is in millimicrons 
of ground motion (see, for example, Evernden, 1971). The 
size ofthe water-level fluctuation tends to increase with the 
estimated Rayleigh wave amplitude, as shown in Figure 8. 
All earthquakes in the PDE catalog that produced Rayleigh 
waves with estimated peak-to-peak ground motion in ex
cess of 5 mm (0.2 in.) caused water-level fluctuations to 
occur in the NVIP3 well. 

Using long-period seismic waves, Shearer (1994) gener
ated a global image of the Earth's response to seismic en
ergy. Ground motion for a point on the Earth's surface was 
ploUed as a function of time and distance from the earth
quake. Among other things, this provides a methodology 
for identifying wave arrivals many hours after earthquake 
origin times. This model was used to identify Rayleigh 
wave arrival times from a great earthquake that occurred off 
the Kuril Islands, north of Japan. The Ms 8.2 event oc
curred on October 4, 1994, and produced an 18.9-cm (0.62-
ft) response at NVIP3. The well continued to oscillate for 
over three hours. Early time data show a small but clear P 
wave response and a sharp response to S wave arrivals 
(Figure 9). Subsequent increases in oscillatory amplitude in 
the well correspond closely to the modeled arrival times of 
the Rayleigh wave components Rl, R2, and R3 for the well 
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Figure 7. Two views of the Earth displaying earthquakes that occurred over the period of water-level record for NVIP3. 

Table 1. Earthquakes generating the 20 largest peak-to-peak responses at NVlP3. Included are any observed coseismic 
water-level changes. 

Location Event date Magni- Depth Distance Well fluctuation Well fluctuation Coseismic change Data 
(GMT) tude (km) (arc degrees) (em) (ft) (em) format 

Cape Mendocino 4/25/92 1806 Ms 7.1 15 2.3 114.3 3.75 21.0 drop Analog 

Landers. CA 6/28/92 1157 Ms 7.6 1 9.9 78.0 2.56 3.1 drop Analog 

Off north CA coast 8/17/912217 ML6.8 13 1.7 71.6 2.35 15.2 drop Analog 

Offshore Petrolia, CA 9/11941515 Mw 7.2 10 2.7 62.2 2.04 15.2 drop Digital 
Yakutat, AK 11130/87 1923 Ms 7.7 10 20.2 45.7 1.50 18.3 drop Analog 

Off Oregon coast 7/13/910250 ML6.7 11 1.7 41.8 1.37 7.0 drop Analog 

Gulf of Alaska 3/6/882235 Ms 7.5 10 19.1 36.6 1.20 (Pen skip) Analog 

Lorna Prieta 10/18/890004 ML 7.0 18 5.6 36.6 1.20 10.4 drop Analog 

Michoacan 9/19/851317 Ms 7.9 27 30.1 32.0 1.05 Analog 

Klamath Falls 9/21/930545 MD 6.0 12 1.0 29.6 0.97 27.4 drop over 2 shocks Analog 

Cape Mendocino 4/26/92 1118 Ms 6.6 22 2.3 24.4 0.80 Analog 

Northridge, CA 1/17/94 1230 Ms 6.8 5 9.1 22.3 0.73 Digital 

Klamath Falls 9/21/93 0329 MD 5.9 12 1.0 19.8 0.65 27.4 drop over 2 shocks Analog 

Kuril Trench 10/4/94 1322 Ms 8.2 33 61.8 18.9 0.62 Digital 

Cape Mendocino 4/26/92 0741 Ms 6.6 20 2.3 18.6 0.61 Analog 

Off north CA coast 2/18/950403 Ms 6.6 10 2.6 17.8 0.58 Digital 

Aleutians 5/7/862247 Ms 7.9 33 35.4 15.2 0.50 Analog 

Off north CA coast 8/17/91 1929 ML6.0 12 2.0 15.2 0.50 Analog 

Guam 8/8/930834 Ms 8.2 60 82.6 15.2 0.50 Analog 

Guatemala 9/10/93 1912 Ms7.2 34 38.3 15.2 0.50 Analog 

OREGON GEOLOGY, VOLUME 58, NUMBER 2, MARCH 1996 31 



NVIP WELL, GRANTS PASS, OREGON 
130 ~------~----------~----------------------------, 

120 ~ 

en 110-

2 E 100 -

''E 90 C
Q) 
() 

c 
o 

'';::; 
ro 
::J 

U 
::J 
u:: 
Q) 

> 
.3 

80 -

70 -

60 -

50 -

40 -

30 -

20 r e •• 

i 
l:~o 

o 

o 0 

00 

o 
o 

Landers. CA 
• 06/28/92 Ms= 7 3 

.&= 9 gO 

Yakutat, AK 

Mendocino Fault 
• 09/01/94 Ms"" 7.0 

.6,zz 2.7 0 

Cape Mendocino, CA 
.04/25/92 Ms"" 7.1 

A= 2.3 0 

Cape MendOCinO 
• 08/17/91 Ms= 71 

A= 2.'" 

.11/30/87 Ms= 7.7 Off Crescent City, CA 

o 

A= 202° .07/13/91 Ms= 6.9 
A= 1.7° 

Michoacan, MeXICO 
.09/19/85 Ms= 8.1 

A= 30.,° 

5 10 15 

Estimated Rayleigh Wave Amplitude, millimeters 
20 

Figure 8. A comparison plot of the observed water-level response recorded 
at NVIP3 and the calculated Rayleigh wave amplitude at the well site. 
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the opposite path along the great circle, 
traveling a distance of 298 degrees. R3, 
which represents Rl making its second 
pass by the well, will have traveled 422 
degrees around the Earth. Rl and R2 are 
clearly evident in the well record and in 
the seismogram of Figure 9. R3, however, 
is not as distinct; in the well record, an iso
lated cluster oflow-amplitude (0. 18-cm) os
cillations occurs at the calculated time 
and may very well represent the arrival of 
R3. If R3 was recorded in the vertical 
seismogram it is not readily apparent. 

COSEISMIC WATER-LEVEL 
CHANGES 

An interesting and unexplained phe-
nomenon associated with the larger oscil
lations in the NVIP3 well is a coseismic 
drop in water level. The observed water
level declines after large events range 
from 3.0 to 27.4 cm (0.1-0.9 ft). Figure 
10 shows the response to the Mendocino 
fault earthquake of September 1, 1994, 
off the coast of northern California and 
near the town of Petrolia, and the subse
quent 15.2-cm (0.5-ft) drop in water 
level. The degree of water-level decline 
attributable to the earthquake is evident 
when water-level oscillations, barometric 
pressure, and Earth-tide strain are filtered 
from the record (Figure 11). The coseis-
mic drop begins shortly after the earth
quake and continues for approximately 
20 hours. It is unknown at this time 
whether the water-level drop represents 
permanent or semi-permanent aquifer de
formation or some movement or dis
charge of groundwater from the system or 
both. Coseismic changes in the NVIP3 
well are always water-level drops, decay-

o 2000 4000 6000 8000 10000 12000 14000 ing over a period of hours. The return to 
Seconds preseismic levels may take weeks. That 

Figure 9. Earthquake east of Kurillslands on October 4, 1994. Comparison 
of the water-level response observed at NVIP3 to the vertical-component seis
mogram collected at Yreka, California. Note strong S wave response. The water
level data are unfiltered, and the decline is in response to Earth-tide strain. 

this phenomenon occurs after very large 
fluctuations suggests that it is related to 
the passage of surface waves; however, 
the water-level losses are not proportional 
to the amplitude of the oscillation. Also, 
the large distance to the epicenter for 

location, which is 62 arc degrees from the event origin 
(p.M. Shearer, personal communication, 1994). The signifi
cance of these Rayleigh components is in their travel paths. 
Rl travels 62 degrees along the shortest great-circle path to 
the well and should produce the largest water-level oscilla
tions. R2 should produce a smaller set of oscillations-due 
to the decrease of wave amplitude with distance-as it takes 
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some events (e.g., Yakutat, Alaska, 1987, Ms 7.7) suggests 
that the mechanism is due to something other than a change 
in the stress field around the active fault. 

Rojstaczer and others (1995) examined reported hydro
logic changes in fractured-rock aquifers near the 1989 
Lorna Prieta, California, earthquake. Increases in stream 
flow and coseismic drops of water levels in wells were 
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Figure 11. Residual water-level data after removing the 
oscillatory response, barometric pressure, and Earth tides. 
Note water-level decline following water-level response to 
the Mendocino fault earthquake. 

found to be consistent with permeability enhancements in 
the aquifer. The increased permeability allows an increase 
in groundwater discharge to streams, which can lower the 
water level in the aquifer, if recharge to the aquifer is not 
equally enhanced. Surface-water data are not available for 
the area around the NVIP3 well, so it is unknown whether 
increases in stream flow accompany the coseismic drops. 
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SUMMARY 
NVIP3 is unusual among wells monitored in the Grants 

Pass area in that it is highly sensitive to earthquakes gener
ated locally and at great distances from the well. It responds 
to both dilational and nondilational seismic waves, but the 
largest amplitude oscillations occur in response to the dila
tional Rayleigh waves. NVIP3 resonates at wave periods of 
10-20 s, producing peak-to-peak water-level fluctuations as 
large as 114.3 cm (3.75 ft). Over the period of record, all 
earthquakes that generated more than 5 mm (0.2 in.) of 
ground motion at the well site produced a well response. In 
addition to this oscillatory response, persistent water-level 
drops occur after those earthquakes that induce the larger 
fluctuations in the well. 

The value of NVIP3 and other wel.ls that are developed 
in strain-sensitive aquifers is their utility for teaching us 
how earthquakes affect aquifer systems at a distance. It is 
well documented that water wells respond to the passage of 
seismic waves, even at teleseismic distances. But there is 
still much to learn about the movement of groundwater or 
the aquifer deformation that can result from those waves. 
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Shaking things up down on the farm 
by Bruce Pokarney, Oregon Department of Agriculture, 635 Capitol St. NE, Salem, Oregon 97310, phone 986-4559. 

When the big one comes, it won't just be the city folks 
who will be affected. Their country cousins-including 
those who represent agriculture in Oregon-will be shak
ing and rattling, too. Earthquake experts say rural Oregon 
needs to prepare itself just as much as urban Oregon. 

"Earthquakes can occur anytime, anywhere," says 
Matthew Mabey, an earthquake specialist with the Oregon 
Department of Geology and Mineral Industries, who him
self grew up on a farm. "In fact, the odds are that the epi
center of an earthquake will be in a rural area simply be
cause most of the land mass in Oregon is rural." 

It was nearly three years ago that an earthquake measur
ing 5.6 on the Richter scale shook much of the Willamette 
Valley. The "Spring Break Quake" was centered in a rural 
area near Scotts Mills. Extensive damage was reported after 
a pair of earthquakes in Klamath Falls in 1993. Although 
a major earthquake measuring perhaps as high as 8.5 is 
predicted for Oregon some time in the next 200 years, no 
one can precisely predict where it will be located. Even if it 
strikes the Portland area, as some expect, its shock waves 
surely will roll through Oregon farms and ranches. 

"Earthquakes, like other natural disasters, could cer
tainly have an impact on our agricultural operations," says 
Phil Ward, Assistant Director of the Oregon Department of 
Agriculture. 

Evel)thing from production to marketing could be af
fected, not to mention the daily way of life all residents 
face, whether they live in the city or the country. 

"The collective impact of an earthquake may be less in 
rural areas where there are fewer people and fewer build
ings," says Mabey. "But rural residents still need to think 
about preparing for an earthquake and its aftermath." 

The indirect effects of a major earthquake on agriculture 
may be greater than those impacts that are felt immediately. 
The loss of electrical power would cripple many operations. 
But the loss of the infrastructure could be more damaging. 

"Growers need to get the goods to market," says Mabey. 
"Transportation of those goods could be interrupted. Ports 
could be affected. The costs of getting the goods to a proces
sor or the end market could be higher." 

A look at Kobe, Japan, shows what can happen to com
merce. Port facilities were still crippled months after the 
1995 earthquake. Agricultural trade suffered, too, of course. 

One Oregonian who has thought long and hard about 
earthquakes and their impact on rural residents is Ralph 
Richie of Lane County. A transplanted Californian who has 
experienced a number of big quakes, Richie has written a 
book entitled Emergency Procedures for Country Living, 
which features an entire section on earthquakes. (The book 
-nearly 200 pages, $24.95- can be obtained from the au
thor whose address is 90586 Nadeau Road, Mohawk Valley, 
Springfield, OR 97478, phone 541-741-0794. -editor). 
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His booklet outlines the potential danger spots unique to 
the farm. It starts out with the rural dwelling itself. 

"Wood frame houses move with vibration, so they're 
more likely to withstand the shock of an earthquake than 
other structures," says Richie. "Whether a house is tied to a 
foundation is critical. An outer wall has to move only four 
inches, and it's off the foundation. Any house off its founda
tion is headed toward collapse." 

Old stone farmhouses are less likely to withstand the 
shaking. Manufactured homes-common in rural ar
eas-are many times founded on blocks or jacks. Those, 
too, could be in trouble during a quake and should be se
cured as well as possible. 

Rural homes often rely on propane or butane for heating. 
The tanks need broad footings to remain standing upright. 
If they topple, pipes can break, and gas can escape, threat
ening fire danger. Water pipes can break, and electricity 
and telephone service can be cut off. Anything on the farm 
that can be tipped over probably will be. 

Then there are those things on a farm or ranch that are 
not manmade. 

"During an earthquake, herd animals will stampede," 
says Richie. "One of the casualties of earthquakes is fenc
ing. That brings up the point of whether or not all of your 
animals are identified well enough so they can be brought 
back home." 

Richie advises everyone, city or country, to put together 
emergency packs that include at least two weeks' worth of 
water just for human consumption. Farmers with animals 
will need more. He also urges rural folks to form neighbor
hood disaster groups, even if homes are separated by miles. 

"You can't expect help from city crews," says Richie. "I 
would expect 911 to be overloaded immediately in the event 
of a major earthquake. Out here, forget it." 

Richie says neighbors can assemble a skills inventory, 
equipment inventory (especially important is a list of items 
that don't need electricity), and a feed schedule for each 
others' animals in case the rightful owners can't make it 
back to the farm. 

Most experts agree that rural folks are generally better 
suited than their city cousins to handle a major earthquake. 

"Living out in the country already is an indication of 
independence," says Richie. "The rural resident tends to 
have the ability to face a problem and handle it indepen
dently without having to dial 911. I'd rather be out here in 
the country than in the city where all that help is supposed 
to be available." 

Still, farmers and ranchers in Oregon can't afford to 
have their heads in the clouds when the ground under their 
feet starts shaking. Preparing for earthquakes and the dam
age they can cause is essential when you live in an earth
quake zone. 0 
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Earthquake intensity maps for the March 25 1993, Scotts Mills, 
Oregon,earthquake 
by Gerald L. Black, Oregon Department of Geology and Mineral Industries, Portland, Oregon 97232 

ABSTRACT 
The magnitude 5.6 Scotts Mills, Oregon, earthquake 

was the largest recorded event in northwest Oregon. Fol
lowing the earthquake the Oregon Department of Geology 
and Mineral Industries received nearly 5,000 intensity re
sponses from a variety of sources. The responses were 
coded according to the Modified Mercalli scale of Wood 
and Neumann (1931), the data were entered into spread
sheets, and the intensities plotted with MapInfo~ a desktop 
mapping system. The resulting digital plots were hand
contoured to produce a 1 :500,000-scale isointensity map of 
the felt area and a 1: 100,000-scale isointensity map of the 
Portland-Vancouver (Oregon-Washington) metropolitan 
area. The felt area map is similar to a previous intensity 
map by Dewey and others (1994), but it also shows, in sev
eral communities, increased shaking that probably resulted 
from amplification by poorly consolidated sediments. The 
isointensity map of the metropolitan area shows variations 
that can be correlated to local geology. Also, where the data 
density is adequate in the Portland quadrangle, areas of in
creased shaking correlate fairly well with intensities pre
dicted for bedrock shaking with a peak acceleration of 
0.03 g (equivalent to a moderate magnitude earthquake at 
the distance of Scotts Mills). 

INTRODUCTION 

The Richter magnitude (ML) 5.7 Scotts Mills earthquake 
occurred on March 25, 1993, at 5:34 a.m., Pacific Standard 
Time. It is the largest recorded event in northwest Ore-
gon. The earthquake was felt over an area extending 
from Roseburg, Oregon, on the south to Seattle, Wash
ington, on the north and from the Oregon coast on the 
west to Prineville, Oregon, on the east. In the epicen-
tral area, significant damage was done to a large num-
ber of unreinforced masonry (URM) buildings. The 
preliminary damage estimate was $28.4 million 
(Madin and others, 1993). The final damage figure is 
certainly higher, though there is no official mechanism 
for tracking damage. 

The epicenter, as located by the Pacific North
west Seismograph Network (PNSN), was at lat 
45.033°N., long 122.586°W. (sec. 19, T. 6 S., R. 2 
E.) (Thomas and others, 1996), approximately 3 mi 
(4.8 km) due east of Scotts Mills, a small commu-

mapped by Hampton (1972) near Mount Angel (Figure I). 
Werner and others (1992), working with commercial 
seismic-reflection data and water well logs, extended the 
fault to the northwest to Woodburn. They also suggested 
that the fault might be active, basing this on a series of six 
small earthquakes that occurred near Woodburn in 1990. 
Focal mechanisms for these earthquakes indicate that the 
Mount Angel fault is a right-lateral strike-slip fault with 
some reverse motion on a steeply north-dipping plane 
(Werner and others, 1992). The Mount Angel fault is part 
of the northwest-trending Gales Creek-Mount Angel struc
tural lineament which extends for approximately 150 km 
across the Willamette Valley (Beeson and others, 1985). 

The focal mechanism for the Scotts Mills earthquake 
was determined by Dewey and others (1994), Nabelek and 
Xia (1995), and Thomas and others (1996). The preferred 
fault plane strikes N. 44° W. to N. 56° W. and dips 58° to 
63° NE. Movement on this fault plane is approximately 
equal parts right-lateral and reverse slip, consistent with 
the findings of Werner and others (1992). 

The exact relationship of the main-shock focal mecha
nism and the Mount Angel fault is uncertain. The strike of 
the main-shock focal mechanism is identical to the strike of 
the southern end of the Mount Angel fault. However, a pro
jection of the focal mechanism fault plane intersects the 
surface southwest ofthe mapped Mount Angel fault (Dewey 
and others, 1994; Nabelek and Xia, 1995). One possible ex
planation is that the dip of the main-shock focal mechanism 
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nity in Marion County near Silverton and Mount 
Angel (Figure 1). The focal depth was 15.1 km 
(Thomas and others, 1996). 

Initial speculation for the source of the earthquake 
centered on the Mount Angel fault, a structure first 

Figure 1. Index map shOWing the epicentral area of the Scotts 
Mills earthquake. Large triangle is the epicenter. Dashed line is the 
trace of the Mount Angel fault (location taken from Werner and 
others, 1991). 
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steepens as it nears the surface, so that it intersects the surface 
at the extended trace of the Mount Angel fault (Nabelek and 
Xia, 1995). A second possibility is that the Scotts Mills earth
quake occurred on one of several parallel en echelon faults 
(Dewey and others, 1994; Nabelek and Xia, 1995). 

PURPOSE OF THIS REPORT 

Ideally an earthquake's magnitude is a number that rep
resents the total energy released by that earthquake. There
fore, in theory, an earthquake should have only a single 
magnitude. In fact, however, several different magnitude 
scales exist, estimating the released energy on the basis of 
different parts of the seismic wave spectrum. These differ
ent scales give slightly different magnitudes for any given 
earthquake. For information on various magnitude scales, 
see Allen (1993) or Bolt (1993). 

The intensity is a number that describes the effects of an 
earthquake on people, manmade structures, and the Earth's 
surface. The intensity scale most commonly used in the 
United States is the Modified Mercalli scale of 1931 (Wood 
and Neumann, 1931). An abridged form of this scale is re
produced in Table 1. The contours on an isoseismal map 
separate areas of equal seismic intensity. 

In 1994, the Oregon Department of Geology and Min
eral Industries (DOGAMI) received a grant from the U.S. 
Geological Survey (USGS) to produce two isoseismal maps 
for the Scotts Mills earthquake: a 1:500,000 map of the felt 
area, and a 1: 100,000 map of the Portland metropolitan 
area. The results of that study are described in this paper. 

Several previous studies have examined the effects of the 
Scotts Mills earthquake. Both Madin and others (1993) and 
Wong and others (1993) described some of the damage as
sociated with the earthquake. Dewey and others (1994) pro
duced small-scale isoseismal maps for the earthquake and 
described the damage in communities near the epicenter. 

The additional isoseismal maps were produced for two 
reasons: First, the work by Dewey and others (1994) was 
based on 460 mail questionnaires sent to post offices, police 
stations, and fire stations in the vicinity of the epicenter. 
DOGAMI obtained approximately 5,000 additional data 
points. This greater data density enabled us to correlate ar
eas showing greater than expected shaking with geologic 
conditions. Second, in 1993 DOGAMI published a set of 
earthquake hazard maps for the Portland quadrangle 
(Mabey and others, 1993). Included in this study was a rela
tive ground motion amplification map of the Portland quad
rangle (Mabey and Madin, 1993). This map shows areas in 
the Portland quadrangle where shaking might be worse 
than expected due to local geologic conditions. The Scotts 
Mills earthquake gives us an opportunity to see if there is 
any correlation between predicted amplification and re
ported intensity resulting from a real earthquake. 

METHODS 

Immediately after the earthquake, DOGAMI placed a 
questionnaire in newspapers in the felt area (and in Oregon 
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Table l. Modified Mercalli intensity scale of 1931 (abridged) 

Not felt except by a very few under especially favorable circum
stances. 

II Felt by only a few persons at rest, especially on upper floors of build
ings. Delicately suspended objects may swing. 

III Felt quite noticeably indoors, especially on upper floors of buildings, 
but many people do not recognize it as an earthquake. Standing motor 
cars may rock sligbtly. Vibration like passing of truck. Duration esti
mated. 

IV During the day felt indoors by many, outdoors by few. At nigbt some 
awakened. Dishes, windows, doors disturbed; walls made cracking 
sound. Sensation like heavy truck striking building. Standing motor 
cars rocked noticeably. 

V Felt by nearly everyone; many awakened. Some dishes, windows, etc., 
broken; a few instances of cracked plaster; unstable objects over
turned. Disturbance of trees, poles, and other tall objects sometimes 
noticed. Pendulum clocks may stop. 

VI Fett by all; many are frigbtened and run outdoors. Some heavy furni
ture moved; a few instances of fallen plaster or damaged chirrmeys. 
Damage sligbt. 

VII Everybody runs outdoors. Damage negligible in buildings of good 
design and construction; slight to moderate in well-built ordinary 
structures; considerable in poorly built or badly designed structures; 
some chirrmeys broken. Noticed by persons driving motor cars. 

VIII Damage slight in specially designed structures; considerable in ordi
nary substantial buildings, with partial collapse; great in poorly built 
structures. Panel walls thrown out offrame structures. Fall of chim
neys, factory stacks, columns, monuments, walls. Heavy furniture 
overturned. Sand and mud ejected in small amounts. Changes in well 
water. Persons driving motor cars disturbed. 

IX Damage considerable in specially designed structures; well-designed 
frame structures thrown out of plumb; great in substantial buildings, 
with partial collapse. Buildings shifted off foundations. Ground 
cracked conspicuously. Underground pipes broken. 

X Some well-built wooden structures destroyed; most masonry and 
frame structures destroyed with foundations; ground badly cracked. 
Rails bent. Landslides considerable from river banks and steep slopes. 
Shifted sand and mud. Water splashed (slopped) over banks. 

XI Few, if any (masonry), structures remain standing. Bridges destroyed. 
Broad fissures in ground. Underground pipe lines completely out of 
service. Earth slumps and land slips in soft ground. Rails bent greatly. 

XII Damage total. Waves seen on ground surfaces. Lines of sigbt and level 
distorted. Objects thrown upward into the air. 

Geology) that asked responders to describe their location 
during the earthquake, what they felt, and what effects to 
surrounding objects they observed. DOGAMI received 
more than 3,500 responses to the questionnaire. An addi
tional 510 responses were collected by Anthony Qamar of 
the University of Washington, and 700 damage reports 
were collected by the Oregon Emergency Management Di
vision. Of the nearly 5,000 reports available, 4,774 con
tained usable information and were entered into Microsoft 
ExcefY spreadsheets. The most common reasons for data to 
be unusable were a lack of adequate location informa
tion-and sound sleepers (i.e., the responder slept through 
the earthquake). Geology students of Michael Cummings of 
Portland State University sorted the responses by zip code 
and assigned preliminary intensities. 

Each of the responses was assigned an intensity accord
ing to the Modified Mercalli scale of 1931 (Table 1). The 
assignment of intensities of IV and above was modified by 
practices described in Stover and Coffman (1993). These 
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VII-Only damage to buildings or other manmade 
structures (as described in the MM intensity 
scale) is considered. 

.. 

After intensities were assigned and the 
data were entered into spreadsheets, Map
Info~ a desktop mapping system designed for 
personal computers, was used to create plots 
of the distribution of intensities. Of the 4,774 
data points contained in the spreadsheets, all 
but 205 were successfully located by Map
Info® More than half of the unlocatable 
points were in the Portland metropolitan area, 
where data are abundant The plots were 
hand-contoured to produce the isoseismal 
maps discussed below. 
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RESULTS 

Figure 2 shows the distribution of the 
nearly 4,800 data points used to produce the 
isoseismal map of Figure 3. Immediately ob
vious is that most responses were from the 
Portland metropolitan area, with additional 
clusters of responses from urban areas, both 
large and small, in the northern Willamette 
Valley. What is significant is the lack of data 
in the Coast Range between the Willamette 
Valley and the coast. 

When an earthquake occurs, the nature of 
the shaking at any point within the felt area 
is dependent on several factors, including the 
size ofthe earthquake, the distance to the epi
center, the nature of the earthquake source, 
and variations in local geologic conditions. 
It is this last factor that can be examined 
(in a subjective way) with intensity maps. In 
general, ground shaking is amplified by 

Figure 2. Map of the felt area for the Scotts Mills earthquake showing the 
distribution of data points used in producing the isoseismal map of Figure 3. 

loose (unconsolidated) sedimentary deposits. 
Therefore, damage tends to be greater at sites 
underlain by this type of material than at ad

modifications are made because "subjective effects on peo
ple described in the MM intensity scale are not reliable con
siderations for assigning values above the intensity IV 
level" (Stover and Coffman, 1993). The modifications de
scribed below are taken directly from these authors: 
IV-Felt by many to all. Trees and bushes were shaken slightly. 

Buildings shook moderately to strongly. Walls creaked loudly. 
Observer described the shaking as "strong." 

V-'Felt,' 'frightened,' and 'awakened' effects are not used at this 
or higher intensity levels. Hanging pictures fell. Spilled liquid 
effects were not used to assign any intensity. Trees and bushes 
were shaken moderately to strongly. People had difficulty stand
ing or walking. Felt moderately by people in moving vehicles. 

VI-At this level, there must be reports of physical damage to man
made structures as described in the MM intensity scale. The 
only exception is that intensity VI is still assigned if many 
small objects fell from shelves and (or) many glassware items 
or dishes were broken. 
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jacent sites underlain by bedrock. 

Felt area isoseismal map 

The isoseismal map of Figure 3 is similar to the map of 
Dewey and others (1994) with one major exception. Dewey 
and others (1994) extended the intensity V isoseismal line 
to the coast, enclosing an area from just south of Tillamook 
on the north to Newport on the south. In Figure 3, the inten
sity V isoseismal is closed east of the Coast Range because 
(1) the small number of data points in the Coast Range are 
all intensity III, and (2) so are most of the data points along 
the coast between Newport and Tillamook. Remaining 
higher intensities (mostly IV and a few V) are associated 
with the major bays and estuaries. These are interpreted as 
resulting from amplification in young, unconsolidated estu
arine sediments and/or Pleistocene terrace deposits. 

Both the intensity IV and V isoseismals of Figure 3 have 
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are localized along young, unconsolidated 
alluvium deposited by these streams (as 
mapped by Schlicker and Deacon, 1967). 

In Eugene, at the southern end of the 
Willamette Valley, most of the responses 
were intensity III and IV There was, how
ever, a block of I and II responses from the 
south end of town, probably reflecting loca
tion on a bedrock high. 

Farther east, the community of Prineville 
lies within the intensity III zone, but there 
were two IV and one V response from the 
core downtown area. The remainder of the 
responses were intensity III. Prineville sits at 
the junction of the Crooked River and 
Ochoco Creek, and unconsolidated sedi
ments probably caused some ground amplifi
cation there. The Bend-Redmond area also 
lies within the intensity III zone, but more 
than 70 percent of the responses were I and 
II. This lower level of shaking, even though 
slightly closer to the epicenter, reflects the 
area's location on bedrock basalt flows ofthe 
High Lava Plains. 

Portland metropolitan area 
Figure 4 shows the distribution of data 

points used to produce the isoseismal map of 
Figure 5. Notable data gaps are in the Forest 
Park and industrial areas of northwest Port
land, along the east bank of the Willamette 
River north of the downtown core area, and 
in north Portland adjacent to the Columbia 
River. These areas are either unoccupied 
(Delta Park and the Port of Portland) or 
zoned for industrial use (i.e., largely unoccu
pied at 5:34 a.m.). 

Figure 3. lsoseismal map of the felt area for the Scotts Mills earthquake. 
On Figure 5 are shown seismic intensity 

zones IV, IVN, V, and VI. The IVN zone 
contains mostly IV responses with about 18 
percent III and 10 percent V responses. The 
adjacent intensity V zone contains only a 

Star marks location of epicenter. Contours are isoseismal lines separating 
areas of equal seismic intensity (dashed where poorly constrained by data). 
Roman numerals are intensities. 

southwest-trending "tails" that follow the course of the 
Willamette River. These "tails" probably result from in
creased shaking on poorly consolidated flood plain sediments 
of the Willamette River. 

Newberg and McMinnville suffered damage during the 
earthquake (intensity VI) that probably resulted from local 
amplification by unconsolidated flood-plain sediments. 
Newberg is adjacent to the Willamette River and McMin
nville adjacent to the Yamhill River. The small community 
of Yamhill, due north of McMinnville (see Figure 3), had 
many intensity VI responses (15 of intensity VI and one 
VII). Yamhill is located at the junction ofYarnhill Creek and 
the North Yamhill River, and the high-intensity responses 
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few III responses and at least 30 percent in
tensity V responses. 

The shape of the intensity VI isoseismal can be ex
plained partially by the fact that the area is closest to the 
epicenter. It extends slightly farther northward than might 
be expected, and this probably results from increased shak
ing on poorly consolidated outburst-flood deposits that un
derlie much of east Portland and the area around Lake Os
wego (Madin, 1990). The shape of the intensity V isoseisrnal 
is largely controlled by geology. Increased shaking is evident 
in the Tualatin Valley, downtown Portland, and northeast 
Portland, all areas underlain by poorly consolidated outburst
flood deposits, and lesser shaking (intensity IV/V) in the 
Portland Hills, which are underlain by bedrock basalt. De-
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Figure 4. Map of the Portland metropolitan area showing the distribution 
of data points used in producing the isoseismal map of Figure 5. The bound
ary shown south of the Columbia River is the urban growth boundary. North 
of the Columbia River, it outlines the urbanized parts of southern Clark 
County, Washington. Box outlines the Portland 711J-minute quadrangle. 

Figure 5. lsoseismal map of the Portland metropolitan area. The bound
ary shown south of the Columbia River is the urban growth boundary. North 
of the Columbia River, it outlines the urbanized parts of southern Clark 
County, Washington. Contours are isoseismal lines (dashed where poorly 
constrained). Roman numerals are intensities. Box outlines Portland 711J
minute quadrangle. 
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creased shaking to the north represents in
creasing distance from the epicenter. 

Figure 6 is a map of the Portland 7Y2-
minute quadrangle showing predicted inten
sities that resulted from bedrock shaking with 
a peak acceleration of 0.03 g (i.e., a moderate 
magnitude earthquake at the distance of 
Scotts Mills). The map was prepared by 
Matthew Mabey of DOGAMI and was con
structed in a manner similar to the ground 
motion amplification map of Mabey and 
Madin (1993). A three-dimensional model of 
the geology and its material properties is used 
with the computer program SHAKE (Schna
ble and others, 1972). SHAKE performs 
ground motion analysis, which results in ex
pected average peak accelerations throughout 
the quadrangle. A detailed description of the 
above methodology can be found in Mabey 
and Madin (1993). The average peak acceler
ations are correlated to intensity on the basis 
of information from Bolt (1993). The correla
tion of intensity versus average peak accelera
tion is reproduced in Table 2. For a variety of 
reasons, the intensities predicted in Figure 6 
are higher than those actually experienced. 
The correlation between average peak accel
eration and intensity (Table 2) is a very crude 
approximation. Also, the peak acceleration of 
0.03 g used as the input to SHAKE was a lit
tle higher than actual bedrock shaking result
ing from the Scotts Mills earthquake 
(Matthew Mabey, personal communication, 
1996). Finally, the assumed bedrock shaking 
used to create Figure 6 was applied uniformly 
across the quadrangle. There was no account
ing for variations in acceleration due to atten
uation at differing distances from the earth
quake source, so it is to be expected that the 
northern portion of the quadrangle would be 
"overpredicted" by a bit more than the south
ern portion of the quadrangle. What is most 
important is not the absolute value of the pre
dicted intensities, but rather the patterns 
shown in Figure 6. 

For a direct comparison of actual intensi
ties with the predicted patterns, the relevant 
portions of the isoseismal contours of Figure 5 
are overlaid on Figure 6. The Roman numerals 
on Figure 6 represent the intensity zones from 
Figure 5. Predicted intensities are denoted by the 
shading pattern. (1t should be noted that the 
predicted intensity map was not examined un
til the intensities of Figure 5 had been plotted 
and contoured. No adjustments were made to ei
ther map after their initial preparation.) 
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Figure 6. Predicted intensities in the Portland 7V!
mmute quadrangle as they "would result fnJm a magnitude 
5.6 earlhquake near Scolls Mills, Oregon. Conlours are rel
evant isoseismal lines taken from Figure 5. 

Therc are significam corrclations between Figure 5 and 
Figure 6. Wcst or the Willametlc Rivcr. Figure 6 predicts 
increased shaking in the downtown core area. which is un
derlain by a combination or fill . alluvium. and unconsoli
dated. fine-grained outburst-flood deposits (Beeson and oth
ers. 1991 ). A north-northwest-trending tongue or intensity 
V responses confirms increased shaking in this area. 
Higher imensitics are also predictcd north or this intcnsity 
V tongue (adjaccnt to thc Willametle River and in the 
northwest Portland industrial area), but they cannot be con
firmed because ora lack or data (sec Figure 4). 

Highcr intcnsitics are also predicted to the east or the 
Willamclle River. in areas or northeast Portland underlain 
by unconsolidatcd. finc-graincd outburst-flood deposits 
(Beeson and others, 1991 ). Again, there is a north
northwcst-trcnding tongue or intcnsity V responses that 
confirms increased shaking. Higher intensities predicted 
along the east bank orthc Willamctlc River in fill and allu
vium cannol be tested due to lack or data (sec Figure 4). 

In north Portland and across the Columbia River in Van
couvcr. Washington, Figure 6 predicts two "'CSt-northwest
trending bands or highcr intcnsity. Neither band is evident 
on the isoseismal map. Data rrom Washington arc sparse 
and show no obvious trend. This may be duc to increased 
distance to the epicentcr. Because the input bedrock aced
eration used to create Figure 6 did not take into account 

Tobie 1. Correlation of imelljlty and overage peak occelero
tiol1. From Bolt (1993), Appendix D 
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distance to the epicenter. the northern part of the quadran
gle tends 10 be "o\'erpredicted" relative to the south part. 
Also, it is to be remembered that the correlation between 
intensity and average peak acceleration is crude. so that 
slight variations in acceleration may not show up as inten
sity variations. 

South of the Columbia River. Figure 4 shows a distinct 
lack of data where higher imensities arc predicted. There is. 
however. a hint that higher intensities may occur there. 
This area lies v.;thin the intensity IV/V zone (Figure 5). 
Where data for this zone are abundant, they consist of in
tensities III. IV_ and a few V. Along the northern edge of 
this band of abundant data, however. there are no intensity 
III reports. only IV and one V. This is not enough to draw 
separate contours. just a hint that the level ofshaking might 
be higher in the data gap to the north. 

CONCLUSIONS 

The Scotts Mills earthquake confirms that a signifi cant 
earthquake hazard exists in western Oregon. It further 
demonstrates that when an e.1.rthquake occurs, one can ex
pect significant damage. The early damage estimates for 
the Scotts Mills earthquake were S28.4 million (Madin and 
others. 1993). An earthquake of this size or larger centered 
under the Portland mctropolitan area would do significantly 
more damage. 

Seismic intensity maps, despitc their limited precision 
and resolution. are a useful means of delimiting those areas 
where greater than expected shaking might occur. An ex
ample is the correlation between increased intensity and the 
presence of underlying alluvium in Figure 4. Intensity 
maps, however. depend on actual earthquakes. 

The degree of correlation between intensities experi
enced during the Scotts Mills earthquake and intensities 
predieled by methods utilized in Mabey and Madin (1993) 
suggest that ground motion ampl ification maps arc a useful 
means of predicting where excessive shaking will occur. 
This information can then be utilized to take mitigation 
steps before the earthquake actually occurs. An even better 
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degree of hazard identification could be achieved with the 
aggressive placement of strong-motion instruments through
out the Portland metropolitan area, so that, when another 
earthquake like Scotts Mills occurs, accelerations through
out the city can be directly measured. 

Since the Scotts Mills earthquake, DOGAMI has pre
pared earthquake hazard maps for an additional four quad
rangles in the Portland metropolitan area (Mabey and oth
ers, 1995a,b,c,d) and for the Oregon coast at Siletz Bay 
(Wang and Priest, 1995). The Washington Division of Ge
ology and Earth Resources has produced relative earth
quake hazard maps for the Vancouver, Washington, urban 
area (Mabey and others, 1994). DOGAMI has additional 
studies in progress in Salem, Eugene, and the Portland 
metropolitan area. 
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Landslides in the West Hills of Portland: A preliminary look 
Pholographs by Scott F Burns, Geology Depar/menl. Portland Stale University 

The heavy rains during February of 1996 caused not 
only disastrous flooding but also numerous landslides. 

At the time of this wri ling. the City of Portland estimates 
168 slides. of which over 90 percent occurred in the West 
Hills-and more slides arc threatening. As of February 21, 
the estimate of damage just to public facilities was $32.5 
mi ll ion. By the end of February, 12 slide-affected homes 
had received red tags, which means that, for safety reasons, 
they cannot be entered at all. For another 25 homes yellow 
tags were issued, meaning that they cannot be continuously 
occupied because of serious problems that must be fixed. 

All of the West Hills slides appear to have occurred in 
the Ponland Hills Silt, a loess that mantles the Portland 
Hills and was deposi ted there by winds duri ng dry inter
glacial periods. The Portland Hills Sil t is a weak soil when 
wet. Heavy rai nfall of over six inches in three days on soi ls 
that were already saturated, the oversteepened slopes of the 
West Hills, clogged or defective drainage systems, streets 
without curbs and gutters. and misdirected runoff water led 
to many of the disastrous slides. 0 

Asphalt berm placed on edge o/SIY Council Crest Drive 
to keep water from running over edge of road and flOWing 
onto landslide below the road. 

Slide next to house on 4300 block on SW Council Crest drive. 
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Slide 011 2700 block ofSW Fairmollt. Plastic covers the slope to keep rainwater away [rom it. 

Slide on 2600 block o[SW Fairmont. 
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ABSTRACTS OF PAPERS 
The following abstract is of a paper given at an interna

tional conference in ivfay 1995 at the University of Wash
ington. The conference, titled "Tsunami deposits~geologic 
warnings offuture inundation, "was sponsored by the Qua
ternary Research Center, the National Oceanic and Atmo
spheric Administration, and the Us. Geological Survey. 
Among the 80 registered participants were scientists from 
Canada, Germany, Japan, Norway, the Philippines, the 
United Kingdom, and the United States. 

Properties and depositional characteristics of tsunamis in 
south coastal Oregon from a paired coastal-lake and 
marsh study, by Harvey M. Kelsey, Department of Geol
ogy, Humboldt State University, Arcata, California; Alan 
R. Nelson, U.S. Geological Survey, Denver, Colorado; and 
Eileen Hemphill-Haley, U.S. Geological Survey at Depart
ment of Geological Sciences, University of Oregon, Eu
gene, Oregon. 

Through a paired study of two adjacent sites, we are 
studying the depositional properties of tsunami deposits of 
presumably the same age but deposited in two markedly dif
ferent depositional environments. Both sites are on the 
south coast of Oregon, separated by 28 km of coastline. One 
site is Bradley Lake, a freshwater lake 0.5 km inland from 
the coast at an elevation of 5.5 m. The other site is Sixes 
River marsh, which borders the estuary of the Sixes River. 

These two depositional environments both record the 
same set of great-earthquake-generated tsunami deposits 
for a period of time extending from the present back to ca. 
5.000 years B.P. Individual tsunami events tentatively can 
be cor~elated between the Bradley Lake stratigraphy and 
the stratigraphy in the Sixes River marsh. The tsunami de
posits are layers of sand capped by woody detritus. In the 
lake, eight to nine sand horizons are interlayered with lake 
sediments. The sands form continuous layers in the lake. In 
the oceanward portion of the lake, sand horizons attain 
thicknesses as great as 70 cm. Sand thicknesses decrease 
landward. For those sand intervals investigated in detail, 
the sands are overlain by lake mud that is rich in marine or 
brackish-water diatoms. Therefore, the sand was trans
ported by a pulse of water that entered the lake from the 
ocean. 

The data from the lake setting and the marsh setting to
gether provide a good synoptic view of a tsunami. In the 
lake setting, a tsunami leaves widespread and well
preserved deposits that thin in a landward direction. In 
some cores and for some of the tsunami deposits, the 
tsunami has eroded the lake sediment substrate, preserving 
rip-up clasts of the substrate in the tsunami deposit. Be
cause the tsunami deposit itself is not eroded, details of the 
deposit, such as the number and thickness of individual 
pulses, are preserved. The elevation and position of the lake 
provide estimates as to tsunami inundation extent and run
up magnitude, but the lake setting provides no information 
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In memoriam: Wally McClung 
Wally McClung, volunteer for DOGAMI at the Nature 

of the Northwest Information Center. died January 25, 
1996. Wally was known to all of us for his kindness. gen
erosity. and knowledge and love of outdoor Oregon. He is 
survived by his wife Eleanor. two sons. and a daughter. 

Wally was a past president of the Geological Society of 
the Oregon Country and a volunteer guide at the Japanese 
Gardens. His interest in geology led him to DOGAMI. 
where he provided his own help as well as that of other 
volunteers he found for us. He periodically brightened our 
lives by bringing exquisite flower arrangements, the prod
uct of another of his hobbies. One of the greatest joys of his 
life was fishing, and his knowledge of that and geology 
made him an invaluable help in the Information Center. 

We miss him in many ways-his warm friendly smile, 
his encouragement, and his love of the out-of-doors. This 
summer, as people talk of fishing, geology, the Japanese 
Gardens-the things Wally made so vivid to us all-we will 
remember him and the way he enriched our lives by sharing 
his time and talents with us. 0 

Tsunami hazard maps released 
At its January 22, 1996, meeting in Grants Pass, the 

Governing Board of the Oregon Department of Geology 
and Mineral Industries (DOG AMI) adopted final rules and 
maps to implement Senate Bill 379, passed by the 1995 
Oregon Legislature, which restricts construction of certain 
types of essential facilities and special-occupancy structures 
within the tsunami inundation zone. 

The tsunami inundation zone is shown on 58 Tsunami 
Hazard Maps, Open-File Reports 0-95-09 through 
0-95-66. Each map has a line that shows how far inland 
and uphill a tsunami caused by a magnitude 8.8 undersea 
earthquake is expected to go. Each of the blueline diazo 
maps is on a 7'12-minute topographic map base, at a scale of 
I :24,000. Cost of each map is $3. A complete set of all 58 
maps costs $160. See order information on page 48. 

An explanatory 100-page tex1 is published separately as 
apen-File Report 0-95-67, and can be purchased for $9. 

The index map on the next page correlates the names of 
the quadrangles with the number of the respective open-file 
report. Coastal features and county borders on the index 
map allow for quicker orientation. 0 

about land-level changes, as inferred from diatom strati
graphic data. In the marsh, tsunami deposits can also be 
related to incidences of liquefaction, 

In conclusion, neither the lake setting nor the marsh set
ting in south coastal Oregon provides a complete data set to 
reconstruct a paleotsunami and any accompanying land
level change. However, the two data sets together can po
tentially give information on land-level change immedi
ately preceding the tsunami, as well as data on inundation 
extent and run-up magnitude. 0 
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Index map to Senate Bill 379 
tsunami inundation zone maps 

Use the last two digits of Open-File Report number to locate 
individual tsunami inundation maps 

Open-File Report 
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0-95-51 
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0-95-58 
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0-95-63 
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USGS quadrangle map 
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Cape Arago 
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Floras lake 
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DOGAMI PUBLICATIONS 

Released February 12, 1996: 

Best Management Practices for Reclaiming Surface 
Mines in Washington and Oregon, by David K. Norman, 
Peter J. Wampler, E. Frank Schnitzer, and Jaretta M. Ro
loff. DOGAMI Open-File Report 0-96-2, var. pag., $8. 

This is a manual for landowners, land-use planners, and 
mine operators that describes reclamation and mining prac
tices for Oregon and Washington. 

The approximately l20-page, extensively illustrated 
manual provides information about planning a surface 
mine from start-up to final reclamation, incorporating wa
ter and erosion control during operation and reclamation, 
soil salvage and replacement, land shaping, and revegeta
tion. The authors urge miners to use this manual as a re
source in developing an environmentally and financially 
sound mine. 

The report was produced cooperatively by members of 
the Washington Department of Natural Resources, Division 
of Geology and Earth Resources, and the DOGAMI Mined 
Land Reclamation Program. It has been released also by the 
Washington agency as Open-File Report 96-2. The project 
was supported in part by the U.S. Environmental Protection 
Agency and conducted under the Tri-State Agreement for 
Mining between Idaho, Oregon, and Washington. 

Coauthor Peter Wampler of the DOGAMI Mined Land 
Reclamation Program explains that "The term 'best man
agement practices' (BMPs) has generally been used to de
scribe mechanical means of minimizing or eliminating 
water-quality problems. The BMPs presented here, how
ever, apply as well to reclamation, planning, and specific 
methodologies to promote an integrated approach to min
ing." He adds that the manual presents "the most effective 
and economical reclamation and mining practices known to 
the issuing Washington and Oregon agencies." 

Released March 7, 1996: 

Geology and Mineral Resources Map of the Three Creek 
Butte Quadrangle, Deschutes County, Oregon, by Edward 
M. Taylor and Mark L. Ferns. Geological Map Series 
GMS-87, I map, 8 p. text, $6. 

The Three Creek Butte quadrangle covers part of the 
eastern margin of the High Cascades geologic province be
tween the cities of Bend and Sisters. The quadrangle map 
is at a scale of 1 :24,000 and is produced in two colors: the 
brown topographic base is overlain by geologic information 
in black. 

The map identifies rock units, faults, and the outlines of 
Pleistocene glaciers. The accompanying text describes three 
stages of geologic history for the quadrangle: Tertiary tec
tonic and volcanic activity between 7 and 5.5 million years 
ago, Pliocene-Pleistocene subsidence from about 5.4 mil
lion years ago, and Pleistocene volcanism and glaciation 
beginning about 600,000 years ago. 

46 

The text also discusses mineral, geothermal, and 
groundwater resources and includes geochemical analyses 
for major and trace elements of 34 samples collected in the 
quadrangle. Aggregate and building stone are the main 
mineral resources in the quadrangle. While the geology 
suggests geothermal energy potential, limited exploration 
so far has not identified a resource. 

The report is one product of a cooperative mapping ef
fort by geologists from Oregon State University, the Oregon 
Department of Geology and Mineral Industries, and the 
U.S. Geological Survey. One goal of the project is to pro
vide a detailed geologic framework for Oregon Water Re
sources Department/U.S. Geological Survey groundwater 
studies in the Deschutes River basin. 

These DOGAMI publications are now available over the 
counter, by mail, FAX, or phone from the Nature of the 
Northwest Information Center and the DOGAMI field of
fices in Baker City and Grants Pass. Addresses are on page 
26 of this issue. Orders may be charged to Visa or Master
card. Orders under $50 require prepayment except for 
credit-card orders. 0 

DOGAMI cooperates in earthquake 
hazard study 

Gerald L. Black, geologist with the Oregon Department 
of Geology and Mineral Industries, was one of the three 
scientists who jointly studied certain effects of the 1964 
earthquake in Alaska. He was joined by Timothy J. Walsh 
of the Washington Division of Geology and Earth Re
sources and Rodney A. Combellick of the Alaska Division 
of Geological and Geophysical Surveys. 

The purpose of the study was to examine some of the 
geologic effects of earthquake-induced liquefaction during 
the 1964 Alaska earthquake as an analogue for recognizing 
and interpreting evidence of prehistoric earthquakes in the 
Pacific Northwest and the Cascadia Subduction Zone. 

The 1964 Alaska earthquake-magnitude 9.2, property 
damage estimated at $311 million-caused much of its 
damage to railroads and highways by ground failure in
duced by liquefaction. What the scientists were able to ob
serve in Alaska will help others to recognize such effects in 
the field and to understand better where to look for them as 
evidence of prehistoric earthquakes. 

The resulting 80-page report has been published by the 
Washington Division of Geology and Earth Resources as 
Report of Investigations 32, under the title Liquefaction 
Featuresfrom a Subduction Zone Earthquake: Preserved 
Examplesfrom the 1964 Alaska Earthquake. 

It is available for purchase from the Washington Divi
sion of Geology and Earth Resources in Olympia, P.O. Box 
47007, Olympia, WA 98504-7007, and also from the Na
ture of the Northwest Information Center in Portland (see 
order information on the back page of this issue). The pur
chase price is $5. 0 
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Cover illustration 
Collage of samples from reconstructions of plants and 

animals frpm fossils of the John Day Fossil Beds National 
Monument. illustrations and discussion of such reconstruc
tions are contained in the article beginning on next page. 

In memoriam: Volunteer Shirley O'Dell 
Shirley O'Dell, volunteer at the Nature of the North

west Information Center, died March 30, 1996. 
Born in Minneapolis, Minnesota, she spent most of her 

life in Portland, Oregon. She was a secretary at Charles F. 
Berg, at an investment company, and at Columbia Grain 
Company. After her retirement, she worked as a volunteer 
at St. Vincent's Medical Center Gift Shop and at the Na
ture of the Northwest Infomation Center. She was a mem
ber of the Geological Society of the Oregon Country 
(GSOC) for more than 30 years and held various elective 
and appointive offices, including secretary and auditor. 

Shirley was an avid worldwide traveler. She is missed 
at the Center because she contributed so much as a volun
teer-her knowledge about Oregon, interest in geology, 
and willingness to do careful, meticulous work. 

She is survived by one brother and many friends. 0 

DOGAMI will map tsunami hazard zones at 
Newport and Seaside-Gearhart 

The Oregon Department of Geology and Mineral Indus
tries (DOGAMI) has received support to produce tsunami 
hazard maps for the Yaquina Bay area of Newport and for 
the cities of Seaside and Gearhart. The Seaside-Gearhart 
project is funded by a grant of $132,000 from the Petroleum 
Antitrust Grant Program administered by the Oregon De
partment of Justice. The Newport project is funded by a 
grant of $85,000 from the National Earthquake Hazard Re
duction Program of the U.S. Geological Survey. 

Both projects will produce maps of expected tsunami 
flooding from undersea earthquakes on the nearby Cascadia 
subduction zone fault system. Great (magnitude 8-9) earth
quakes on this fault system have caused large tsunamis to 
strike the Oregon coast every 300 to 500 years, the last one 
being 300 years ago. Such tsunamis strike the coast within 30 
minutes or less after the earthquake, so evacuation guided by 
accurate knowledge of possible flooding zones is essential. 

DOGAMI is working in collaboration with the Oregon 
Graduate Institute of Science and Technology and the Geol
ogy Department of Portland State University to generate the 
necessary data for these maps. For information about the 
projects, contact George Priest at the Portland office of 
DOGAMI, phone 503-731-4100.0 

DOGAMI now has Internet home pages 
The Oregon Department of Geology and Mineral Indus

tries (DOGAMI) can now be found on the Internet with its 
own home pages: 

The general Department address 
http://sarvis.dogami.state.or.us 

The Nature of the Northwest Information Center: 
http://www.naturenw.org 

The Mined Land Reclamation Program: 
http://www.proaxis.com/-dogamilmlrweb.shtml 0 
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Reconstructions of Eocene and Oligocene plants and animals of 
central Oregon 
by GregoryJ. Retallack, ErickA. Bestland, Department of Geological Sciences, University of Oregon, Eugene, OR 97403-
1272, and Theodore J. Fremd, John Day Fossil Beds National Monument, He 82 Box 126, Kimberly, OR 97848-9701 

ABSTRACT 
Tertiary fossil plants and mammals of the Clarno and 

Painted Hills units of the John Day Fossil beds have now 
been placed within a stratigraphic framework created by ex
cavating trenches through poorly exposed parts of the se
quence. The middle-late Eocene Nut Beds locality in the 
Clarno Formation of the Clarno area is at the top of a se
quence of volcanic mudflows, that include fossil plant lo
calities near the Hancock Tree and the Fern Quarry of about 
the same geological age. Reconstructions are presented here 
of an extinct tree (lI4eliosma beusekomii), a tortoise 
(Hadrian us corson i) and a variety of fossil mammals 
(Telmatherium manteoceras, Hyrachyus eximius, Orohip
pus major, Patriofelis ferox) from the Nut Beds, and of an 
extinct plane tree (Macginitiea angustiloba), from near the 
Hancock Tree. Also reconstructed are late Eocene mam
mals (Protitanops curryi, Plesiocolopirus hancocki, Tele
taceras radinskyi, Haplohippus texanus, Diplobunops cras
sus, Hemipsalodon grandis) similar to those from the 
Mammal Quarry of the uppermost Clarno Formation. 
Newly discovered in the Clarno area but in the lower John Day 
Formation are fossil plants and mammals of late Eocene age. 
Early Oligocene lake beds of the middle Big Basin Member of 
the lower John Day Formation in the Painted Hills include 
a variety of plants, dominated by an extinct alder (Alnus 
heterodonta), reconstructed here. Lignites stratigraphically 
higher within the middle Big Basin Member have yielded 
mostly remains of dawn redwood (Metasequoia occidentalis), 
also reconstructed here. Late Oligocene fossil mammals 
(Diceratherium annectens, Miohippus quartus, "Entelodon" 
calkinsi, Hypertragulus hesperius, Eporeodon occidentalis, 
Nimravus brachyops) from the Turtle Cove Member ofthe 
John Day Formation also are reconstructed. 

INTRODUCTION 

Our impressions of the prehistoric past are based less on 
illustrations of fossil bones and leaves than on the work of 
such artists as Charles Knight, Bruce Horsfall, Zdenek 
Burian, Jay Matternes, Frank Knight, and Peter Murray. 
Their restorations of past landscapes are more powerful co
herent images than fragmentary fossils scattered in mu
seum drawers and published in technical journals. Their 
artistry also makes obvious testable hypotheses of the na
ture of past life, hypotheses that can prod the search for 
deeper understanding. In this spirit, we offer new recon
structions of some fossil plants and animals from the 
Eocene-Oligocene parts of the Clarno and John Day Forma
tions of central Oregon. 
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Central Oregon has long been known as an important 
region for Cenozoic nonmarine fossils now conserved in 
the John Day Fossil Beds National Monument (Figure 1). 
Fossil leaves were discovered in the Painted Hills by sol
diers using the military road from John Day to The Dalles 
in the 1860s. Thomas Condon, then a missionary in The 
Dalles, made the first scientifically useful collections of 
plant and mammal fossils from the region in 1865 (Clark, 
1989) and shipped them east for expert description (Marsh, 
1873, 1874, 1875; Newberry, 1898; Knowlton, 1902). Ex
peditions from the University of California at Berkeley 
revisited these sites at the turn of the century and dis
covered plant fossils in the Clarno area (Merriam, 
1901a,b, 1906; Sinclair, 1905; Merriam and Sinclair, 
1907). The most significant sites in the Clarno area were 
first developed by amateurs, the Nut Beds by Thomas 
Bones, beginning in 1943 (Stirton, 1944; RA. Scott, 1954; 
Bones, 1979; Manchester, 1994a), and the Mammal Quarry 
by Lon Hancock in 1955 (Mellett, 1969; Hanson, 1973, 
1989; Pratt, 1988). The fossil riches of the area are far from 
exhausted, and paleontological research is still active 
(Retallack, 1991a,b; Manchester and Kress, 1993; Man
chester, 1994a,b, 1995; Manchester and others, 1994; 
Meyer and Manchester, unpublished data, 1995; Fremd, 
1988, 1991, 1993; Fremd and Wang, 1995). John Day fos
sils present striking evidence of paleoclimatic and evolu
tionary change on a 50-million-year time scale (Chaney, 
1948a; Ashwill, 1983; Wolfe, 1992; Bestland and others, 
1994). Emphasis ofthis paper is on their diversity and qual
ity of preservation that allows an unusually detailed view of 
plants and animals on land in the distant geological past. 

EOCENE FOSSILS OF THE CLARNO AREA 

The geological sequence of fossil localities in the type 
area of the Clarno Formation near Clarno has remained 
unclear until recently because of the complicating ef
fects of a local dacite intrusion and poor outcrop of 
clayey strata in badlands and grassy slopes. We addressed 
both problems by digging trenches to improve exposure 
and found, for example, that the dacite intrusion has a 
capping paleosol, so that it was a volcanic hill onlapped 
by fossiliferous rocks of the upper Clarno Formation 
(Bestland and Retallack, 1994a; Bestland and others, 
1994, 1995). Such stratigraphic data, together with recent 
single-crystal 40 ArP9 Ar radiometric dates (by c.c. Swisher 
for Bestland and Retallack, 1994a).have enabled us to es
tablish the stratigraphic order of fossil localities near 
Clarno (Figure 2). 
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Figure 1. Location map for Painted Hills and Clarno Units of the John Day Fossil Beds National Monument, showing 
distribution of Clarno and John Day Formations and older rocks (after Walker, 1977; Walker and Robinson, 1990). 

The best known fossil locality in this area is one known 
as the Clarno Nut Beds, named for an extraordinary diver
sity of 173 species of fossil fruits and seeds (Manchester, 
1994a), fossil wood, leaf impressions, and insects (R.A. 
Scott, 1954, 1955, 1956; RA. Scott and Barghoon, 1956; 
RA. Scott and others, 1962; Gregory, 1969; Manchester, 
1977, 1979, 1980a,b, 1981, 1983, 1987, 1988, 1991; 
Manchester and Kress, 1993). The diversity of the flora, its 
vines, bananas, palms, and other taxa, has been regarded as 
evidence of multi stratal rain forest (Manchester, 1994a). 
However, associated paleosols are Ultisols (Smith, 1988; 
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Bestland and Retallack, 1994a) rather than the Oxisols typ
ical under equatorial rain forest or "high evergreen selva" 
(of Gomez-Pompa, 1973). A better modern analog consid
ering the palms, cycads, tree ferns, oaks, planes, and laurels 
in the fossil flora may be the "high semi-evergreen montane 
selva of Lauraceae" of tropical Mexico (Gomez-Pompa, 
1973). Vertebrate fossils found in the conglomerates of the 
Nut Beds include tortoise (Hadrian us sp. indet.), crocodil
ian, titanothere (Telmatherium sp. indet.), four-toed horse 
(Orohippus major), extinct rhino (Hyrachyus eximius), 
and lionlike extinct carnivore (Patriofelis ferox) 
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(Hanson, 1973; Pratt, 1988). Such a 
fauna is compatible with a forested habi
tat and middle Eocene (Bridgerian) 
age. Late Eocene (Uintan) is indicated 
by recent radiometric determinations of 
43.6 and 43.7 Ma by Vance (1988), us
ing fission tracks, and of 43.7 Ma by 
Turrin (for Manchester, 1994a), using 
single-crystal laser-fusion 40 ArP9 Ar on 
plagioclase crystals. Most of the fossil 
mammals listed are known also from 
the Uintan, and there remain problems 
with the Uintan-Bridgerian boundary 
(prothero and Swisher, 1992; Evanoff 
and others, 1994). A more precise de
termination than "Bridgerian-Uintan" 
will have to await further studies of the 
Wyoming type section and the Clarno 
fossils. 
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Acrostichum hesperium 

The relationship of the Nut Beds to 
other nearby localities has been prob
lematic (Retallack, 1981). On the basis 
of our correlation of rhyodacitic ashes, 
unusually thick lahars, and a distinc
tive amygdaloidal basalt, we place the 
Nut Beds at the top of the volcanic 
mudflows in the Clarno Formation. 
These thick lahars with few and weakly 
developed paleosols accumulated 
rapidly, so that the numerous fossil 
plant localities now known to underlie 
the Nut Beds are not much different in 
geologic age. This idea is supported by 
fission track dates of 44 Ma for the 
Muddy Ranch tuff and of 44.3 Ma from 
a dacite cobble in a lahar above the 
Fern Quarry (Vance, 1988). The dacite 
cobble was probably derived from the 
onlapped local dacite dome, which is 
older than any known Eocene fossil 10-
cality in this area. The Muddy Ranch 
tuff is within a clayey sequence of pale
osols between the conglomerates of the 
Palisades and the overlying conglomer
ates of Hancock Canyon, which are 
capped by the Nut Beds. 

A newly discovered locality for lig
nites is within the lahar sequence, 

Figure 2. Geological section and fossil assemblages of the upper Clarno For
mation in the Clarno Unit of the John Day Fossil Beds National Monument 
(illustrations adapted from Chaney, 1937; R.A. Scott, 1954; MacGinitie, 1969; 
Mellett, 1969; Brown, 1975; Manchester, 1981, 1986; Crane and Stockey, 1985; 
Savage and Long, 1986). 

buried within the slope beneath the amygdaloidal basalt, 
1 km northeast of the Oregon Museum of Science and In
dustry (OMSI) Hancock Field Station (Bestland and Retal
lack, 1994a). The thick, peaty surface horizon, associated 
fossil logs, and tabular systems of thick carbonaceous fossil 
roots are evidence of swamp forest dominated by dicotyle
donous angiosperms. These are preserved in the paleosols 
as leaf compressions and include laurels (Litseaphyllum 
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presanguinea, Cinnamomophyllum sp. cf. "Cryptocarya" 
eocenica) and aguacatilla (Meliosma sp. cf. M simplicifo
lia), as well as fragments of a broad-leaved grass or sedge 
(Graminophyllum sp.) and a fern (Anemia grandifolia). 
The dominance of this swamp by dicots is most like 
swamps of central America south of Mexico (Breedlove, 
1973; Porter, 1973; Hartshorn, 1983). In northern Mexico 
and the United States, in contrast, swamps are dominated 
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by conifers such as bald cypress (Taxodium distichum) (Best 
and others, 1984). The dominance of swamps of temperate 
to subtropical climates by taxodiaceous conifers can be 
traced back in the fossil record at least into Late Cretaceous 
times (Retallack, 1994b). 

The Fern Quarry also is within the lahar sequence of the 
upper Clarno Formation. Its fossil plants include mainly 
ferns (Acrostichum hesperium) with lesser horsetails 
(Equisetum clarnoi) and dicots (JojJrea speirsii, Quercus 
sp., Cinnamomophyllum sp. cf. "Cryptocarya" eocenica). 
Ferns and horsetails are in growth position, dicots in leaf 
litters of very weakly developed volcaniclastic paleosols. 
This herbaceous and shrubby vegetation may have been 
early in the ecological succession to colonize volcanic ash 
(Burnham and Spicer, 1986). 

The Hancock Tree is a local landmark in Hancock 
Canyon and is part of an extensive fossil forest within the 
lahars of the upper Clarno Formation (Manchester, 1986). 
It is 39 cm in diameter and shows a 279-cm length of ex
posed trunk above a concealed basal portion of 115 cm to 
the base of the lahar and 28 cm to the top of the paleosol in 
which it is rooted: a total preserved length of 422 cm. The 
Hancock tree has 59 annual rings as well as another 12 mm 
too deformed to count in its 39-cm diameter. Six other 
prone fossil logs within the lahar had diameters of32, 9, 7, 
6, 6, and 3 cm. These were thus tall colonizing forests, in
termediate between secondary regrowth and old-growth 
forest. Fossil leaf litters have been recovered from paleosols 
supporting the permineralized trunks; they include mainly 
temperate elements such as sycamore (Macginitiea an
gustiloba), katsura (JojJrea speirsii), and alder (Alnus clar
noensis), with few tropical elements such as laurel 
(Cinnamomophyllum sp. cf. "Cryptocarya" eocenica). In 
contrast, leaf litters of a weakly developed paleosol in con
glomerates underlying the Nut Beds to the east yielded 
mainly tropical elements such as aguacatilla (Meliosma sp. 
cf. M. simplicifolia) and magnolia (Magnolia sp. cf. M. 
leei) with less common walnut (Juglans sp. indet.) and 
sycamore (Macginitiea angustiloba). Similarly, paleosols 
so weakly developed that bedding has persisted within the 
Nut Beds include aguacatilla (Meliosma sp. cf. M. simplici
folia), moonseed (Diploclisia), icacina vine (Goweria dil
leri), magnolia (Magnolia leei), laurels (Litseaphyllum 
praesanguinea, L. praelingue, L. sp. cf. "Laurophyllum" 
merrilli, Cinnamomophyllum sp. cf. "Cryptocarya" eoce
nica), tree fern (Cyathea pinnata), horsetail (Equisetum 
clarnoi), walnut (Juglans sp.), maple (Acer clarnoense), 
alder (Alnus clarnoensis), katsura (JojJrea speirsii), and 
sycamore (Macginitiea angustiloba). Again, to the east, 
very weakly developed paleosols have Leafjtters of temper
ate climatic affinities, including leaves of sycamore 
(Macginitiea angustiloba), katsura (JojJrea speirsii), alder 
(Alnus clarnoensis), laurel (Litseaphyllum presanguinea), 
and horsetail (Equisetum clarnoi). These leaf litters of both 
weakly and very weakly developed paleosols in the two 
areas represent an ecotone between two distinct kinds of 
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ancient colonizing forest. Meliosma today includes species 
of colonizing forests (van Beusekom and van de Water, 
1989), as do living sycamore (Platanus) (Peattie, 1991; 
Manchester, 1986) and alder (Burger, 1983). Vegetation 
comparable to the Macginitiea-dominated fossil assem
blages in the eastern part of the OMSI Hancock Field Sta
tion is deciduous tropical forest dominated by Liquidambar 
macrophylla found at elevations of 1,000-2,000 m on vol
canoes in tropical Mexico (Gomez-Pompa, 1973). 
Meliosma-dominated assemblages in the western part of the 
OMSI Hancock Field Station were probably comparable to 
pioneering forests of lowland evergreen rain forest of Mex
ico ("selva" of Gomez-Pompa, 1973). Such a reconstruction 
of deciduous forest on volcanic footslopes to the east and 
semi-evergreen forest on volcanic toeslopes to the west is 
compatible with a reconstructed Clarno paleogeography of 
an andesitic stratocone source for lahars to the east of the 
study area (White and Robinson, 1992). High-elevation de
ciduous Eocene plants became increasingly important for 
the evolution of Oligocene and younger cool-temperate de
ciduous floras of North America (Wolfe, 1987). 

The Mammal Quarry is close to the upper contact of 
the Clarno Formation with the basal ash-flow tuff 
(member A) of the John Day Formation, which has now 
been radiometrically dated at 39.22±0.03 Ma, using 
single-crystal 40 ArP9 Ar dating (Bestland and Retallack, 
1994a). Thus it includes the oldest known mammalian 
fauna of the Duchesnean North American Land Mammal 
"Age" (Lucas, 1992). Very weakly developed paleosols and 
closely associated fluvial deposits in the quarry have 
yielded crocodilians, creodont carnivores (Hemipsalodon 
grandis), sabre-tooth cats (Nimravidae gen. et sp. indet.), 
rodents (gen. et sp. indet.), anthracotheres (Heptacodon sp. 
indet), oreodons (Diplobunops sp. indet.), rhinoceroses 
(Teletaceras radinskyi and cf. "Procadurcodon" sp. indet.), 
tapirs (Plesiocolopirus hancocki and Protapirus sp. indet.), 
and horses (Epihippus gracilis and Haplohippus texan us) 
(Mellett, 1969; Hanson, 1973, 1989; Schoch, 1989; Lucas, 
1992). Some of these creatures, particularly the common 
small rhinoceros (Teletaceras radinskyi), evidently died lo
cally, because they are represented by moderately complete 
though disarticulated specimens. Their carcasses accumu
lated on a fluvial point bar as isolated elements or groups of 
bones still united by flesh (pratt, 1988). 

Also found in the Mammal Quarry was a fossil flora of 
fruits and seeds (McKee, 1970; Manchester, 1994a), in
cluding tropical vines (Odontocaryoidea nodulosa, Diplo
clisia sp. indet., Eohypserpa sp. indet., lodes sp. indet., 
lodicarpa sp. indet., Palaeophytocrene sp. cf. P foveolata, 
Ampelocissus sp. inC:et., Vitis sp. indet., Tetrastigma sp.), 
sycamores (Platananthus synandrus), dogwoods (Mastixi
oidiocarpum oregonense), alangiums (Alangium sp. in
det.), cashews (Pentoperculum minimus), and walnuts 
(Juglans clarnensis). Late Eocene mammals here evidently 
lived in forests, but Luvisol paleosols in association with 
these fossils are evidence for a cooler and drier climatic 
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regime thw during deposition of the 
Nut Beds (Bestland and Retallack, 
1994a). 

New fossil localities were also 
discovered within the lower John 
Day Formation in footslopes of 
Iron Mountain, stratigraphically 
below a distinctive thick tuff radio
metrically dated (using the single
crystal laser-fusion 40 ArP9 Ar tech
nique) at 38.4±O.07 Ma (C. 
Swisher for Bestland and Retal
lack, 1994a). This is still within the 
late Eocene and Duchesnean 
(Swisher and Prothero, 1990). From 
a red paleosol described by Getahun 
and Retallack (1991) immediately 
below the dated tuff came a fragment 
of a tusk, probably of the extinct fam
ily of hoglike Entelodontidae, and a 
molar of the small Clarno rhino Tele
taceras radinskyi. Brown lake beds 
with fish scales some 5 m below the 
tuff have yielded winged fruits of 
walnutlike plants (Cruciptera sim
soni, Palaeocarya clarnensis), fruits 
of eucommia (Eucommia sp. indet.), 
extinct malvalean flowers (Floris
santia ashwillii), seeds of cigar-tree 
(Catalpa sp. indet.), and leaves of 
elm (Ulmus sp. indet.), Oregon grape 
(Mahonia sp. indet.), and dawn red
wood (Metasequoia occidentalis) 
(Bestland and Retallack, 1994a; S.M. 
Manchester, oral commun., 1995). 
This flora and associated Luvisol pale
osols are evidence for forests of lesser 
stature, more open and deciduous than 
earlier in the Eocene. 
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The "Slanting Leaf Beds" is a 
well-known locality higher within 
the John Day Formation in the 
Clarno area and now radiometrically 
dated at 33.62±0.19 Ma (Swisher for 
Bestland and Retallack, 1994a), 
which is very early in the Oligocene 
(Swisher and Prothero, 1990). These 
tuffaceous lacustrine beds have 

Figure 3. Geological section and fossil assemblages of the lower John Day For
mation in the Painted Hills Unit of the John Day Fossil Beds National Monument 
(illustrations adapted from Knowlton, 1902; Sinclair, 1905; Osborn, 1918; Peterson, 
1920; Toohey, 1959; Lander, 1977; Tanai and Wolfe, 1977; Wolfe and Tanai, 1987; 
Meyer and Manchester, unpublished data, 1995). 

yielded a very different fossil flora dominated by alder 
(Alnus heterodonta) and dawn redwood (Metasequoia occi
dentalis). This is one of the many Bridge Creek floras espe
cially well known near Fossil and in the Painted Hills 
(Manchester and Meyer, 1987; Kvacek and others, 1991; 
Manchester, 1992; Meyer and Manchester, unpublished 
data, 1995). The dramatic floral change from floras of 
tropical to those of temperate climatic affinities is re-
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flected in a change in paleosols from red Luvisols to a 
mix of Inceptisols, Vertisols and Luvisols (Bestland and 
Retallack, 1994a), also seen in the Painted Hills. 

OLIGOCENE FOSSILS OF THE PAINTED HILLS 

The principal fossil resources protected by the Painted 
Hills Unit of the John Day Fossil Beds are the lake beds 
with leaves of the Bridge Creek flora (Figure 3), first col-
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lected by Thomas Condon in 1865 for Newberry (1898) and 
Knowlton (1902) and then made famous by pioneering pa
pers in quantitative paleoecology by Chaney (1924, 1925a). 
Dominance of these shales by plants of temperate climatic 
affinities such as oak (Quercus consimilis), alder (Alnus 
heterodonta), and dawn redwood (Metasequoia occiden
talis) is in striking contrast to the tropical affinities offossil 
plants in the Clarno Formation (Chaney, 1948a). At first, 
Chaney (1924, 1938) compared the assemblage with that of 
redwood forests of California. When it was discovered in 
1941 that dawn redwood was still living in China, Asian 
mixed mesophytic forests became a better model (Chaney, 
1948a,b, 1952, Wolfe, 1981, 1992; Manchester and Meyer, 
1987). In contrast, our new collections indicate that 
Metasequoia was a swampland tree. 

One problem with leaves in lake beds is the way in 
which elements of different plant communities are mixed 
with and overwhelmed by deciduous lake-margin species. 
We have been able to demonstrate such biases in the Bridge 
Creek flora with new collections of plants from leaf litters 
of paleosols associated with the lake beds (Bestland and Re
tallack, 1994b). A small fossil flora of leaves found in the 
surface horizon of a weakly developed green paleosol un
derlying the lake beds included dawn redwood (Metasequoia 
occidentalis), nutmeg tree (Torreya sp. indet.), grass 
(Graminophyllum sp. indet.), laurel (Cinnamomophyllum 
bendirei), and walnut (Juglans cryptata). Remains of wal
nuts were most common, followed by the laurels. The dawn 
redwood is represented by only one foliar spur. The paleosol 
and plants combined indicate semi-evergreen mesophytic 
forest of bottornlands. A very different assemblage was 
found in a manganese-stained shale overlying a very 
weakly developed paleosol within the lake beds: mainly 
leaves of alder (Alnus heterodonta) with oak (Quercus con
similis) and yellowwood (Cladrastis oregonensis). Alders 
in particular are well-known pioneer plants of disturbed 
ground, both in tropical and temperate regions (Burger, 
1983), and this interpretation is supported by the minimal 
development of the fossil soil. Lignitic paleosols overlie a 
pumice-charcoal tuff above the lake beds. These ancient 
soils of swamps are overwhelmingly dominated by dawn 
redwood (Metasequoia occidentalis), associated with rare 
bracken fern (Pteridium calabazensis), grass (Grami
nophyllum sp. indet.), alder (Alnus heterodonta), and ex
tinct basswood (Plajkeria obliquifolia). These paleosol as
semblages indicate that the Bridge Creek flora oflacustrine 
shales is a mix of at least three distinct plant communities: 
semi-evergreen lowland laurel forest, dawn redwood 
swamp, and deciduous alder pole woodlands. 

The age of the Bridge Creek flora in the Painted Hills is 
constrained by new single-crystallaser-fusion 4O/Ar39 Ar ra
diometric dates of 32.99±0.11 Ma for a biotite tuff below 
the lake beds and 32.66±O.03 Ma for tuffs above the lake 
beds and lignites, both within the middle Big Basin Mem
ber of the John Day Formation (C.c. Swisher for Bestland 
and Retallack, 1994b). Like the "Slanting Leaf Beds" of the 
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Clarno area, these also are earliest Oligocene in age. At 
some time between 33 Ma and the 38-Ma fossil flora from 
the Clarno area discussed above, there was a climatic dete
rioration from mean annual precipitation of 1,500 mm to 
1,000 mm (Leopold and others, 1992), from mean annual 
temperature of 20°C to l2°C, and from mean annual range 
of temperature of 10°C to 25°C (Wolfe, 1992). A compara
ble deterioration to temperate climate is indicated by the 
transition from kaolinitic and iron-rich, red, lateritic Ultisol 
and Luvisol paleosols of the lower Big Basin Member of the 
John Day Formation, which are erosionally truncated and 
abruptly overlain by smectitic and tuffaceous Inceptisol, 
Vertisol, and Luvisol paleosols of the middle Big Basin 
Member (Bestland and others, 1994, 1995, 1996). The ero
sional contact probably corresponds to the Eocene
Oligocene boundary now recognized at 34 Ma (Swisher and 
Prothero, 1990), judging from radiometric dates from un
derlying units: a new 40 ArP9 Ar single-crystal radiometric 
date of 39.72±O.03 Ma for the basal ash-flow tuff of the 
John Day Formation (C.C. Swisher for Bestland and Retal
lack, 1994b) and a date of 37 Ma for the andesite of Sand 
Mountain (Hay, 1963; Evernden and James, 1964). Our 
correlation of these units and assessment of the degree of 
development of lateritic paleosols of the lower John Day 
Formation suggest that the Eocene-Oligocene climatic dete
rioration was abrupt (Retallack, 1992; Rice, 1994; Bestland 
and others, 1996). 

The badlands of Carroll Rim in the Painted Hills and the 
nearby footslopes of Sutton Mountain have yielded only 
sparse and fragmentary mammal fossils from the Turtle 
Cove Member below the massive ash-flow tuff of Carroll 
Rim ("Picture Gorge tuff" or Member H of Robinson and 
others, 1984). The Turtle Cove Member here is dated by new 
determinations of 29.75±0.02, 29.70±0.06, 28.65±0.05, 
and 28.65±O.07 Ma on tuffs and the cliff-forming ash flow 
(last two dates), respectively (C.c. Swisher for Bestland 
and Retallack, 1994b). Comparable late Oligocene (early 
Arikareean) fossil mammals are more abundant and better 
known from the Turtle Cove Member in the John Day Val
ley south of Kimberly (Fremd, 1988). 

Fossil mammal fragments were mainly found in pale
osols and can be grouped by paleosol type. Some of these 
have brown, finely structured, near-mollic surface horizons 
over a subsurface horizon of calcareous nodules, as in soils 
now supporting grassy woodland and wooded grassland. 
Fossil mammals in these paleosols include mouse deer 
(Hypertragulus hesperius), oreodonts (Merycoidontidae 
gen. et sp. indet.), and rhinoceros (Diceratherium sp. cf. D. 
annectens). Other paleosols are comparable in their brown, 
finely structured surface horizons, but lack nodules, which 
indicates a shorter time for formation but comparable vege
tation. Mammals of these paleosols include an unidentifi
able mammalian navicular, a distal phalanx of an oreodont 
(Merycoidodontidae), and a cuboid similar to that of a giant, 
hoglike entelodon (cf. Entelodon sp. indet.). Very weakly 
developed paleosols probably supported streamside grassy 
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vegetation early in ecological succession to communities 
represented by the other paleosols. Mammals of these tran
sient communities include extinct squirrel-like rodent 
(Eutypomyidae gen. et sp. indet.), oreodon (Agriochoerus 
sp. indet., Eporeodon sp. indet.), three-toed horse 
(Miohippus sp. cf. M quartus), and two-homed rhinoceros 
(Diceratherium sp. cf. D. annectens). Other paleosols are 
green and clayey with subsurface calcareous nodules and 
probably supported seasonally wet alluvial grassy wood
land. Comparable paleosols near Foree to the east have 
yielded oreodont (Eporeodon occidentalis), three-toed 
horse (Miohippus sp. cf. M anceps), and foxlike dog 
(Mesocyon coryphaeus). No red, clayey paleosols were seen 
in the Turtle Cove Member of the Painted Hills, but red 
paleosols in Rudio Creek canyon near Kimberly yielded 
three-toed horse (Miohippus equiceps). Although endo
carps of hackberry (Celtis willistoni) (Cockefell) Berry 
1928 (Chaney 1925b) are the only plant fossils found in the 
Turtle Cove Member, paleosols indicate a mosaic of wood
land in hills and footslopes, wooded grassland and grassy 
woodland in valley bottoms, and local grassy woodlands in 
seasonally wet bottomlands. Mammalian collections from 
particular paleosols are as yet inadequate to demonstrate 
their ecological preferences. Nevertheless, the paleoenvi
ronmental reconstruction from paleosols is compatible with 
the mix of arboreal squirrels, browsing horses and ore
odonts, and grazing rhinos, similar to assemblages in the 
Great Plains regarded as adapted to grassy woodland and 
wooded grassland (Webb, 1977; MacFadden, 1992; 
Prothero and others, 1996). 

Paleosols of the Turtle Cove Member indicate much 
drier and probably also cooler paleoclimatic conditions than 
earlier in the Oligocene. Depth to the calcareous nodules is 
strongly correlated with mean annual rainfall in modem 
soils (Retallack, 1994a), and application of these relation
ships with allowances for compaction of paleosols in Car
roll Rim gives mean annual rainfall of 614±l41 mm to 
911±141 mm (Bestland and Retallack, 1994b). This range 
of about 500-1,000 mm for the Turtle Cove Member can be 
compared to 800-1,000 mm for the upper Big Basin Mem
ber and 1,000-1,200 mm for the middle Big Basin Member, 
derived by comparison with comparable soils in Mexico 
(Bestland and Retallack, 1994b). Paleoclimatic drying con
tinued into the early Miocene, judging from our reconnais
sance observations of the upper John Day Formation on 
Sutton Mountain. The John Day Formation preserves a 
long-term paleoclimatic record that complements and cor
relates well with the geological record of global change in 
deep-sea cores (Bestland and Retallack, 1994b). 

RECONSTRUCTED FOSSIL PLANTS 

An outstanding advantage of preservation of plants in 
paleosols is the lack of mixing and separation of different 
parts of different plants. The leaves, fruits, flowers, and 
wood are preserved near their place of growth, little mixed 
by transport in streams or drifting off into lake beds. Such 
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fossiliferous paleosols are known in the lower part of the 
Clarno Nut Beds and within the lignites and lake beds of 
the Painted Hills, and they make easier the difficult task of 
reconstructing ancient plants from a jumble of different 
plant remains (Manchester, 1981). Physical attachment of 
one part of a plant to another, such as fruits on leafy twigs, 
is the most compelling, but unfortunately rare, evidence for 
reconstructing fossil plants. Comparison with modem 
plants is also useful, particularly if there is only one fossil 
species of fruit, wood, flower, and leaf comparable to a par
ticular modem plant. In this way, it is hoped to gain a com
plete concept of particular ancient plants and their evolu
tion. As this work proceeds, it is revealing that some parts 
of plants such as fruits and seeds evolve at rates different 
from others such as wood and leaves (Manchester, 1986, 
1987; Manchester and Wheeler, 1993). This mosaic evolu
tion not only explains differing interpretations of ancient 
vegetation based on wood, fruits, and leaves but is of inter
est for understanding the evolutionary process itself. 

Meliosma beusekomii 
Meliosma beusekomii Manchester (l994a) is a middle 

Eocene fossil species named for fruits common in the 
Clarno Nut Beds of the Clarno Formation (Figure 4). The 
fruits are drupes, but the preserved parts are characteristi
cally dimpled stones or endocarps (Manchester, 1994a). 
Meliosma beusekomii endocarps are very similar to those of 
living species such as M pinnata and M simplicifolia. 
Leaves comparable to M simplicifolia also are common in 
the Nut Beds and in other fossil leaf litter assemblages of 
the upper Clarno Formation (Manchester, 1980b). Our re
construction of the shoot with fruits and leaves is based on 
that of M simplicifolia (van Beusekom and van de Water, 
1989). Wood of Meliosma has also been found in the Nut 
Beds (Manchester, 1980b) and was sketched from photomi
crographs generously supplied by Steven Manchester. 

The large leaves (up to 21 cm long) of this extinct 
Eocene species of Meliosma have a pronounced drip tip, as 
is typical for plants of tropical rainy climates. Meliosma 
today is widespread in the humid tropics and subtropics of 
eastern Asia, Indonesia, Central America, and the West In
dies (Gentry, 1980; van Beusekom and van de Water, 1989). 
Meliosma includes both shrubs and trees, and its family 
Sabiaceae includes vines (Gentry, 1980). Permineralized 
fossil wood of Meliosma is known only as waterworn frag
ments but is evidence that M. beusekomii was a tree. It 
probably was not a large tree, because its leaves dominate 
the litters of very weakly developed paleosols that lack large 
root traces or differentiated soil horizons. These paleosols 
in the Nut Beds and elsewhere are associated with fluvial 
facies (Retallack, 1991a), so thatM beusekomii can be en
visaged a pole tree of woodlands early in ecological succes
sion of recovery from stream flooding. 

Macginitiea angustiloba 
Macginitiea angustiloba (Lesquereux) Manchester 
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common species within the same pale
osol is Macginitiea angustiloba. 
Stumps of Macginitiea angustiloba 
are recognizable in hand specimen by 
their characteristic wide rays, and this 
wood has been referred to Plataninium 
haydenii (Wheeler and others, 1977; 
RA. Scott and Wheeler, 1982). The 
globose pistillate and staminate heads 
and isolated anthers of this plant have 
also been given separate names, 
Macginicarpa glabra, Platananthus 
synandrus, and Macginistemon mika
noides, respectively (Manchester, 1986), 
in the widely used organ-generic proce
dure of paleobotany. There is little 
doubt from their joint association in 
numerous localities, including lake 
beds and fluvial sandstones as well as 
the paleosols of Hancock Canyon and 
the Nut Beds, that these represent parts 
of the same extinct species of sycamore
like plant (Manchester, 1986). 

Figure 4. Reconstruction of afossil aguacatilla (Meliosma beusekomii).from the 
middle-late Eocene "Nut Beds" of the Clarno Formation at Hancock Field Station 
(datafrom Bones, 1979; Manchester, 1981, 1994a; van Beusekom and van de Wa
ter, 1989). 

Like modem sycamores, Macgini
tiea angustiloba had leaves with ab
scission scars, indicating it was decid
uous. Its separate pistillate and stami
nate flowering heads produced abun
dant small (16-18 I!) pollen and small 
(6-8 mm), hard fruits, which are indica
tions that it was pollinated and dispersed 
by wind and water (Manchester, 1986). 
Macginitiea angustiloba had slightly 
smaller pollen, better developed peri
anth, and more consistently pentamer
ous flowers than modem sycamores, 
which may indicate facultative unspe
cialized insect pollination or an evolu
tionary legacy of insect pollination. 
Macginitiea angustiloba also lacked 
hairs that facilitate wind dispersal of 
fruits of living sycamores. This combi
nation of largely wind and water polli
nation and dispersal with some hints 
of facultative animal involvement are 
common in plants that colonize dis
turbed ground. Like living sycamores 
(Platanus), many comparable fossils 
as old as Cretaceous also were trees of 

(1986) is the name of a palmately lobed leaf common in 
lahars of Hancock Canyon and elsewhere in the Eocene 
Clarno Formation (Figure 5). The leaf is similar to those of 
living sycamores and planes (Platanus). The Hancock tree 
is a well-known local landmark in Hancock Canyon and is 
a katsura (Joffrea speirsii) (Retallack, 1991a), but the other 
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disturbed streamsides (Retallack and 
Dilcher, 1981). Such an ecology for the Clarno plant is in
dicated in Hancock Canyon, where trunks attributed to 
Macginitiea angustiloba are rooted in a weakly developed 
paleosol capping fluvial deposits interbedded with lahars 
(Bestland and Retallack, 1994a). Macginitiea angustiloba 
is the most prominent of several plants in the Clarno For-
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mation that were deciduous, wind 
and water pollinated and dispersed, 
and with cool-temperate climatic 
affinities. Unlike diverse assem
blages of the Nut Beds, low diver
sity fossil forests of Hancock 
Canyon may represent a flora of 
higher elevations on the volcanic 
cone, like the Liquidambar forests 
of San Martin Volcano in Veracruz, 
Mexico (Gomez-Pompa, 1973). 

Metasequoia occidentalis 

~ 
1m habit 

Foliage, cones, and seeds of the 
dawn redwood Metasequoia occi
dentalis (Newberry) Chaney (1951) 
are common in the Bridge Creek 
flora of the middle Big Basin Mem
ber of the John Day Formation at 
many localities, including the 
Painted Hills, the Slanting Leaf 
Beds of the Clarno area, and the 
well-known bank behind the High 
School in Fossil (Manchester and 
Meyer, 1987). In the Painted Hills, 
foliage of this plant is found in 
nearly mono specific assemblages 
with permineralized coniferous 
wood in a sequence oflignites. Ex
ceptionally well preserved permin
eralized wood, cones, and foliage 
of Metasequoia also are known 
from the middle Eocene Princeton 
chert of British Columbia (Rothwell 
and Basinger, 1979; Basinger, 
1981, 1984), which is a perminer
alized peat swamp. Although these 
Eocene fossils have been referred to 
the species Metasequoia milleri, 
they are externally identical to liv
ing dawn redwood M glyp
tostroboides, which cannot be read
ily distinguished from the fossil 
species for leaf impressions, M oc
cidentalis. Metasequoia milleri dif
fers from M glyptostroboides in its 
higher wood rays and two addi
tional resin canals in the distal por
tion of the microsporophyll of the 
pollen cone (Rothwell and 

Figure 5. Reconstruction of a fossil plane (Macginitiea angustiloba) from the 
middle-late Eocene conglomerates of Hancock Canyon of the Clarno Formation at 
Hancock Field Station, Oregon (data from Wheeler and others, 1977; R.A. Scott and 
Wheeler, 1982; Manchester, 1986). 

Basinger, 1979; Basinger, 1981). Plants of peat swamps are 
known to evolve very slowly; for example, many species 
known from permineralized remains range through the en
tire 30 Ma of the Pennsylvanian with little evolutionary 
change (DiMichele and others, 1987). Similarly, M occi
dentalis, M mil/eri, andM glyptostroboides may all repre-
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sent the same long-lived species. Metasequoia has long 
been known as a living fossil, because it was discovered 
alive in China after description as a fossil (Chaney, 1948a). 
This raises the interesting procedural problem of a living 
genus with a fossil type specimen (Schopf, 1948). 

Metasequoia has been extinct in North America since 
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was unable to obtain seeds, but he 
distributed seeds purchased from 
China by E.D. Merrill (1948) ofHar
vard's Arnold Arboretum. A particu
larly fine tree grown from Chaney's 
original distribution grows near Cas
cade Hall on the University of Ore
gon campus. It stands under the gaze 
of a bronze bust of Thomas Condon, 
who first discovered these Oregon fos
sils. Sketches of this tree were used for 
our reconstruction (Figure 6). 

Figure 6. Reconstruction of a fossil dawn redwood (Metasequoia occidental is) 
from the early Oligocene middle Big Basin Member of the John Day Formation in 
the Painted Hills, Oregon (data from Merrill, 1948; Manchester and Meyer, 1987; 
Meyer and Manchester, unpublished data, 1995; additional detailsfrom the probably 
conspecijic M. milleri of Rothwell and Basinger, 1979; Basinger, 1981, 1984). 

Metasequoia is seasonally decidu
ous like larch (Larix) and differs in 
this respect from most conifers, 
which are evergreen. The pollen 
cones are formed with the soft, light
green spring leaves, and the seed 
cones do not mature until late in the 
fall. Like most conifers it is wind pol
linated, and seed is dispersed by 
wind and water. Metasequoia occi
dentalis has long been regarded as a 
dominant of a mixed conifer
angiosperm flora (Chaney, 1924, 
1925a; Wolfe, 1981, 1992), and this 
has been regarded as confirmed by its 
occurrence in China (Chaney, 1948a, 
Chu and Cooper, 1950; Hu, 1980). 
However, this small area of north
west Hupei Province has been greatly 
disturbed by agriculture. Metase
quoia glyptostroboides was found in 
ravines and embankments around 
paddy fields that have submerged at 
least two hundred trunks of a rela
tively pure stand of these plants 
(Bartholomew and others, 1983). Its 
common occurrence with angiosperm 
leaves in the various Bridge Creek flo
ras could be a result of mixing in lake 
deposits. A new view of the natural 
habitat of Metasequoia emerges from 
its dominance in the lignites of the 
Painted Hills (Bestland and Retal
lack, 1 994b) and permineralized 
peats of British Columbia (Rothwell 
and Basinger, 1979, Basinger, 1981, 
1984). Metasequoia occidentalis and 
the likely conspecific M milleri can 
now be seen as swamp cypresses 

late Miocene time (Chaney, 1948a), and the geologically 
youngest fossils found anywhere are Pliocene (Miki, 1941). 
Several hundred Metasequoia trees now growing in Oregon 
are descended from seeds distributed by Ralph Chaney in 
1950. During his visit to China in the spring of 1948, he 
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comparable with living bald cypress (Taxodium distichum) 
of Okefenokee Swamp and the Florida Everglades (Best 
and others, 1984). Both Taxodium and Metasequoia are in 
the family Taxodiaceae, and Newberry (1883) may not have 
been far off the mark when he included fossils now called 
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Metasequoia in Taxodium. These 
modem swamps have a low diversity 
complement of angiosperms, and 
some angiosperm fossils also have 
been found with Metasequoia in the 
fossil peats of the Painted Hills 
(Bestland and Retallack, 1994b) and 
British Columbia (Stockey, 1987; 
Cevallos-Ferriz and Stockey, 1988a,b, 
1989, Erwin and Stockey, 1989a,b, 
1994; 1990a,b, 1991; Stockey and 
Pigg, 1991; Cevallos-Ferriz and others, 
1993). However, these cannot be 
taken as representative of forests of 
well-drained soils away from the 
swamps. Much has been made of the 
climate of relict populations of 
Metasequoia in Hupei to infer 
Oligocene paleoclimate of Oregon 
(Chaney, 1948a). As a swamp plant, 
however, its paleoclimatic signifi
cance is limited, because it lived in 
soils isolated from regional climate 
by local waterlogging. Its tempera
ture tolerances in the past were prob
ably also cool-temperate to subtropi
cal, like swamp cypresses today, 
which dominate swamps as far south 
as northern Mexico but are replaced 
by angiosperm swamps in the Central 
American tropics (Breedlove, 1973; 
Porter, 1973, Hartshorn, 1983). 

Alnus heterodonta 

Alder leaves and catkins are 
among the most common fossils in 
Bridge Creek floras of the middle 
Big Basin Member of the John Day 
Formation (Manchester and Meyer, 
1987; Meyer and Manchester, un
published data, 1995). Several 
species of alder have been recog
nized, even within single localities 
(Klucking, 1956), but Alnus het-
erodonta is the most common leaf in 

~ 
1m habit 

fruit 

the Painted Hills (Figure 7). Young 
leaves, seeds, and staminate and 
fruiting catkins also are found occa
sionally (Meyer and Manchester, un
published data, 1995). The attribu

Figure 7. Reconstruction of a fossil alder (Alnus heterodonta) from the early 
Oligocene middle Big Basin Member of the John Day Formation in the Painted 
Hills, Oregon (datafromKlucking, 1956; Wood, 1974; Manchester and Meyer, 1987; 
Meyer and Manchester, unpublished data, 1995). 

tion of all these remains to one plant is based on association 
and comparison with living alder. 

The inconspicuous flowers, small, flattened seeds, and 
leaf abscission scars of the fossils are evidence that this ex
tinct species was wind pollinated and dispersed and season
ally deciduous like living alder and others of the family Be-
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tulaceae in cool-temperate climatic regions of the northern 
hemisphere. Because these leaves dominate the leaf litter of 
a very weakly developed paleosol in the lake beds of the 
Painted Hills (Bestland and Retallack, 1994b), it is likely 
that they were plants of pole woodlands early in the ecologi
cal succession to recover disturbed ground. Such an oppor-
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Figure 8. Reconstructions of middle-late Eocene (Bridgerian-Uintan) animals from the Nut Beds of the Clarno Forma
tion atthe OMS! Hancock Field Station, Oregon (A and scale from R.B. Horsfall for w.B. Scott, 1913; B from E.M Fulda 
for Osborn, 1929; Efrom CE. Knightfor Osborn, 1910; others original with data from Hay, 1908). 

tunistic ecology is characteristic of many alder species 
(Burger, 1983), including the red alder (Alnus rubra) of 
Oregon, which forms roadside and streamside pole wood
lands, and extensive stands for some 50-80 years after 
clear-cutting or fire (peattie, 1991). Neither the swamp
bound Metasequoia occidentalis nor the ephemeral Alnus 
heterodonta are likely to have been abundant in well
drained soils during Oligocene time, despite their domi
nance of lacustrine leaf accumulations. 

RECONSTRUCTED FOSSIL ANIMALS 

Complete skeletons or natural mummies of extinct ani
mals are ideal for reconstructing their appearance and 
lifestyle (Savage and Long, 1986). Few of these have been 
found in the John Day Fossil Beds, where fleshing out the 
fragments must rely on more complete skeletons from other 

62 

parts of North America and inferences from comparable 
modern mammals. Fortunately, there is a long tradition 
of fossil vertebrate reconstruction (Osborn, 1910; W.B. 
Scott, 1913). More than ever before, we have the re
sources to conjure up visions of extinct beasts from iso
lated teeth and bones. 

Hadrianus corsoni 

Only a fragment of this thick-shelled tortoise has been 
found in the middle Eocene Clarno Nut Beds, and it is not 
referable to a particular species. The reconstruction offered 
here (Figure 8C) is Hadrianus corsoni (Leidy) Cope 
(1873), represented by complete carapaces and limb bones 
from middle Eocene (Bridgerian) rocks south of Fort 
Bridger, Wyoming (Hay, 1908). The genus Hadrianus 
ranges through much of the Eocene (Wasatchian to Uintan) 
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(Hutchinson, 1992). These were land tortoises of the family 
Testudinidae, which are all herbivores and include the well
known Galapagos tortoises (Geochelone) (Carroll, 1988). 

Telmatherium manteoceras 

Molars of this brontothere are the most common verte
brate fossils in the middle Eocene Clarno Nut Beds and 
may represent a new species of Telmatherium. Our recon
struction (Figure 8B) is based on one by E.M. Fulda (for 
Osborn, 1929) of Telmatherium manteoceras (Hay) Mader 
(1989), known from good skulls and partial skeletons of 
middle Eocene (Bridgerian-Uintan) age in the Washakie 
and Bridger Basins of Wyoming (Osborn, 1929; Eaton, 
1985). Painted reconstructions by Charles Knight (for Os
born, 1910, 1929) are very similar to this sketch. Bron
totheres (also called titanotheres) are extinct perissodactyls 
of North America and Asia and represent a distinct evolu
tionary lineage from rhinoceroses which they vaguely re
semble. Telmatherium had the low-crowned teeth of a 
browser, like most bronthotheres. It was small for this 
group, which evolved from dog-sized animals in the early 
Eocene to massive rhino-sized animals in the latest Eocene 
(Carroll, 1988). 

Hyrachyus eximius 

A variety of skull fragments and teeth in the Clarno Nut 
Beds belong to Hyrachyus eximius Leidy (1871), well 
known from relatively complete skeletons in middle to late 
Eocene (Bridgerian to Uintan) deposits of the Bridger and 
Washakie Basins of Wyoming (W.B. Scott, 1913). Our re
construction (Figure 8A) is based on the sketch of Bruce 
Horsfall (for w.B. Scott, 1913), which we prefer to more 
stocky reconstructions by Zdenek Burian (for Spinar and 
Burian, 1972), Jay Matternes (for Smithsonian Institution 
mural, see Dott and Batten, 1981), Michael Long (for Sav
age and Long, 1986), and Graham Allen (for Dixon and 
others, 1992). Its low-crowned teeth are those ofa browser, 
but it had padded feet like those of a tapir rather than 
hooves like modern ungulates. Primitive features of 
Hyrachyus include four toes on the rear limbs and promi
nent canine teeth. It belongs to an extinct group of mam
mals (Helatetidae or Hyrachyidae) allied to both tapirs and 
rhinos and possibly ancestral to both. 

Orohippus major 

The small, primitive horse Orohippus major Marsh 
(1874) is represented by several teeth and jaw fragments 
from the Clarno Nut Beds, but good skeletons have been 
found in the middle Eocene (Bridgerian) of the Bridger 
Basin of Wyoming (Kitts, 1957). Our reconstruction 
(Figure 8D) is based on one by Charles Knight (for Osborn, 
1910), although others have been done by Zdenek Burian 
(for Spinar and Burian, 1972) and Jay Matternes (for 
Smithsonian Institution mural, see Dott and Batten, 1981). 
With its low-crowned teeth of a browser and four toes on 
the front limbs and three toes in the rear, this very small 
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horse is far removed from our modem concept of a horse 
(MacFadden, 1992). These early forest-dwelling ancestors 
of modern Equidae lack exact modern analogs. 

Patriofelis ferox 

Patriofelisferox (Marsh) Marsh (1878) is represented 
by a single jaw fragment from the middle Eocene Clarno 
Nut Beds. A complete skeleton is known from the mid
dle Eocene (Bridgerian) of the Bridger Basin of 
Wyoming, and this was the basis for our reconstruction 
(Figure 8E), which is close to that of Charles Knight 
(for Osborn, 1910). More gracile reconstructions have 
been made by Bruce Horsfall (for W.B. Scott, 1913), 
Michael Long (Savage and Long, 1986), and William 
Scheele (1955). Although it had the appearance of a big 
cat, Patriofelis ferox lacked the precisely bladed carnas
sial teeth of modern carnivores ar;.d belonged to an ex
tinct group of catlike carnivores (Oxyaenidae, Cre
odonta) (Carroll, 1988). 

Protitanops curryi 

A variety of limbs and skull fragments of a large bron
tothere have been found in the late Eocene (Duchesnean) 
Mammal Quarry of the upper Clarno Formation. Although 
referred to Protitanops (Lucas, 1992), there is doubt about 
this generic assignment (Mader, 1989). Our reconstruction 
(Figure 9F) is based on the generally similar Protitanops 
curryi Stock (1936) from the late Eocene (Chadronian) Ti
tus Canyon Formation, east of Death Valley, California. 
Like Telmatherium (Figure 8B), Protitanops was a bron
tothere and a browser. It was much larger than Telma
therium and probably had a significant impact in destroy
ing trees and other browse-like modern megaherbivores 
such as elephants and rhinos (Owen-Smith, 1988). The 
horns of this and geologically younger brontotheres 
were probably sexual display organs of male animals. 

Plesiocolopirus hancocki 

Several skull fragments and teeth of Plesiocolopirus 
hancocki (Radinsky) Schoch (1989) have been found in the 
Mammal Quarry of the upper Clarno Formation. Radinsky 
(1963) envisaged this species as intermediate between the 
earlier Helaletes nanus from the middle Eocene 
(Bridgerian) of Wyoming and the later Protapirus from the 
early Oligocene (Orellan and Whitneyan) Brule Formation 
of South Dakota (W.B. Scott, 1941)-which he regarded as 
the first true tapir. Our reconstruction (Figure 9C) was in
fluenced by reconstructions of Helaletes nanus by Jay Mat
ternes (see Dott and Batten, 1981) and Bruce Horsfall (for 
W.B. Scott, 1913) and by those of early Miocene Miotapirus 
by Graham Allen (for Dixon and others, 1992). The Clarno 
fossils have a large nasal incision and reduced nasal 
bones. These bones are not so modified as in living 
tapirs, so the proboscis of P. hancocki may not have been 
so large and flexible. Tapirs are forest browsers, and the 
teeth of P. hancocki are compatible with a similar diet. 
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Figure 9. Reconstructions of late Eocene (Duchesnean) animals from the Mammal Quarry of the upper Clarno Formation 
at the OMSJ Hancock Field Station, Oregon (scale from R.B. Horsfall for WB. Scott, J 9 J 3; others original with inspiration 
from Stock, J936; Russell, 1938; WB. Scott, 1945; McGrew, 1953; Radinsky, 1963; Mel/ett, 1969; Savage and Long, 1986; 
Hanson, 1989; Dixon and others, 1992). 
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Teletaceras radinskyi 
Teletaceras radinskyi Hanson (1989) was a small rhino, 

represented by skulls and a variety of other bones from the 
Mammal Quarry of the upper Clarno Formation. Hanson 
(1989) compared it with Trigonias osborni from the Late 
Eocene (Chadronian) Chadron Formation of South Dakota, 
a species reconstructed by Irving Biehn (for w.B. Scott, 
1913) and Graham Allen (for Dixon and others, 1992). 
Compared with this geologically younger rhino, the Du
chesnean Teletaceras radinskyi was a smaller and more 
gracile animal (Figure 9A). The Clarno rhino may have 
evolved from immigrant Teletaceras from Asia and repre
sents an early true rhino (Rhinocerotidae). As with most 
rhinos, its teeth are those of a browser. 

Haplohippus texanus 
The primitive horse Haplohippus texan us McGrew, 

1953, is represented by a variety of skull fragments and 
teeth from the Mammal Quarry of the upper Clarno For
mation, as well as the late Eocene (Duchesne an) Por
venir local fauna of the Vieja Formation of Texas. The 
teeth of Haplohippus texan us ally it with primitive, 
forest-browsing horses such as Orohippus (Figure 8D), 
from which it differed by being larger, yet more gracile 
(Figure 9E). Another horse found in the Clarno Mam
mal Quarry, Epihippus gracilis, on the other hand, is 
even more gracile and cursorial and has more complex 
and larger molars, perhaps reflecting a preference for 
slightly more open habitats. Haplohippus was the last of 
the primitive hyracotheriine horses, but Epihippus was 
in the lineage giving rise to later three-toed horses 
(McGrew, 1953). Although horse evolution has been 
portrayed as a unidirectional trend, this and other exam
ples indicate a luxuriant bush of evolutionary branches 
(MacFadden, 1992). 

Diplohunops crassus 
A skull of Diplobunops from the Mammal Quarry of 

the upper Clarno Formation is crushed and extensively 
cracked and may belong to a new species. Our recon
struction (Figure 9D) is based on better preserved mate
rial of Diplobunops crassus w.B. Scott (1945) from the 
late Eocene (Uintan) of the Uinta Basin, Utah, and on 
reconstructions of the allied genus Agriochoerus by 
Bruce Horsfall (for W.B. Scott, 1913). Diplobunops and 
Agriochoerus were part of a now-extinct group of crea
tures grouped into the family Agriochoeridae, which 
were primitive artiodactyls similar to the extinct but 
more familiar oreodons common in Oligocene and 
Miocene parts of the John Day Formation (Carroll, 
1988). Their prominent canines and postcranial skeleton 
are superficially similar to those of dogs, although the 
tarsus is that of an artiodactyl. The cheek teeth, how
ever, are low crowned and those of a browser. 
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Hemipsalodon grandis 
The large carnivore Hemipsalodon grandis (Cope) Rus

sell, 1938, is represented by a crushed but complete skull 
and lower jaws from the Mammal Quarry of the upper 
Clarno Formation (Mellett, 1969). This species is known 
from a variety of localities of late Eocene (Duchesnean 
and Chadronian) age from Saskatchewan in the north to 
near the Mexican border of Texas but remains very incom
pletely known. The bearlike reconstruction offered here 
(Figure 9B) is based partly on a facial reconstruction by 
Russell (1938) from Canadian specimens and on an associ
ated astragalus of a plantigrade animal (Mellett, 1969). Al
though perhaps frugivorous to carnivorous like bears, 
Hemipsalodon was not closely related to them but rather 
belongs in an extinct group of creodont carnivores 
(Hyaenodontidae) (Carroll, 1988). Sarkastodon from the 
late Eocene of Mongolia is another bearlike creodont for 
which a reconstruction is available (by Graham Allen for 
Dixon and others, 1992). 

Diceratherium annectens 

Only molar fragments of the rhino Diceratherium an
nectens Marsh (1873) have been found in the late 
Oligocene (early Arikareean) Turtle Cove Member of the 
John Day Formation on Carroll Rim and the footslopes of 
Sutton Mountain, but excellent skulls and postcranial re
mains continue to be found at the same stratigraphic level 
in and around the Sheep Rock Unit of the John Day Fossil 
Beds near Dayville (peterson, 1920). Our reconstruction 
(Figure lOA) is based on a hornless reconstruction by Bruce 
Horsfall (for w.B. Scott, 1913). This Oregon rhinoceros 
should not be confused with a Nebraskan Miocene rhino, 
formerly regarded as congeneric but now assigned to Meno
ceras cooki (prothero and others, 1989) and reconstructed 
by Bruce Horsfall (for W.B. Scott, 1913). Diceratherium 
annectens had hypsodont teeth and was one of the earliest 
grazing mammals (Webb, 1977). 

Miohippus quarlus 

The three-toed horse Miohippus quartus Osborn (1918) 
is represented only by fragmentary teeth in the late 
Oligocene (Arikareean) Turtle Cove Member of the John 
Day Formation in the Painted Hills area but by fine skulls 
in the same stratigraphic horizon to the east near Dayville. 
Other species of Miohippus represented by skulls and com
plete skeletons are known from the Oligocene (Orellan and 
Whitneyan) Brule Formation of South Dakota (prothero 
and Shubin, 1989). These and a reconstruction by Charles 
Halgren and associates (for Simpson and Beck, 1963) were 
used to prepare our version (Figure lOB). Miohippus like 
the co-occurri!l.g Mesohippus was a three-toed horse with 
the low-crowned teeth of a browser. Nevertheless, both 
taxa, and Miohippus more than Mesohippus, have more 
complex, wider, and higher crowned teeth and more elon-
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gate limbs than geologically older forest horses such as 
Haplohippus, Epihippus, and Orohippus. These indicate 
adaptation to more open country. The distribution of fossil 
horses in paleosols of Oligocene age in South Dakota has 
suggested to MacFadden (1992), that Mesohippus preferred 
streamside woodlands, whereas Miohippus lived in more 

open, grassy vegetation of interfluves, an idea supported to 
a limited extent by our discovery of Miohippus in paleosols 
in Oregon (Bestland and Retallack, 1994b). 

"Entelodon" calkinsi 
The large, hoglike "Entelodon" calkinsi (Sinclair) Trox-

F "Entelodon" calkinsi 

B Miohippus 
quattus 

O 
Hypertragulus 

hespen'us 

Scale 20 40 60 em 

Figure 10. Reconstructions offossil mammals known from the late Oligocene lower Turtle Cove Member of the John Day 
Formation in the Painted Hills area r:4 and scale by R.B. Horsfall for WB. Scott, 1913; D from Dixon and others, 1992; 
others original with inspiration from Sinclair, 1905; Merriam, 1906; Osborn, 1918; Peterson, 1920; WE. Scott, 1940; Simp
son and Beck, 1963; Czerkas and Glut, 1983). 
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ell (1920) is represented by very fragmentary remains in the 
late Oligocene (Arikareean) Turtle Cove Member of the 
John Day Formation in the Painted Hills area but by a large 
and complete skull at comparable stratigraphic level in the 
Dayville area. Entelodon and allied genera belong to an ex
tinct group (Entelodontidae), distinct from but allied to pigs 
(Carroll, 1988). Other species of entelodons have been 
widely reconstructed (WB. Scott, 1913; Czerkas and Glut, 
1982; Savage and Long, 1986; Dixon and others, 1992), but 
our version (Figure IOF) emphasizes the distinctive pattern 
of bony knobs on the jaw and cheeks of the skull described 
by Sinclair (1905). Entelodons are unique in many ways but 
were probably omnivore-scavengers (Joeckel, 1990). 

Hypertragulus hesperius 

The small mouse deer Hypertragulus hesperius Hay 
(1902) is one of the most abundant fossil mammals in the 
Turtle Cove Member of the John Day Formation but is rep
resented mainly by fragmentary remains. Good skeletons of 
other species of Hypertragulus and the similar Leptomeryx 
evansi are known from the Brule Formation of South 
Dakota (WB. Scott, 1940). These and the reconstructions 
of L. evansi by Charles Knight (for Osborn, 1910) have in
fluenced our reconstruction of Hypertragulus hesperius 
(Figure IOD). Hypertragulus and Leptomeryx are placed in 
separate families (Hypertragulidae and Leptomerycidae) of 
extinct primitive ruminants allied to the living mouse deer 
(Tragulidae) of Southeast Asia and Africa. Like living 
mouse deer, the extinct ones were probably forest browsers. 

Eporeodon occidentalis 

Good skulls, including the holotype of Eporeodon occi
dentalis Marsh (1873), have been found in the late 
Oligocene (Arikareean) Turtle Cove Member of the John 
Day Formation in the Painted Hills area (Thorpe, 1921). 
The taxonomy of these abundant Oligocene mammals re
mains confused (prothero and others, 1996). Eporeodon oc
cidentalis was similar to though slightly more gracile and 
shorter limbed than the commonMerycoidodon culbertsoni 
of the Badlands of South Dakota, which has been recon
structed by Bruce Horsfall (for WB. Scott, 1913), Charles 
Knight (for Osborn, 1910), and Andrew Robinson (for 
Dixon and others, 1992). Both the local skeletons and these 
reconstructions influenced our reconstruction (Figure 1OC). 
Oreodonts are a completely extinct group of endemic North 
American early artiodactyls (Merycoidontidae or Oreodon
tidae of Carroll, 1988). They have a sheeplike appearance 
but are unrelated to these domestic bovids. They have also 
been called ruminant hogs, but pigs were a separate lin
eage. And although part of the larger ruminant clade, living 
ruminants all evolved after oreodonts. Oreodonts have a 
limb structure that includes feet more like paws than hooves 
and teeth that are low crowned. They were probably brows
ing animals (Bakker, 1983). 
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Nimravus brachyops 
Only a talonid allied to these early sabre-tooth cats 

(Nimravidae) has been found in the late Oligocene Turtle 
Cove Member of the John Day Formation in the Painted Hills 
area, but good skulls and limb bones of Nimravus brachy
ops (Cope) Cope (1879) are known from this stratigraphic 
level near Dayville to the west (Toohey, 1959). The recon
struction of Graham Allen (for Dixon and others, 1992) in
spired our version (Figure WE). Nimravidae were among 
the earliest of the true carnivores that began to replace ar
chaic creodont carnivores in the late Eocene. The sabre
tooth specialization of these carnivores developed indepen
dently in several different lineages of cats, the last of which 
became extinct at the end of the Pleistocene. Nimravus 
brachyops did not have such exaggerated canines as many 
later sabre-tooth cats. Its limbs were elongate and toes re
duced, more like a pursuit than ambush predator, though 
not so cursorial as the living cheetah (Merriam, 1906). 

CONCLUSION 

The John Day Fossil Beds National Monument con
serves a fossil record of life and landscapes in central Ore
gon that continues to intrigue amateur and professional pa
leontologists. The quality of preservation and diversity of 
fossil plants and animals enables an unusually detailed 
view of Eocene and Oligocene life on land. Associated fos
sil soils allow paleoecological interpretations of the fossil 
assemblages, and abundant volcanic rocks allow their pre
cise radiometric dating. With our reconstructions and sup
porting notes, we have attempted to introduce a few of the 
common extinct fossil plants and animals of central Ore
gon. In distilling 130 years of scientific study of these fos
sils we are keenly aware that much more remains to be 
done. John Day fossils will continue to amaze and inspire 
for years to come. 
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John Day Fossil Beds National Monu
ment has a home page on the Internet 

Those interested in finding out more about the John Day 
Fossil Beds and ready to get on the Internet can find the 
home page of the John Day Fossil Beds National Monu
ment under the address http://www.nps.gov/joda. 

Without the final "joda" this address is for the National 
Park Service home page, which can lead you to many other 
sources of information on National Parks. 0 
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BOOK REVIEWS 

Fruits and Seeds of the Middle Eocene Nut Beds Flora, 
Clarno Formation, Oregon, by Steven R. Manchester. 
Ithaca, N. Y, Paleontological Research Institution, Palaeon
tographica Americana 58, August 24, 1994,205 p., includ
ing 70 plates, $65.00. 

Reviewed by Ted Fremd, Paleontologist, John Day Fossil 
Beds National Monument, HeR 82 Box 126, Kimberly, OR 
97848, e-mail Ted_Fremd@NPS.GOV 

The predominantly volcaniclastic Clarno Formation, 
first recognized and described around the turn of the cen
tury (Merriam, 1901), covers a huge expanse of eastern 
Oregon. Manchester's excellent new monograph focuses on 
only a tiny portion of the record preserved in these strata. 
The Nut Beds flora is found in 44-million-year-old deposits 
at a minuscule site within the boundaries of what is now the 
Clarno Unit of John Day Fossil Beds National Monument. 
Ever since its discovery, this peculiar locality has puzzled 
and delighted many botanical workers. In 1942, a fossil en
thusiast named Thomas Bones (who did not work with ver
tebrates) began diligently working these beds. By 1954, 
when the first monograph on the flora appeared (Scott, 
1954), Bones had laboriously collected and painstakingly 
prepared microscopic specimens of fossil seeds and fruits 
from over 10 tons of material. Bones continued collecting 
for another 30 years, providing a classic example of the role 
"amateurs" can have in paleontology. He amassed signifi
cant collections housed today in major repositories where 
they are available for study, and he published a photo
graphic atlas of his specimens (Bones, 1979). 

Steve Manchester's new publication is an exhaustive 
and thorough summary of the Nut Bed fossil seeds and 
fruits. It is based on new examinations of over 20,000 speci
mens, most of them from Bones' collections. Manchester's 
effort is unique in the North American paleobotanical liter
ature and has produced a huge success, particularly since 
the Nut Beds site has produced extraordinarily well pre
served fruits, flowers, pollen, leaves, stems, roots, and other 
tissue systems in association. 

A marvelously complex picture of a diverse (145 gen
era), paratropical flora emerges from Manchester's work. 
Vines or other climbing plants make up nearly half of the 
flora for which the growth habit can be deduced. A puz
zling mix of palms, ferns, cycads, and numerous types of 
flowering plants is described (with only one herbaceous an
giosperm, the banana Ensete, detailed in Manchester and 
Kress, 1993). For years, we have been comparing the 
Clarno rain forest to habitats such as those found in modem 
southeast Asia, but comparisons with modem forests fail to 
do justice to the diversity and degree of difference of the 
Clarno rain forest: it appears here much more bizarre than 
anybody had thought so far. If modern botanists could 
somehow walk through the Clarno jungle, they would not 
just see alien species-they would be unable to assign over 
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half of the plants to any of the modem families! 
A small but equally odd suite of vertebrates is also 

known from the Nut Beds, including crocodilians, primitive 
horses, and brontotheres, some of which undoubtedly 
feasted on the fruits and helped to disperse the plants. 

Professionals and amateurs alike will be delighted with 
the great number and quality of the photographic plates in 
Manchester's book. I counted 1,155 clear, crisp images of 
170 species with excellent descriptions, including whole
rock specimens, acetate peels, stereopairs, and beautiful 
scanning-electron microscopy. Incidentally, these pho
tographs would be very useful on a CD-ROM linked to the 
text descriptions and illustrations, as several publishers are 
finding. The bulk of the text (90 of 120 pages) is concerned 
with descriptions of the taxa, including dozens of new 
species and/or combinations, following standard systematic 
procedure. The descriptions are accompanied by discus
sions, clear text figures, and well-designed tables that do an 
excellent job of clarifying synonymies. 

Among the figured specimens are some that may corre
spond to insect reproductive structures rather than plants. 
Plate 66, for example, includes illustrations of "seeds" that 
I had assumed were brood chambers of one or more species 
of burrowing hymenopteran that are also found in younger 
John Day Basin strata. In recognizing the possibility of in
correct identification, Manchester decided that, "Rather 
than exclude taxa that could possibly be construed as insect 
eggs, I believe it is useful to document all of the structures 
because of the possible importance for biostratigraphy 
and/or future insect work" (p. 18). Still, the consequence is 
somewhat odd: One may have to consult botanical descrip
tions of micropyles, seed coats, and endosperm cavities for 
what may be entomological features. 

Incidentally, paleobotanists are not the first organisms 
tempted into thinking that some of the little shapes we find 
today in Clarno muds are plant seeds. Modem species of 
"stick insects," of which the oldest known fossil eggs are 
found in the Nut Beds (Sellick, 1994), have evolved a com
plex mimicry: They succeed in fooling some ants into 
thinking the stick insect eggs are a type of plant seed. The 
ants carry these "seeds" into their nests, unwittingly assist
ing the reproductive efforts of the stick insects-as presum
ably their Eocene counterparts did. 

Not much can be found that detracts from the excellence 
of Manchester's work. Among some minor flaws is the er
roneous location in text figure 3 of the Hancock Quarry, 
placed in an outcrop rather far from the actual site. The 
pages devoted to the geology contain several antiquated in
terpretations of what is admittedly a puzzling stratigraphic 
sequence, and they are only partially corrected by "Notes 
added in proof." For example, instead of the earlier identifi
cation of the Nut Beds as "predating an andesitic plug" 
(p. 9), it is now clear that the Nut Beds actually are high in 
a section of lahars that accumulated on top of the plug 
(which is actually dacite) (Bestland and others, 1994). 
Manchester dismisses the long-standing "lake delta" hy-

OREGON GEOLOGY, VOLUME 58, NUMBER 3, MAY 1996 



pothesis and rightly points out that the evidence is more consis
tent with a flood/slurry deposit associated with a lahar. 

Unfortunately, the binding is pathetically inadequate for 
a book of this caliber. Since it will often serve as a refer
ence, users will have to reinforce the binding to guard 
against losing individual pages. 

Fruits and Seeds of the Middle Eocene Nut Beds Flora 
is a major contribution to paleobotany and an indispens
able reference tool that belongs on the shelves of every 
paleobotanist and worker who deals with any aspect of 
the terrestrial Tertiary. 
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A Rock Grows Up, by R. and M. Goodrich. Lake Os
wego, Oreg., GeoQuest Publishing, 56 p., $9.95. 

A Rock Grows Up is the title of a children's book, cre
ated by Lake Oswego high school teacher Michael 
Goodrich and his wife Randi and delightfully illustrated by 
Michele Han, honor student at Lake Oswego High School. 
The book introduces earth science concepts in such a way 
that they become appealing and easily comprehensible to 
children at the elementary school level. 

Following the story ofBarry Basalt, the rock that grows up, 
young readers of the large-print book meet a dozen charac
ters-family members and neighbors-that represent rocks 
and rock-forming minerals, such as Larry Gneiss and An
nie Augite. They all participate in the great geologic cycle 
of rock formation and decomposition that starts in the astheno
sphere below a sea-floor spreading ridge and leads through 
plate subduction, volcanism, weathering, sedimentation, 
and metamorphosis-from formlessness into form and back. 

The whimsical pictures of the characters in the story are 
accompanied by schematic block diagrams that illustrate 
the geologic processes as they occur in the earth from the 
Juan de Fuca Plate to the Cascade Range-<>nce even to 
Picture Gorge. In this sense, the book addresses children of 
Oregon and, to a lesser extent, the Pacific Northwest, convey
ing the framework of basic geology these children can experi
ence at home. 
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The about fifty pages of the book include also a glossary 
of geologic terms and an index, also a list of significant 
technical books that introduce the teacher to the geology of 
the Pacific Northwest and to the major processes touched 
upon in the story of Barry Basalt. A bit of caution is advised 
in following the pronunciation aids given throughout the 
text and the glossary. A teacher may want to try them out 
before introducing them to children of the Northwest. 

A Rock Grows Up is conceived as a teaching tool and 
thus accompanied by more teaching aids: a curriculum guide 
for student activities in lab exercises, coloring, and creative 
writing and with more materials for the use of the teacher 
($7.95). The authors also offer a kit containing tagged samples 
of the rocks and minerals of the story ($14.95). 

The book and accompanying materials are available 
from the publishers, GeoQuest Publishing, PO. Box 1665, 
Lake Oswego, OR 97035, phone (503) 635-4420; or from 
the Nature of the Northwest Information Center on the 
ground floor of the State Office Building in Portland (see 
address on last page of this issue). 0 

Offshore volcanic activity reported 
The Nature of the Northwest Information Center has re

ceived numerous inquiries about volcanic activity off the 
Oregon coast. Internet users can find up-to-date information 
on this subject in the U.S. Department of Commerce 
NOAAlPMELNENTS Program under the address http:// 
www.pmel.noaa.gov/ventsieruption.html. 0 
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Oil and gas exploration and development in Oregon, 1995 
by Dan E. Wermiel, Petroleum Geologist, Oregon Department of Geology and Mineral Industries 

ABSTRACT 
Oil and gas leasing activity was about the same during 

1995 as it was in 1994. Four U.S. Bureau of Land Manage
ment (BLM) lease sales were held, and offers were received 
on three tracts comprising 8,250 acres located in Jefferson 
County, Oregon. A total of 11,760 federal acres were under 
lease at year's end. The State of Oregon conducted no lease 
auctions during the year. A total of 16 State of Oregon 
tracts were under lease at year's end and consisted of 
25,520 acres, which is the same as 1994. Columbia County 
held no lease sales during 1995. 

During 1995, no exploratory wells were drilled in Ore
gon, primarily due to the fact that the operator of Mist Gas 
Field, Nahama and Weagant Energy Company, had filed for 
bankruptcy during 1994. The field was put for sale, and 
Enerfin Resources was the successful bidder and will be
come operator of the majority of the wells at the field upon 
finalization of the ownership transfer. Oregon Natural Gas 
Development Company acquired ownership of 10 wells and 
certain leases at Mist Gas Field. 

At the Mist Gas Field, 18 wells were productive during 
1995. A total of 2.5 Btu of gas was produced with a total 
value of $1.8 million during the year. This is a significant 
decline from the 4.2 Bcf of gas with a total value of $6.4 
million produced during 1994. Reasons for the decline in 
production during 1995 include the normal decline in the 
wells at the field; the record low of prices paid for gas, 
which discouraged exploration and production activities; 
and the decommissioning of the Nitrogen Rejection Unit 
during 1995, which caused several low-Btu wells to be sus
pended. 

Final reports on the DOGAMl five-year study of the oil, 
gas and coal resource potential of the Tyee Basin should be 
published during 1996. No changes to statutes and adminis
trative rules were made during the year. 

LEASING ACTIVITY 

There was little oil and gas leasing activity in Oregon 
during 1995. This is a continuation of a generally declining 
trend in leasing activity that began during the late 1980s. 
Activity included four public sales by the BLM at which a 
total of three offers were received for oil and gas leases on 
lands in Jefferson County. Robert F. Harrison, Seattle, 
Washington, applied for 8,250 acres during December 
1995. He and other individuals have held leases on a block 
of federal land comprising about 11,680 acres in this gen
eral area since 1977. This acreage, plus an 80-acre parcel 
located in Columbia County in the vicinity of Mist Gas 
Field, are the only federal lands presently under lease in 
Oregon. Total rental income to the BLM was $11,760 dur
ing 1995. Applications were pending on 13,103 federal 
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acres at the end of 1995, which is a decrease from applica
tions pending on 39,942 acres at the end of 1994 because 
the majority of such offers were withdrawn during the year. 

The State of Oregon held no lease sales during 1995, and 
no State oil and gas leases were issued during the year. 
With no changes during the year, a total of 16 State of Ore
gon tracts comprising a total of 25,250 acres were under 
lease at year's end, and total rental income was 
$25,250-the same as in 1994. 

Columbia County held no lease sales during 1995. 

DRILLING 

For the second consecutive year, no exploratory oil and 
gas wells were drilled in Oregon. Before this, exploratory 
wells for oil and gas had been drilled in Oregon each year 
from 1974 until 1993. The lack of drilling during 1995 is 
largely attributed to the fact that Nahama and Weagant En
ergy Company, the operator of Mist Gas Field, had filed for 
bankruptcy during 1994. A court-appointed trustee was as
signed to sell the assets of Nahama and Weagant Energy 
Company, including the Mist Gas Field. During 1995, En
erfin Resources of Houston, Texas, was the successful bid
der for the Mist Gas Field and will become the operator of 
the field. It was reported that negotiations were completed 
during December 1995, which transferred ownership often 
wells and certain leases to Oregon Natural Gas Develop
ment Company (ONGD) of Portland, Oregon. ONGD is 
now the operator of the following wells: CC 13-34, CC 
43-33-75, CC 23-22, CC 43-22, CC 31-27-65, CC 
14-23, CC 44-27-65, CC 31-34-65, CC 21-35-65, and 
LF 12B-35-65. All other wells at Mist Gas Field are oper
ated by Nahama and Weagant Energy pending finalization 
of the transfer of ownership to Enerfin Resources. 

During 1995, DOGAMI did not issue any permits to 
drill, while four incomplete applications were withdrawn. 
Permit activity is listed in Table 1. 

Table 1. Oil and gas permit activity in Oregon 1995 

Permit 
Operator, 

well, 
number API number Location Permit activity 

440 Norwestco, Inc. SW'I. sec. 29 Incomplete 
1-29 T. 9 S., R. 23 E. application, 
36-069-00009 Wheeler County withdrawn. 

485 Carbon Energy SW'I. sec. 28 Incomplete 
Menasha 28-1 T. 26 S., R. 13 W. application, 
36-001-00025 Coos County withdrawn. 

498 Carbon Energy SEY. sec. 16 Incomplete 
Menasha 1-16 T. 26 S., R. 13 W. application, 
36-011-00028 Coos County withdrawn. 

499 Carbon Energy SE'l. sec. 32 Incomplete 
Menasha 1-16 T. 26 S., R. 13 W. application, 
36-011-00028 Coos County withdrawn. 
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PRODUCTION 
Despite the bankruptcy of Nahama and Weagant Energy 

Company, the Mist Gas Field operated normally during the 
year. The field had a total of 18 wells that were productive 
during the year, which is a decline from 21 wells productive 
during 1994. The wells produced 2.5 Bcf of gas, a signifi
cant decrease from the 4.2 Bcf of gas produced during 
1994. This decrease was largely the result of the three fac
tors. The first is the normal decline of the existing wells at 
the field. The second factor is the record low price received 
for gas at the Mist Gas Field since it was discovered during 
1979, which discouraged exploration and production at the 
field. The gas prices paid during 1995 ranged from 4 cents 
to 11 cents per therm during the year until December, when 
they increased to 22 cents per therm for the month. During 
1994, gas prices ranged from 11 to 23 cents per thermo The 
final reason for the production decline during 1995 was the 
decommissioning of the Nitrogen Rejection Unit (NRU) 
that was installed during 1994. The NRU enabled three 
low-Btu wells at Mist Gas Field to go on production by sep
arating the methane gas from noncombustible nitrogen gas. 
However, due to the cost to run the NRU, decline in produc
tion of the low-Btu wells, and other factors, the NRU was 
decommissioned during the year and the three low-Btu 
wells were shut in. As a result ofthe low production volume 
and low gas prices during 1995, the total value of the gas 
produced at Mist Gas Field was $1.8 million, a significant de
cline from the $6.4 million during 1994. Cumulatively, the 
Mist Gas Field has produced about 56.5 Bcf of gas with a total 
value of $112.8 million since it was discovered in 1979. 

GAS STORAGE 

The Mist Natural Gas Storage Project remained fully op
erational during 1995. The gas storage project has nine 
injection-withdrawal service wells, five in the Bruer Pool 
and four in the Flora Pool, and thirteen observation
monitor service wells. The two pools have a combined stor
age capacity of 10 Bcf of gas. This allows for the cycling of 
about 6 Bcf of gas in the reservoirs at pressures between 
approximately 400 and 1,000 psi and will provide for an 
annual delivery of 1 million therms of gas per day for 100 
days. During 1995, about 4,469,288 cubic feet of gas was 
injected, and 3,566,865 cubic feet was withdrawn at the 
Mist Storage Project. Plans are underway by ONGD to de
velop additional storage pools at the Mist Gas Field during 
1996. 

OTHER ACTIVITIES 

DOGAMl has completed a five-year study of the oil, gas, 
and coal resource potential of the Tyee Basin located in 
Douglas and Coos Counties in the southern Coast Range. 
The study, which was funded by landowners in the study 
area and by county, state, and federal agencies in a public
private partnership, is an investigation of source rock, 
stratigraphy, and structural framework for those character-

(Continued on page 74) 
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ABSTRACTS OF PAPERS 
The following abstract is of a paper given at an interna

tional conference in May 1995 at the UniverSity of Wash
ington. The conference, titled "Tsunami deposits-geologic 
warnings offuture inundation," was sponsored by the Qua
ternary Research Center, the National Oceanic and Atmo
spheric Administration, and the u.s. Geological Survey. 
Among the 80 registered participants were scientists from 
Canada, Germany, Japan, Norway, the Philippines, the 
United Kingdom, and the United States. 

A paleohydraulic reconstruction of 300-year old 
tsunami deposits at Willapa Bay, Washington State, by 
Mary Ann Rinehart, GeoEngineers, Inc., Redmond, Wash.; 
and Joanne Bourgeois, Department of Geological Sciences, 
University of Washington 

Sand sheets about 300 years old along the southern 
Washington coast can be explained by a tsunami generated 
at the Cascadia Subduction Zone but not by storm setup or 
seiching. These sand sheets, preserved in many parts of the 
interiors ofWillapa Bay and Grays Harbor estuaries, overlie 
a buried peaty soil indicating abrupt subsidence. They are 
composed of one to five horizontal laminae of sandy silt or 
silty sand, alternating with laminae of mud. The character 
and sedimentology of the deposits indicate that (1) the de
positional mechanism was a single, landward-directed 
event comprising multiple pulses; (2) each lamina was de
posited rapidly from a high concentration of suspended sed
iment; (3) velocities and boundary shear stresses generated 
during each pulse were high enough to entrain and suspend 
sufficient volumes of sand and silt into the overbank part of 
the flow from tidal-channel floors; (4) overbank velocities 
were sufficient to transport sand up to about 200 m across 
marsh surfaces; and (5) a period of quiet water followed 
deposition of each sandy lamina. 

As a test of the tsunami hypothesis we used a simple 
sediment-transport model to reconstruct the conditions nec
essary to deposit sandy laminae on marshes along the Ni
awiakum River, an arm of Willapa Bay. We assumed 
(conservatively) steady-flow conditions and uniform distri
bution of sand and silt throughout the overbank part of the 
water column. Discharge and suspended-sediment concen
trations were reconstructed with a simple advection model 
applied to the lateral distribution of grain sizes in the basal 
sandy lamina. We then constrained the rate of lamina depo
sition, overbank flow depth, and pulse period by matching 
the component concentrations (estimated from the over
bank trajectory model) to concentrations generated within 
the channel as calculated from the Rouse equation. The re
sults of the reconstruction indicate overbank flow depths of 
1-2 m, pulse periods of 18-30 min, and in-channel veloci
ties of340-400 cmls. 

A tsunami wave train provides the best fit to results of 
the reconstruction, based on wave period, number of pulses, 
water velocity, and distribution of the sand sheet around 
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Willapa Bay and Grays Harbor. The calculated wave peri
ods are consistent with known tsunami periods and incon
sistent with the calculated seiche period for Willapa Bay 
(1.5-2 hrs.) 

The number of pulses is also improbable for a seiche, as 
it is unlikely the bay could seiche the required number of 
times, given its shallow, irregular bathymetry. Storms are 
unlikely to have produced the calculated flow velocities, 
maximum combined storm/tidal current velocities at the 
entrance of Willapa Bay are not known to exceed 250-300 
cm/sec, and channel-flow velocities of that magnitude 
would not be maintained in protected tidal channels such as 
the Niawiakum River. Finally, the regional extent of the de
posit, as well as its characteristics and local variation, can 
be explained by tsunami wave behavior. 0 

(Continued/rom page 73) 

istics that are needed to generate and trap oil and gas. The 
final data, reports, and maps are expected to be published 
by DOGAMI during 1996. A series of maps and prelimi
nary reports that present a revised understanding of the ge
ologic framework of the Tyee Basin have already been pub
lished. Contact DOGAMI for a complete publication list 
including those for the Tyee Basin study. 

The Northwest Energy Association, formerly the North
west Petroleum Association, remained active for the year 
and has over 100 members. At its regular monthly meet
ings, speakers give talks generally related to energy matters 
in the Pacific Northwest. The 1995 symposium was held at 
Astoria, Oregon, on underground natural gas storage and 
energy-related matters of interest in the region. Plans are 
now underway for the 1996 symposium, which will be held 
in the Seattle, Washington, area. For information, contact 
the NWEA, PO. Box 6679, Portland, OR 97228. 

During 1996, no legislative or rule changes were made 
to DOGAMI statutes and administrative rules related to oil 
and gas drilling exploration activities. Copies of current 
statues and administrative rules can be obtained from 
DOGAMI. 0 

In memoriam: Barbara Jacob, Cliff Speaker 
The Oregon Department of Geology and Mineral Indus

tries (DOGAMI) mourns the death of two former staff 
members, both retired. 

Barbara Ann Jacob died March 4, 1996, at age 75, in 
Portland. She was a native of Tacoma and lived most of her 
life in Portland. She was a secretary for DOGAMI for 15 
years until her retirement in 1986 and specialized in the 
regulatory work of the oil and gas section. Barbara leaves a 
son, R. Larry, in Vancouver, Washington; a daughter, Car
olyn Harmon, in Olympia; a sister, Gloria Kingsley, in Mil
waukie; a brother, Dee Swayze, in Santa Clara, California; 
and three grandchildren. 

Clifford Drake Speaker died March 6, 1996, at age 82. 
He was born in Parkrose and lived in Vancouver, Washing-
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DOGAMI PUBLICATIONS 

Released May 1, 1996: 

Tsunami Hazard Map of the Siletz Bay Area, Lincoln 
County, Oregon, by G.R. Priest, M. Qi, A.M. Baptista, C.D. 
Peterson, and M.E. Darienzo. Geological Map Series 
GMS-99, $6. 

This map of the area between Lincoln City and Glene
den Beach outlines five tsunami hazard zones for elevations 
between sea level and about 100 ft (30 m). The map was 
produced by the joint efforts of scientists from DOGAMI, 
the Oregon Graduate Institute of Science and Technology, 
and Portland State University and is intended primarily for 
planning for evacuation in the event of a tsunami. 

The tsunami hazard map shows a black-and-white air
photo image of the coastal zone with elevation contours su
perimposed. The scale of 1:12,000 (1 inch = 1,000 feet) 
allows identification of streets and medium-sized struc
tures. Three different types of red lines mark tsunami runup 
elevations that serve to separate risk zones: extreme risk, 
high risk, moderate risk, and low risk; the fifth category, 
negligible risk, is identified as those lands above 100 feet 
(30 m) in elevation. The map also identifies drill sites 
where cores revealed buried soils and, in some cases, 
tsunami sand layers from prehistoric events. 

For evacuation planning, the new tsunami map should 
be used in conjunction with the relative earthquake hazard 
maps of the area published earlier by DOGAMI as Geologi
cal Map Series map GMS-93 ($20). 

Explanation of Mapping Methods and Use of the 
Tsunami Hazard Map of the Siletz Bay Area, Lincoln 
County, Oregon, edited by G.R. Priest. DOGAMI Open
File Report 0-95-05, 69 p., $6. 

This 69-page paper contains detailed discussions of the 
map mentioned above and of its use. It also describes the 
development of the methods used to produce the map and 
the geologic evidence of prehistoric earthquakes and tsunamis 
on the coast. 

These DOGAMI publications are now available over the 
counter, by mail, FAX, or phone from the Nature of the 
Northwest Information Center and the DOGAMI field of
fices in Baker City and Grants Pass (addresses on p. 50). 
Orders may be charged to Visa or Mastercard. Orders under 
$50 require prepayment. 0 

ton, from 1983 until his death. He was an accountant for 
Publishers Paper Company and then worked as business 
manager for DOGAMI from 1970 until his retirement in 
1978. His surviving family includes his wife, Rachel C.; a 
daughter, Marylou S. Churchill, in Boston; sons Paul, in 
Upland, California, and Michael, in Portland; stepsons 
Roger Cole, in Vancouver, and Douglas Cole, in Belling
ham, Washington; and three grandchildren. 0 
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AVAILABLE PUBLICATIONS 
OREGON DEPARTMENT OF GEOLOGY AND MINERAL INDUSTRIES 

GEOLOGICAL MAP SERIES Price Ii!! 
GMS-S Powers 15' quadrangle, Coos and Curry Counties. 1971 4.00 __ 
GMS-6 Part of Snake River canyon. 1974 8.00 __ 
GMS-8 Complete Bouguer gravity anomaly map, central Cascades. 1978 ___ 4.00 
GMS-9 Total-field aeromagnetic anomaly map, central Cascades. 1978 ____ 4.00 __ 
GMS-I0 Low- to intermediate-temperature thermal springs and wells. 1978 __ 4.00 __ 
GMS-12 Oregon part, Mineral 15' quadrangle, Baker County. 1978 4.00 __ 
GMS-13 Huntington/Olds Ferry 15' quads., BakerlMalheur Counties. 1979 __ 4.00 __ 
GMS-14 Index to published geologic mapping in Oregon, 1898-1979. 1981 __ 8.00 __ 
GMS-IS Gravity anomaly maps, north Cascades. 1981 4.00 __ 
GMS-16 Gravity anomaly maps, south Cascades. 1981 4.00 __ 
GMS-17 Total-field aeromagnetic anomaly map, south Cascades. 1981 ____ 4.00 __ 
GMS-18 Rickreall, Salem West, Monmouth, and Sidney 7Y,' quadrangles, Marion 

and Polk Counties. 1981 6.00 __ 
GMS-19 Bourne 7W quadrangle, Baker County. 1982. __________ ,6.00 __ 
GMS-20 SY, Burns 15' quadrangle, Harney County. 1982 6.00 __ 
GMS-21 Vale East 7W quadrangle, Malheur County. 1982 6.00 __ 
GMS-22 Mount Ireland 7W quadrangle, Baker/Grant Counties. 1982 6.00 
GMS-23 Sheridan 7W quadrangle, Polk and Yamhill Counties. 1982 6.00 __ 
GMS-24 Grand Ronde 7W quadrangle, Polk/Yamhill Counties. 1982 6.00 __ 
GMS-2S Granite 7W quadrangle, Grant County. 1982 6.00 __ 
GMS-26 Residual gravity, north/central/south Cascades. 1982 6.00 __ 
GMS-27 Geologic and neotectonic evaluation of north-central Oregon. 

The Dalles 1° x 2° qUadrangle. 1982 7.00 __ 
GMS-28 Greerihorn 7W quadrangle, Baker/Grant Counties. 1983 6.00 __ 
GMS-29 NEY, Bates 15' quadrangle, Baker/Grant Counties. 1983 6.00 __ 
GMS-30 SEY, Pearsoll Peak 15' quad., Curry/Josephine Counties. 1984 ___ 7.00 __ 
GMS-31 NWY, Bates 15' quadrangle, Grant County. 1984 6.00 __ 
GMS-32 Wilhoit 7W quadrangle, ClackamaslMarion Counties. 1984 5.00 __ 
GMS-33 Scotts Mills 7W quad., ClackamaslMarion Counties. 1984 5.00 __ 
GMS-34 Stayton NE 7W quadrangle, Marion County. 1984 5.00 __ 
GMS-3S SWY, Bates 15' quadrangle, Grant County. 1984 6.00 __ 
GMS-36 Mineral resources of Oregon. 1984 9.00 __ 
GMS-37 Mineral resources, offshore Oregon. 1985 7.0o __ 
GMS-38 NWY, Cave Junction 15' quadrangle, Josephine County. 1986 ____ 7.00 __ 
GMS-39 Bibliography and index: ocean floor, continental margin. 1986 ____ 6.00 __ 
GMS-40 Total-field aeromagnetic anomaly maps, northern Cascades. 1985 ___ 5.00 __ 
GMS-41 Elkhorn Peak 7W quadrangle, Baker County. 1987 7.00 __ 
GMS-42 Ocean floor off Oregon and adjacent continental margin. 1986 ____ 9.00 __ 
GMS-43 Eagle Butte & Gateway 7Y,' quads., Jefferson/Wasco C. 1987 ____ 5.00 __ 

as set with GMS-44 and GMS-45 11.00 __ 
GMS-44 Seekseequa Junct.lMetolius B. 7W quads., Jefferson C. 1987 ____ 5.00 

as set with GMS-43 and GMS-45 11.00 __ 
GMS-4S Madras WestlEast 7W quads., Jefferson County. 1987. ______ 5.00 __ 

as set with GMS-43 and GMS-44 11.00 __ 
GMS-46 Breitenbush River area, Linn and Marion Counties. 1987. ______ 7.00 __ 
GMS-47 Crescent Mountain area, Linn County. 1987 __________ 7.00 __ 
GMS-48 McKenzie Bridge 15' quadrangle, Lane County. 1988 ______ .9.00 __ 
GMS-49 Map of Oregon seismicity, 1841-1986. 1987 __________ 4.00 __ 
GMS-SO Drake Crossing 7Y,' quadrangle, Marion County. 1986 _______ 5.00 __ 
GMS-Sl Elk Prairie 7Y,' quadrangle, Marion and Clackamas Counties. 1986 __ 5.00 __ 
GMS-S2 Shady Cove 7W quadrangle, Jackson County. 1992 6.00 __ 
GMS-S3 Owyhee Ridge 7W quadrangle, Malheur County. 1988 ______ 5.00 __ 
GMS-S4 Graveyard Point 7W quad., Malheur/Owyhee Counties. 1988 ____ 5.0o __ 
GMS-SS Owyhee Dam 7W quadrangle, Malheur County. 1989 5.00 __ 
GMS-S6 Adrian 7Y,' quadrangle, Malheur County. 1989 _________ 5.00 __ 
GMS-S7 Grassy Mountain 7W quadrangle, Malheur County. 1989· ______ 5.00 __ 
GMS-S8 Double Mountain 7W quadrangle, Malheur County. 1989 5.00 __ 
GMS-S9 Lake Oswego 7W quad., Clackam., Mulln., Wash. Counties. 1989 __ 7.00 __ 
GMS-60" Damascus 7W quad., Clackam., Mulln. Counties. 1994 8.00 __ 
GMS-61 Mitchell Butte 7W quadrangle, Malheur County. 1990 ______ 5.00 __ 
GMS-62" The Elbow 7W quadrangle, Malheur County. 1993 8.00 __ 
GMS-63 Vines Hill 7W quadrangle, Malheur County. 1991 ________ 5.00 __ 
GMS-64 Sheaville 7W quadrangle, Malheur County. 1990 5.00 __ 
GMS-6S Mahogany Gap 7W quadrangle, Malheur County. 1990. ______ 5.00 __ 
GMS-66 Jonesboro 7W quadrangle, Malheur County. 1992 ________ 6.00 __ 
GMS-67 South Mountain 7W quadrangle, Malheur County. 1990. ______ 6.00 __ 
GMS-68 Reston 7W quadrangle, Douglas County. 1990. _________ 6.00 __ 
GMS-69 Harper 7W quadrangle, Malheur County. 1992. _________ 5.00 __ 
GMS-70 Boswell Mountain 7W quadrangle, Jackson County. 1992 _____ 7.00 __ 
GMS-71 Westfall 7W quadrangle, Malheur County. 1992. _________ 5.00 __ 
GMS-72 Little Valley 7W quadrangle, Malheur County. 1992 5.00 __ 
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GMS-73" Cleveland Ridge 7W quadrangle, Jackson County. 1993 5.0o __ 
GMS-74 Namorf7W quadrangle, Malheur County. 1992 5.0o __ 
GMS-7S Portland 7W quadrangle, Mulln., Wash., Clark Counties. 1991 ____ 7.00 __ 
GMS-76 Camas Valley 7W quadrangle, Douglas and Coos Counties. 1993 ___ 6.0o __ 
GMS-77 Vale 30x60 minute quadrangle, Malheur County. 1993 10.00 __ 
GMS-78 Mahogany Mountain 30x60 minute quadrangle, Malheur C. 1993 __ 10.00 __ 
GMS-79" Earthquake hazards, Portland 7W quad., Mullnomah C. 1993 20.0o __ 
GMS-80" McLeod 7W quadrangle, Jackson County. 1993 5.00 __ 
GMS-81" Tumalo Dam 7W quadrangle, Deschutes County. 1994 6.0o __ 
GMS-82" Limber Jim Creek 7W quadrangle, Union County. 1994 5.00 __ 
GMS-83" Kenyon Mountain 7W quadrangle, Douglas/Coos Counties. 1994 __ 6.00 __ 
GMS-84" Remote 7W quadrangle, Coos County. 1994 6.0o __ 
GMS-8S" Mount Gurney 7W quadrangle, Douglas/Coos Counties. 1994 ___ 6.0o __ 
GMS-86" Tenmile 7W quadrangle, Douglas County. 1994 6.00 __ 
GMS-87" Three Creek Butte 7W quadrangle, Deschutes County. 1995 ____ 6.00 __ 
GMS-88" Lakecreek 7W quadrangle, Jackson County. 1995 8.00 __ 
GMS-89" Earthquake hazards, Mt. Tabor 7W quad., Mullnomah C. 1995 10.00 
GMS-90" Earthquake hazards, Beaverton 7W quad., 1995 10.00 __ 
GMS-91" Earthquake hazards, Lake Oswego 7W quad., 1995 10.00 __ 
GMS-92" Earthquake hazards, Gladstone 7W quad., 1995 10.00 __ 
GMS-93" Earthquake hazards, Siletz Bay area, Lincoln County, 1995 ___ 20.00 __ 
GMS-94" Charleston 7W quadrangle, Coos County. 1995 8.00 __ 
GMS-97" Coos Bay 7W quadrangle, Coos County. 1995 6.00~_ 

GMS-98" Dora and Sitkurn 7W quadrangles, Coos County. 1995 6.00 __ 
GMS-99" Tsunami hazard map, Siletz Bay area, Lincoln County. 1995 ____ 6.00 __ 

SPECIAL PAPERS 
2 Field geology, SWBroken Top quadrangle. 1978 5.00 __ 
3 Rock material resources, Clackam., Columb., Mulln., Wash. C. 1978 ____ 8.00 __ 
4 Heat flow of Oregon. 1978 4.00 __ 
5 Analysis and forecasts of demand for rock materials. 1979, ________ 4.00 
6 Geology of the La Grande area. 1980 6.00 __ 
7 Pluvial Fort RockLake, Lake County. 1979 5.00 __ 
8 Geology and geochemistry of the Mount Hood volcano. 1980 4.00 __ 
9 Geology of the Breitenbush Hot Springs quadrangle. 1980 5.00 __ 
10 Tectonic rotation of the Oregon Western Cascades. 1980 4.0o __ 
11 Bibliography and index of theses and dissertations, 1899-1982. 1982 ____ 7. 00 
12 Geologic linears, northern part of Cascade Range, Oregon. 1980 4.00 __ 
13 Faults and lineaments of southern Cascades, Oregon. 1981 5.00 __ 
14 Geology and geothermal resources, Mount Hood area. 1982 8.00 __ 
15 Geology and geothermal resources, central Cascades. 1983 13.00 __ 
16 Index to Ore Bin (1939-78) and Oregon Geology (1979-82). 1983 5.00 __ 
17 Bibliography of Oregon paleontology, 1792-1983. 1984 7.00 
18 Investigations ofta1c in Oregon. 1988 8.00 __ 
19 Limestone deposits in Oregon. 1989 9.00 __ 
20 Bentonite in Oregon. 1989 7.00 
21 Field geology, NWY, Broken Top 15' quadrangle, Deschutes C. 1987 ____ 6.00 __ 
22 Silica in Oregon. 1990 8.00 __ 
23 Forum on Geology ofIndustrial Minerals, 25th, 1989, Proceedings. 1990 __ 10.00 __ 
24 Index to Forums on the Geology of Industrial Minerals, 1965-1989. 1990 __ 7.00 __ 
25 Pumice in Oregon. 1992 9.00 __ 
26 Onshore-offshore geoL cross section, N. Coast Range to cont. slope. 1992 __ 11.00 __ 
27 Economic analysis, construction aggregate markets and forecast. 1995 ___ 15.00 __ 

OIL AND GAS INVESTIGATIONS 
3 Foraminifera, General Petroleum Long Bell #1 welL 1973 4.00 __ 

Foraminifera, E.M. Warren Coos County 1-7 well. 1973 4.00 __ 
5 Prospects for natural gas, upper Nehalem River Basin. 1976 6.00 __ 
6 Prospects for oil and gas, Coos Basin. 1980 10.00 __ 
7 Correlation of Cenozoic stratigraphic units, W Oregon/Washington. 1983 __ 9.00 __ 
8 Subsurface stratigraphy of the Ochoco Basin, Oregon. 1984 8.00 __ 
9 Subsurface biostratigraphy of the east Nehalem Basin. 1983 7. 00 __ 
10 Mist Gas Field: Exploration/development, 1979-1984. 1985 5.00 __ 
11 Biostratigraphy of exploratory wells, W Coos, Douglas, Lane Co. 1984 ___ 7.00 __ 
12 Biostratigraphy, exploratory wells, N. Willamette Basin. 1984 7.00 __ 
13 Biostratigraphy, exploratory wells, S. Willamette Basin. 1985 7.00 __ 
14 Oil and gas investigation of the Astoria Basin. 1985 8.00 __ 
15 Hydrocarbon exploration and occurrences in Oregon. 1989 8.00 __ 
16 Available well records and samples, onshore/offshore. 1987 6.00 __ 
17 Onshore-offshore cross section, Mist Gas Field to cont. shel£lslope. 1990 10.00 __ 
18 Schematic fence diagram, S. Tyee basin, Oregon Coast Range. 1993 ____ 9.0o __ 
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AVAILABLE DEPARTMENT PUBLICATIONS (continued) 

BULLETINS Price 0 
33 Bibliography, geo!. & min. res. of Oregon (1st supp!. 1936-45). 1947 ___ 4.0o __ 
36 Papers on Tertiary Foraminifera (v. 2 [parts VII-VIII] only) 1949 4.0o __ 
44 Bibhography (2nd supplement, 1946-50). 1953 4.00 __ 
46 Ferruginous bauxite, Salem Hills, Marion County. 1956 4.00 __ 
53 Bibliography (3rd supplement, 1951-55). 1962 4.00 __ 
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The enigmatic Applegate Group of southweste'rn Oregon: Age, 
correlation, and tectonic affinity 
by Mary M Donato, Us. Geological Survey, Water Resources Division, 230 Collins Road, Boise, Idaho 83702, and Calvin 
G. Barnes and Susan L. Tomlinson, Department of Geosciences, Texas Tech University, Lubbock, Texas 79409 

ABSTRACT 
There are long-standing questions about the composi

tion, age, and geologic affinities of the Applegate Group of 
the Klamath Mountains of southwestern Oregon. Our re
cent geologic mapping and geochemical and geochrono
logic studies indicate that the southernmost part of the Ap
plegate Group consists of (1) greenschist- to amphibolite
facies metamorphosed ophiolitic melange containing am
phibolite, greenstone, argillite, quartzite, marble, and ser
pentinite and (2) overlying greenschist-facies volcanic 
graywacke, argillite, and minor volcanic conglomerate. On 
the basis of lithologic similarity, structural style, and geo
chemistry of the metabasites, we correlate the ophiolitic 
melange unit with the rocks of the Late Triassic to Early 
Jurassic Rattlesnake Creek terrane of northern California. 
We correlate the structurally higher unit with the rocks of 
the Middle Jurassic Western Hayfork terrane, as evidenced 
by strong lithologic similarities, identical geochemical sig
natures, and Middle Jurassic 40 ArP9 Ar isotopic ages of de
trital igneous hornblende separated from volcanic sand
stones. These data demonstrate that the Western Hayfork 
terrane extends from California into the Klamath Moun
tains of southern Oregon, at least as far north as about 
42° 15'N., for a total distance along strike of more than 200 
km (125 mi). This work also provides an example of the 
utility of geochemical data in terrane interpretation and 
correlation. 

INTRODUCTION 

The Klamath Mountains geologic province extends 
northward from California into parts of Josephine, Jackson, 
Curry, and Douglas Counties in southwestern Oregon 
(Figure 1). Although significant headway has recently been 
made in understanding the geologic history and tectonic 
evolution of the Klamaths in California (e.g., Ernst, 1990; 
Saleeby and Busby-Spera, 1992; Hacker and others, 1993; 
Harper and others, 1994), progress toward this goal has 
been slower in the Oregon Klamaths. Indeed, "state-line" 
correlation problems between Oregon and California still 
exist (e.g., compare adjacent parts of Wagner and 
Saucedo's [1987] geologic map of the Weed, California, 
l°x2° quadrangle with Smith and others' [1982] map of the 
Medford, Oregon, l°x2° quadrangle). A thorough under
standing of the geology of this region is important to an 
integrated tectonic synthesis of the Klamath Mountains 
province. Furthermore, a substantial number of Oregon's 
active mines and exploration sites occur in the Klamath 
Mountains (see Figure 2 in Hladky, 1993), and understand-
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EXPLANATION 

Klamath Mountains Province 

D Western Jurassic belt 

[\/\/1 Weste"'. Paleozoic and 
.. :", ... : ... :. Tnasslc belt 

Figure 1. Map showing the northern part of the Klamath 
Mountains province in southwestern Oregon. 7Wo of the 
four lithologic belts of Irwin (1966) occur in the Oregon 
Klamaths: the western Jurassic belt and the western Paleo
zoic and Triassic belt. In Oregon, the rocks composing the 
western Paleozoic and Triassic belt are known as the Ap
plegate Group. 

ing the thermal, structural, and magmatic evolution of the 
region enhances our ability to identify favorable sites for 
future minerals exploration. 

Two ofIrwin's (1966) four lithotectonic belts of the Kla
math Mountains province are present in Oregon: the west
ern Jurassic belt and the western Paleozoic and Triassic belt 
(Figure 1). Some attempts have been made to place parts of 
Oregon's western Jurassic belt in a larger regional context 
(Blake and others, 1985), and the age and tectonic setting 
of these rocks are quite well known (Saleeby and Harper, 
1993; Harper and others, 1994). However, only a limited 
number of recent studies have focused on mapping and in
terpretation of the western Paleozoic and Triassic belt rocks 
to the east (see, for example, Blair and others, 1981; Do
nato, 1991a,b, 1992a,b; Kays, 1992). 

The rocks of the western Paleozoic and Triassic belt in 
southwestern Oregon are known as the Applegate Group, 

79 



an extensive unit that includes a wide variety of volcanic, 
sedimentary, and crystalline rocks. These rocks were origi
nally described, but not named, by Diller (1914), who be
lieved, on the basis of poorly preserved fossils in limestone, 
that they were Devonian and Carboniferous in age. The 
rocks were later named the Applegate Group by Wells and 
others (1949), who assigned them a Triassic(?) age. Later 
reconsideration of fossil collections caused the age of the 
Applegate to be revised to Late(?) Triassic (Wells and Peck, 
1961). Still later revision of the age of the Applegate to 
Late(?) Triassic and Jurassic by Wardlaw and Jones (1979) 
was based on Jurassic radiolarians from the western part of 
the Applegate Group as reported by Irwin and others 
(1978). The presence in the Applegate of both Late Triassic 
conodonts and Jurassic radiolarians is difficult to interpret, 
however, because the fossil localities are widely scattered, 
and the areal extent of the units they represent is not well 
understood. Furthermore, until this study, no direct radio
metric age determinations had been made on rocks in the 
low- and medium-grade parts of the Applegate. Thus, the 
uncertainty about the age of the Applegate has been exacer
bated by the paucity of geochronologic and paleontological 
data for this region and the lack of an adequate regional 
context for the existing scant data. Nevertheless, Irwin 
(1994) tentatively correlated parts of the Applegate Group 
with two well-known terranes in the northern California 
Klamath Mountains: the Western Hayfork terrane and the 
Rattlesnake Creek terrane. 

In an attempt to resolve long-standing questions about 
the age, composition, and makeup of the southern part of 
the Applegate Group, we have undertaken geologic map-

~ 
~ 

ping and related petrologic and geochronologic studies in 
three areas in the western Paleozoic and Triassic belt of 
southernmost Oregon: the Bolan Lake area, the Applegate 
Dam area, and the Observation Peak area (Figure 2). We 
confirm Irwin's (1994) interpretation that these rocks bear 
strong lithologic similarities to the Western Hayfork and 
Rattlesnake Creek terranes, and we present new geochemi
cal data and the first direct radiometric age determinations 
of rocks in the Applegate Group to substantiate these corre
lations. 

Our study (Figure 2) focuses on the western Paleozoic 
and Triassic belt between about 42°00'N. and 42°15'N., 
within parts of the Ruch, Talent, and Oregon Caves 15' 
quadrangles. We exclude both the Condrey Mountain 
Schist and the May Creek Schist from the Applegate 
Group. The Condrey Mountain Schist consists of actinolite 
schist and graphite schist and is exposed through a struc
tural window in the Applegate Group that straddles the 
Oregon-California border (Figure 2). It is distinguished 
from rocks in the overlying plate by relatively high
pressure, low-temperature metamorphic assemblages and 
distinctive lithologies. Although its protolith and tectonic 
affinities are still controversial (Saleeby and Busby-Spera, 
1992) and its history may well be linked with one or more 
terranes in the western Paleozoic and Triassic belt, it should 
not be included in the Applegate Group. The May Creek 
Schist (not shown in Figure 2) and underlying amphibolite, 
which occur in the northernmost part of the western Paleo
zoic and Triassic belt in Oregon, have already been strati
graphically excluded from the Applegate Group mainly on 
the basis of their middle-amphibolite-facies metamorphic 

15 
I 

Applegate Group Condrey Mountain Schist Jurassic intrusive rocks 

Figure 2. Index map of part of the Applegate Group, showing locations of detailed geologic mapping and investigation. 
Heavy lines indicate faults. 
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grade and their distinctive lithologies (Donato, 1991b). 
That assemblage was interpreted as remnants of a Middle 
Jurassic back-arc basin; its tectonostratigraphic terrane 
affinities are not certain. 

WESTERN PALEOZOIC AND TRIASSIC BELT IN 
CALIFORNIA 

The nomenclature of terranes of the western Paleozoic 
and Triassic belt in California has undergone considerable 
revision since Irwin's original (1966) work. In this report 
we use the terrane nomenclature for the western Paleozoic 
and Triassic belt outlined by Irwin (1972) and modified by 
Wright (1982) and Hacker and others (1993). From west to 
east, structurally lowest to highest, the terranes are the Rat
tlesnake Creek, Western Hayfork, Sawyers Bar, and Stuart 
Fork terranes. They are separated by east-dipping thrust 
faults. The two structurally lowest units, the Rattlesnake 
Creek and the Western Hayfork terranes, are of interest in 
this report. 

The Rattlesnake Creek terrane in California consists of 
two parts: (1) a serpentinite-matrix melange containing 
blocks of greenstone, amphibolite, metadiorite, harzburgite, 
metachert, siliciclastic metasedimentary rocks, and lime
stone, which is unconformably overlain by (2) a cover se
quence of interbedded volcanic, hemipelagic, and clastic 
sedimentary rocks of Late Triassic to Early Jurassic age 
(Gray, 1985; Wright and Wyld, 1994). The melange has a 
polygenetic and multistage origin, developing first in an 
oceanic fracture zone and subsequently evolving in a sub
duction zone or forearc environment. The overlying cover 
sequence, in contrast, clearly reflects a volcanic arc source. 
The entire sequence was defonned and metamorphosed 
during Middle to Late Jurassic accretion to the North 
American continental margin. 

It is generally accepted that the Rattlesnake Creek ter
rane is the basement for the Middle Jurassic Western Hay
fork arc terrane, discussed below. The metamorphic grade 
of the Rattlesnake Creek terrane is generally greenschist 
facies or lower in the southern Klamaths and increases 
northward to middle and upper amphibolite facies near the 
Condrey Mountain window, where these rocks are known 
as the Marble Mountain terrane. Nonnan and others (1983) 
showed that in the western part of the belt, the Rattlesnake 
Creek terrane extends at least as far north as the Oregon
California border. 

The Western Hayfork terrane in California consists of a 
lower volcaniclastic unit and an upper mixed volcaniclas
tic, epiclastic, and hemipelagic unit (Wright and Fahan, 
1988). A limestone breccia unit is present locally above the 
upper unit. The lower volcaniclastic unit contains interlay
ered volcanic breccias, crystal-lithic tuff, and argillite with 
minor lava, conglomerate, and radiolarian chert. At least 
80 percent of these rocks are volcanic derived, but the pres
ence of siliceous argillite and argillaceous clasts in con
glomerate suggest a terrigenous source as well. The vol
caniclastic rocks, which range from unstratified massive 

OREGON GEOLOGY, VOLUME 58, NUMBER 4, JULY 1996 

breccias to finely layered crystal-lithic tuffs, exhibit partial 
Bouma sequences that suggest deposition by turbidity cur
rents. The upper mixed volcaniclastic, epiclastic, and 
hemipelagic unit is interpreted to rest depositiona1ly on the 
lower unit. A characteristic of the upper unit is the presence 
of polylithologic conglomerate lenses that contain clasts of 
argillite, metachert, limestone, and quartzite, along with 
porphyritic volcanic rocks identical to those found in the 
underlying volcaniclastic unit. Also, radiolarian chert, 
argillite, chert-pebble sandstone, and tuffaceous argillite, 
crystal-lithic tuff, and rare quartzose sandstone are found. 
The age of the Western Hayfork terrane has been well estab
lished by Wright and Fahan (1988). They report conven
tional K-Ar ages on hornblendes from crystal tuffs and 
from a clast in volcanic breccia as ranging from 168 to 177 
Ma. Hornblende gabbro bodies that intrude the terrane are 
about 169 and 171 Ma. The Western Hayfork rocks are in
terpreted by Wright and Fahan (1988) to represent a Middle 
Jurassic arc terrane constructed across older Klamath 
Mountains terranes, including the Rattlesnake Creek ter
rane. The arc was built above an east-dipping subduction 
zone that was part of a west-facing arc system. 

WESTERN PALEOZOIC AND TRIASSIC BELT IN 
OREGON 

Bolan Lake area 
The Bolan Lake area (Figure 3) is underlain by two dis

tinct tectonostratigraphic units, both of which were ascribed 
to the Applegate Group by Smith and others (1982). The 
structurally lower unit is an ophiolitic melange, and the 
structurally higher unit is a sequence of weakly to strongly 
metamorphosed interbedded volcanogenic arenite and 
argillite. These units are separated by a probable thrust fault 
that was subsequently modified by high-angle faults. 

On the west, north, and east sides of the area, the ophi
olitic melange unit consists of meter- to kilometer-scale 
blocks of metamorphosed serpentinite, gabbro, massive and 
pillowed lavas, volcaniclastic rocks (predominantly kerato
phyric), chert, siliceous argillite, and marble (Tomlinson, 
1993). The lack of serpentinite matrix suggests that the unit 
is a block-on-block melange. Some of the metasedimentary 
blocks contain well-bedded sequences that include chert, 
siliceous argillite, volcaniclastic rocks, and, rarely, iron
stone. Late Triassic (Norian) conodonts have been recov
ered from marble blocks to the west of Bolan Lake (Irwin 
and others, 1983; J. Barrick, Texas Tech University, oral 
communication, 1985), and chert blocks collected north
west of our study area contain Middle Jurassic radiolarians 
(Smith and others, 1982). 

Melange rocks in the western and northern parts of the 
area were metamorphosed under regional greenschist
facies conditions after melange formation. Typical assem
blages in metabasic rocks are albite + chlorite + quartz ± 
actinolite. Relict andalusite in argillitic samples indicates 
metamorphic pressure less than about 4 kb (Bohlen and 
others, 1991). On the east side of the area (east of the 
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Figure 3. Simplified geologic map of the Bolan Lake area, after Tomlinson (1993). An east-west-trending probable thrust 
fault separates metabasalt of the ophiolitic melange unit from epic/astic rocks of the volcanogenic unit. On the west, the 
contact between the melange unit and the volcanogenic unit is a high-angle fault, whereas the eastern contact, inferred to be 
a high-angle fault, has been obliterated by the Thompson Ridge pluton. 

Thompson Ridge pluton; Figure 3), the melange was meta
morphosed to amphibolite facies; metabasic rocks typically 
contain plagioclase + hornblende ± quartz. 

The upper volcanogenic unit consists predominantly of 
well-bedded to massive, crystal-lithic meta-arenite in
terbedded with fine-grained, black to dark-gray, faintly bed
ded to massive argillite. Siliceous argillites that character
ize fine-grained metasedimentary rocks in the ophiolitic 
melange are absent in this unit. Conglomeratic channel de
posits occur locally in the upper unit. 

The arenite consists of volcanic rock fragments 
(predominantly augite andesite), rare diorite, plagioclase, 
augite, and brown hornblende. Argillitic rip-up clasts are 
sparse. Cobbles in the conglomeratic units are porphyritic 
andesite, with phenocrysts of plagioclase, augite, and 
brown hornblende. A conglomeratic channel deposit just 
above the base of the upper unit north of Bolan Lake con
tains, in addition to andesitic metavolcanic rocks, clasts of 
diabase, pumiceous siliceous metavolcanic rocks, pla-
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giogranite, crushed metadiorite, marble fragments, and 
chlorite schist. These rocks are absent in the upper unit but 
are common in the lower melange unit. We interpret their 
presence in this conglomerate to indicate a proximal source 
in the lower melange unit, which probably had considerable 
topographic relief 

The upper unit was incipiently metamorphosed to 
greenschist-facies conditions, as exemplified by the assem
blage albite + actinolite ± quartz ± chlorite in the volcanic 
clasts. No break in metamorphic grade was observed be
tween the upper unit and rocks of the lower ophiolitic 
melange unit to the west or north. 

The low-angle contact (probable thrust fault) that sepa
rates the two units is inferred on the basis of solutions to 
three-point problems and on the observation that bedding in 
the upper unit is at high angles to the contact (Tomlinson, 
1993). A prominent northwest-striking high-angle fault 
cuts the area, separating the melange on the west side of the 
area from the upper unit (Figure 3); on the basis of topo-
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graphic expression, it is thought to be a normal fault. On 
the east side of the upper unit, a second north-trending 
high-angle fault has been inferred on the basis of palinspas
tic removal of the Thompson Ridge pluton, the Sucker 
Creek pluton, and related dikes. In this reconstruction, 
greenschist-facies rocks of the upper unit would be juxta
posed against amphibolite-facies rocks of the lower unit. 
This abrupt increase in metamorphic grade suggests that a 
high-angle fault was present but was obliterated by intru
sion of the Thompson Ridge pluton and related magmas. 

Metamorphic rocks in the Bolan Lake area are cut by the 
Thompson Ridge pluton, which is the southernmost of a 
chain of three plutons: the Thompson Ridge, Sucker Creek, 
and Grayback plutons. Dike swarms occupy the area be
tween these plutons. The plutons consist of medium- to 
coarse-grained gabbro, diorite, quartz diorite, tonalite, and 
rare olivine pyroxenite. Late-stage granitic dikes are 
widespread but in the Thompson Ridge pluton are common 
only in its northern part. In a later section we present new 
Pb-U isotopic ages for zircon from the Grayback pluton. 
Hornblende 40 ArP9 Ar cooling ages for the Grayback (157.3 
± 1.4 Ma) and Thompson Ridge plutons (153.9 ± 0.8 and 
15~.1 ± 0.5 Ma) were previously reported by Hacker and 
others, 1995. 

EXPLANATION 
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~ terrane 
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within Rattlesnake 
Creek terrane 

fill···· . I' '" '" '" I' I' '\. .. '\. .... .. 
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Condrey Mountain Schist 
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~ i ! ~ l ~ 

D Graphitic schist 

Strike and dip 
of bedding 

Strike and dip 
of foliation 

Azimuth and plunge 
oflineation 

* "'Ar/ 3Ar sample locality 

Applegate Dam area 
Much of the previous geologic work in the Applegate 

Dam area near the Oregon-California border was carried 
out prior to the construction of the Applegate Dam, which 
was begun in 1976 and completed in 1980 by the U.S. 
Army Corps of Engineers. The construction has facilitated 
access to the area and has created new exposures of 
bedrock. An early study by Engelhardt (1966) focused on 
the contact between "Paleozoic schist" (now known as the 
Condrey Mountain Schist) and the overlying "Triassic 
rocks of the Applegate Group." Heinrich (1966) described 
the geologic relationships in the Kinney Mountain area and 
identified the lithologies as "argillite, feldspathic 
graywacke, and lithic graywacke, all of probable volcanic 
origin." 

Recent geologic mapping at a scale of 1:24,000 in the 
vicinity of Applegate Dam has identified two dominant 
units in the western Paleozoic and Triassic belt: (1) a struc
turally lower melange unit that consists of tectonically dis
rupted and regionally metamorphosed greenstone, amphi
bolite, quartzite, siliceous argillite, and metaserpentinite, 
and (2) an overlying unit composed predominantly of in
terbedded volcaniclastic sandstone and argillite (Figure 4). 
Together these units constitute the upper plate of a struc
tural dome caused by the Tertiary uplift of the Condrey 

Figure 4. Simplified geologic map of the Applegate Dam area, after Donato (1992c, 1993). Heavy lines indicate faults. 
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Mountain Schist (Mortimer and Coleman, 1984). On the 
northern flank of the dome, the upper plate is dropped 
down in a broad, northward-widening graben bounded on 
the. east and west by northeast-and northwest -trending 
high-angle fault systems, respectively (Figure 4). In the 
graben, volcaniclastic rocks predominate in the upper plate, 
whereas they are absent southeast and southwest of the 
graben. The graben-bounding faults are interpreted as part 
of a system of radial faults that accommodated doming 
(Donato, 1992c; 1993). 

The lower melange unit is lithologically diverse, consist
ing predominantly of amphibolite-facies metabasic rocks 
(greenstone and amphibole schist), metamorphosed sili
ceous argillite, quartzite, and metaserpentinite. Metachert, 
volcaniclastic metasedimentary rocks, semipelitic metased
imentary rocks, and marble are also present. Metavolcanic 
and metasedimentary rocks appear to be depositionally in
terlayered, but continuous units within the melange are dif
ficult to map due to rapid lithologic changes and poor expo
sure. Metaserpentinite bodies are fault bounded and were 
tectonically emplaced. Chlorite-talc-magnetite reaction 
rinds (blackwalls) are present at many serpentinite contacts 
and indicate post-emplacement metasomatism during re
gional metamorphism. Textures of serpentinite, including 
antigorite pseudomorphs of bladed olivine, and the pres
ence of high-temperature metamorphic assemblages (e.g., 
olivine + enstatite + tremolite) indicate that the serpentinite 
and the surrounding metasedimentary and metavolcanic 
rocks underwent synchronous regional metamorphism. A 
moderate degree of deformation is indicated by the outcrop
scale structures in the melange unit. Most rocks except ser
pentinites display well-developed metamorphic foliation, 
and locally this foliation has been isoclinally folded. 
Argillites locally display a strong lineation defined by inter
section of compositional layering with cleavage, causing 
the rock to break into pencil-like rods. 

The upper volcaniclastic unit consists predominantly of 
greenish-gray volcanogenic sandstone with lesser amounts 
of interbedded grayish-brown argillite and conglomerate. 
Some units exhibit graded beds and partial Bouma se
quences, suggesting deposition by turbidity currents. Sand
stone is well sorted, fine to coarse grained, and composed 
dominantly of plagioclase, clinopyroxene, brown to 
greenish-brown hornblende, and variable amounts of mafic 
to intermediate volcanic and volcaniclastic lithic frag
ments. Plagioclase and clinopyroxene are the dominant 
phenocrysts in volcanic lithic fragments, but hornblende 
also occurs. Interbedded subaqueous volcanic rocks, includ
ing weakly metamorphosed pillow breccia and hyaloclastite 
(glassy material is replaced by chlorite, but shardlike tex
tures remain), constitute a minor part of the sequence 
(estimated <5 percent). They are interbedded with poorly 
sorted, altered volcanic arenites, volcanic conglomerate, 
and calcareous metasedimentary rocks. Arenites contain 
detrital quartz in rare cases. Rocks interpreted as hyalo
clastite contain irregular subrounded fragments of amyg-
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daloidal and porphyritic volcanic rock, which in rare cases 
contain calcite or chlorite pseudomorphs of olivine phe
nocrysts. Primary igneous hornblende and clinopyroxene 
are commonly partially or completely replaced by actinolite 
but are preserved locally. Weak flattening foliation and 
cleavage are locally developed, but in general the unit is 
relatively undeformed. 

Observation Peak area 
Amphibolite-facies ophiolitic melange underlies the east 

and northeast flanks of the Condrey Mountain dome in the 
vicinity of Observation Peak (Figure 2). The upper volcani
clastic units that occur in the Bolan Lake and Applegate 
Dam areas do not occur south of the northeast-trending 
fault north of the Observation Peak area. Detailed mapping 
in the melange (e.g., Hotz, 1979; Kays and Ferns, 1980; 
Thompson, 1988) shows that it consists of metaserpenti
nite, metagabbro, amphibolite, siliceous metasedimentary 
rocks, and marble. Metamorphic grade ranges from middle 
to upper amphibolite facies and increases toward the Con
drey Mountain dome (Kays and Ferns, 1980; Rice and 
Ferns, 1980). 

In the Observation Peak area, the intrusive and struc
tural relationships among intrusive bodies provide chrono
logical constraints on the relative timing of metamorphism, 
intrusion, and deformation (Thompson, 1988). Isotopic 
data for key intrusive bodies, presented below, allow abso
lute time frames to be established. The melange is cut by 
dikes and small stocks of mafic through felsic compositions 
and by the much larger, composite, Ashland pluton. The 
earliest intrusions into the melange were gabbros to quartz 
diorites. These were followed by mafic dikes and by coeval 
or slightly younger tonalitic dikes that are commonly hy
brid (Thompson, 1988). All of these intrusions were de
formed during amphibolite-grade metamorphism as shown 
by isoclinal folding of the amphibolitic and tonalitic dikes. 
However, the dikes lack the polyphase deformation dis
played by amphibolitic blocks in the melange; therefore, we 
interpret the timing of intrusion to be during the waning 
stages of regional metamorphism and deformation. The 
youngest dikes at Observation Peak are undeformed gran
odiorite. These dikes are compositionally similar to the 
nearby Ashland pluton (Thompson, 1988; Gribble and oth
ers, 1990) in that they display anomalously high concentra
tions ofP20 5 and Y. 

Lithologic similarities 
Thus, in the Bolan Lake, Applegate Dam, and Observa

tion Peak areas, we recognize the clear lithologic similari
ties in the lower melange unit to the well-described 
serpentinite-matrix melange of the Rattlesnake Creek ter
rane in California. Blocks of gabbro, marble, and metamor
phosed serpentinite are particularly distinctive and are 
completely comparable to those found to the south. Like
wise, the volcanogenic units in the Bolan Lake and Apple
gate Dam areas compare favorably with the lower volcani-
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clastic unit of the Western Hayfork terrane in the southern 
Klamath Mountains. Note that in both Oregon and Califor
nia the structural/stratigraphic juxtaposition of the two 
units is identical, further validating the comparison. 

GEOCHRONOLOGIC STUDIES 

Bolan Lake and Applegate Dam areas 
Isotopic 40 ArP9 Ar ages were determined for two horn

blende separates from the melange unit and two separates 
from metagraywackes within the volcaniclastic unit. In ad
dition, cooling age determinations were made for horn
blende from six samples of various intrusive rocks within 
the upper volcaniclastic unit in the Applegate Dam area, 
including the Squaw Mountain pluton (Figure 4; see sam
ple RU-372-92 in Figure 5 and Table 1). For all but two of 
the determinations, incremental heating techniques were 
used; the remainder are total fusion experiments (see Table 
1 for analytic details). The two samples from the melange 
unit are (1) a hornblende-plagioclase schist from near the 
contact with the Condrey Mountain Schist and (2) a boudi
naged hornblende metadiorite sill intruding metasedimen
tary rocks near Applegate Dam (Figure 4). 

The two samples from the volcaniclastic unit (one each 
from the Bolan Lake and Applegate Dam areas) are weakly 
metamorphosed volcanic graywacke containing detrital ig
neous hornblende. The hornblende constitutes olive-green 
grains or grain fragments that optically appear to be essen
tially unaltered by regional metamorphism. A few grains 
are weakly zoned from reddish-brown cores to olive-green 
rims, features that indicate an igneous origin. The six intru
sive rock samples are mainly taken from hornblende-phyric 
dikes and represent a variety of lithologies and apparent 
magmatic sources. All show clear cross-cutting relation
ships with the volcaniclastic rocks. The cooling ages ob
tained for all samples are summarized in Table 1; age spec
tra are shown in Figure 5. 

Observation Peak area 
Hornblende from an amphibolite-facies, weakly de

formed, gamet-bearing quartz diorite (sample KM1l3A) 
that intrudes the melange unit near Red Mountain gives 
a 40 ArP9 Ar plateau age of 149 ± 2 Ma (Table 1). A single 
split of zircon (nonmagnetic, coarse fraction) gave discor
dant Pb-U ages (Table 2). We interpret this body to be 
among the relatively early generation of dioritic intrusive 
bodies. Its cooling age is similar to most hornblende cool
ing ages from the high-grade melange in Oregon and Cali
fornia (Hacker and others, 1995), including the amphibolite 
from the melange in the Applegate Dam area cited above. 

Zircon was also separated from a folded, amphibolite
facies tonalitic dike at Observation Peak and from two sam
ples from the Ashland pluton (Table 2). Two size fractions 
from the dike yielded discordant results, with 206pbp38U 
and 207PbP3SU ages near 150 and 153 Ma and 207PbP06pb 
ages of 165 and 167 Ma. Zircon from the Ashland pluton 
yielded concordant ages of 152 and 151 Ma. 
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Discussion of geochronology 
Applegate DamIBolan Lake 

The ages obtained by the 40 ArP9 Ar method represent the 
elapsed time since the hornblende cooled below its closure 
temperature for diffusion of Ar, estimated to be about 500° 
to 550°C (McDougall and Harrison, 1988). The results 
from the melange unit are somewhat puzzling, because the 
cooling age of the deformed metadiorite (158 ± 1 Ma) ap
pears to be significantly older than that of amphibolites 
(151 ± 2 and 149 ± 2 Ma) considered to be part of the meta
diorite's "host rock." Why should an intrusive body in a 
regionally metamorphosed (metamorphosing) terrane ap
pear to have cooled more quickly than its surrounding host 
rock? This apparent paradox has been observed previously 
in the Marble Mountain terrane of California. Most meta
morphic rocks from this terrane yield hornblende 40 ArP9 Ar 
cooling ages around 150 Ma (Donato, 1992d; Hacker and 
others, 1995), whereas many plutons interpreted as "syn
tectonic" or "posttectonic" give hornblende cooling ages 
older than 150 Ma (e.g., Wooley Creek pluton; Hacker and 
others, 1995). In many cases, U-Pb isotopic dating of zircon 
confirms that the pluton's igneous age is indeed older than 
150 Ma. We have no satisfactory explanation for this dis
parity except to speculate that the systematics of argon dif
fusion in igneous hornblende are di:tIerent from those in 
metamorphic hornblende, perhaps due to fundamental 
crystal-chemical di:tIerences in the two types of amphibole 
or to the effects of fluids on argon diffusion in magmatic vs. 
metamorphic situations. 

In the case of detrital hornblende from the volcaniclastic 
unit, the 40 ArP9 Ar age is interpreted as the cooling age of 
the volcanic rock source, since there is no petrographic evi
dence that the temperature of the volcanic graywacke ex
ceeded hornblende closure temperature during regional 
metamorphism. Therefore, the sediments were probably de
rived from a Middle Jurassic volcanic source. Note that the 
age of each of the graywackes is based on the isotopic com
position of several hundred simultaneously heated detrital 
grains; thus the ages represent the average isotopic compo
sition of the grain population, not necessarily the age of any 
single grain. It is conceivable that the source terrane of the 
arenites contained multiple volcanic centers of widely dif
ferent ages averaging 173 Ma. However, the composition of 
the volcanic sediments is remarkably uniform, and there is 
no petrographic, field, or compositional evidence to suggest 
that detritus was derived from multiple sources. Indeed, the 
presence of relatively fresh clinopyroxene, plagioclase, and 
hornblende grains in graywackes suggests derivation from 
nearby active volcanic centers. Therefore, we interpret the 
age to represent a uniform source terrane and the deposi
tional age of the volcaniclastic unit to be no older than Mid
dle Jurassic. 

The cross-cutting intrusive rocks in the volcaniclastic 
unit provide a minimum age constraint for sediment depo
sition: the metasediments cannot be younger than the oldest 
cross-cutting dike. The oldest dike (175 ± 2 Ma), a weakly 
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recrystallized and altered hornblende-plagioclase diorite 
body, contains olive-green hornblende that strongly resem
bles the detrital hornblende in the host arenites. Two other 
intrusive rocks gave Middle Jurassic cooling ages (I71 ± 4 
Ma and 167 ± 3 Ma), indicating that they are roughly syn
chronous with the Middle Jurassic volcanism that provided 
detrital hornblende to the arenites. Two other dikes are sig
nificantly younger (156 ± 1 Ma and 144 ± 1 Ma). The for-

mer is consistent with the cooling age of the nearby Gray
back pluton, previously dated by 40 AIP9 AI (hornblende) at 
156 ± 3 Ma (Hacker and others, 1995). Early Cretaceous 
plutonism in the region is recorded by the nearby Gold Hill 
pluton (K-Ar, hornblende; recalculated with new decay 
constants, 145 Ma; Hotz, 1971). 

Together, the ages of the detrital hornblende (172 ± 1 
and 173 ± 1 Ma) and the oldest cross-cutting dike (175 ± 2 

Table l. Results of40Ar/39 Ar geochronologic investigations of hom bien de separates from the Applegate Group, Oregon 

40Ar",d 
Irradiation 

Sample No. of parameter Age 
no. Area LatlLong Method Rock type MInerai steps 39ArK (J) (Ma) 

Volcaniclastic unit 

BL-U6B Bolan Lake 42"OO'35"N. IH Graywacke Hornblende 8 10.622890 0.0093498 172± 1 
123"27'00"W. 

RU-316A Applegate Dam 42"03'12''N. IH Graywacke Olive-green 8 7.749319 0.01276 173 ± 1 
123"06'43"W. hornblende 

Melange unit 

RU-344 Applegate Dam 42"02'27"N. IH Amphibolite Green horn- 7 6.777371 0.01255 151 ±2 
123"07'09"W. blende 

RU-355 Applegate Dam 42"OO'46"N. IH Metadiorite Olive-green 6 7.339332 0.012386 158± 1 
123"08'57"W. hornblende 

KM U3A Observation Peak 42"03'05"N. IH Garnet-bearing Greenhorn- 8 7.245217 0.OU887 149±2 
122°49'52"W. metadiorite blende 

Intrusive rocks 

RU-65D Applegate Dam 42"09'33"N. TF Hornblende-phyric Brown horn- 10.894460 0.00913276 171 ±4 
123°10'16"W. dike blende 

RU-167A Applegate Dam 42"08'38''N. TF Hornblende-phyric Green horn- 10.785980 0.00898374 167±3 
123"06'37"W. dike blende 

RU-372-92 Applegate Dam 42"03'50"N. IH Hornblende quartz Greenhorn- 8 7.849332 0.012129 164± I 
(Squaw Moun- 122°59'03"W. diorite blende 
tain pluton) 

RU-206B Applegate Dam 42°U'47"N. IH Hornblende-phyric Brown horn- 9 6.466213 0.012818 144± 1 
123"08'23"W. dike blende 

RU-310 Applegate Dam 42"08'07''N. IH Altered dioritic in- Green horn- 7 8.157141 0.0127137 175 ±2 
123"OO'57"W. trusive rock blende 

RU-316C Applegate Dam 42"03'12''N. IH Hornblende-phyric Brown horn- 10 6.995931 0.01267 156 ± 1 
123"06'43 "W. dike blende 

All analyses were petformed at the U.S. Geological Survey, Menlo Park. Separated minerals were irradiated in the U.S. Geological Survey TRIGA reactor in 
Denver, Colorado (Dalrymple and others. 1981). Sample sizes ranged:from approximately 200 to 250 mg. Grain size was 80 to 100 mesh in most cases. Irradiation 
flux was monitored by using the MMhb-1 hornblende and Taylor Creek sanidine standards. Incrementally-heated (IH) samples were heated in a resistance-furnace 
in one-hour intervals, using from 6 to 10 temperature steps. Total fusion (TF) experiments consisted of a single step in which the mineral was fused at 1,400OC. 
Temperatures were monitored by thermocouple and are accurate to about ±5OC. Isotopic analyses were made using a 60°-sector, 15.2-cm-radius, Nier-type mass 
spectrometer. Sample handling procedures and corrections for Ca- and K-derived isotopes are as described in Dalrymple and Lanphere (1971). For IH samples, age 
given is weighted mean plateau age based on 100 percent of39 Ar released. Additional analytical data are available:from the authors upon request. 

Table 2. Pb-U isotopiC data for zircon from samples from the Observation Peak area 

Observed ratios Ages(Ma) 

Sample Mass 138U lO'Pb 
no. Fraction] (mg) (ppm) (ppm) 

lO'Pb lO'Pb 
l04Pb lO'Pb 

l08Pb l0'Pb lO'Pb lO?pb 
lO'Pb 238U l]SU lO'Pb Rock type 

OP81 F,NM 5.3 2,864 58.37 6,386 0.05170 0.1373 150 151 167 Folded metatonalite 

OP81 C,NM 3.3 2,479 51.25 4,158 0.05290 0.1272 152 153 165 Foldedmetatonalite 

KMU3A2 C,NM 1.0 2,272 48.8 10,204 0.05082 0.1901 158.0 158.0 169±17 Gametmetadiorite, Wrangle Gap 

1 Analyses performed by Nick Walker, mineral separates by Mark. Helper, University of Texas at Austin. 
2 Analyses performed by R. Tosdal, U.S. Geological Survey, Menlo Park, California. Common Pb correction assumed to be 208 : 207: 206 : 204 = 

38.622: 15.610: 18.927: 1. 
3 F = fine, C = coarse, NM = nonmagnetic. 
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Ma) provide a narrow constraint on the age of the volcani
clastic unit. The data suggest that volcanism, sedimenta
tion, and dike intrusion were essentially synchronous at 
around 173 Ma. 

Observation Peak 
Isotopic 40 ArP9 Ar ages of hornblende from the Ashland 

pluton (IIotz, 1971; Hacker and others, 1995) indicate that 
the pluton and, by implication, its host rocks, cooled below 
about 500°C soon after its emplacement at approximately 
152 Ma. If the distinctive undeformed P20 S- and Y-rich 
granodioritic dikes at Observation Peak are relate~ ~o ~h
land pluton magmatism, then the deformed tonahtic dikes 
must predate the Ashland pluton. This suggests that the 
-166-Ma Pb-Pb age of the deformed tonalite (Table 2, sam
ple OP 8) is a closer approximation to the igneous age than 
its Pb-U ages are. This interpretation is consistent with pre
viously determined ages for regional high-grade metamor
phism of> 161 Ma, which were determined on the basis of 
U-Pb data for cross-cutting plutons (e.g., Barnes and others, 
1986; Coleman and others, 1988). 

GEOCHEMICAL STUDIES 

We have drawn upon our extensive database of geo
chemical data for metavolcanic and volcaniclastic rocks of 

Most metabasaltic rocks of the Rattlesnake Creek terrane 
fall in the compositional range between 46 percent to 55 
percent Si02 (Wyld and Wright, 1988; Wright and Wyld, 
1994' Barnes and others, 1995) . They display a wide range 
of FeO*IMgO values and, as a result, plot in both tholeiitic 
and calc-alkaline fields. However, the wide range and gen
erally high values of Ti02 in these rocks (Figure 6b) are 
typical of tholeiitic rather than calc-alkaline suites. This 
characteristic is particularly useful in distinguishing Rat
tlesnake Creek metabasites from Western Hayfork metaba
sites. Wright and Wyld (1994) showed that melange blocks 
in the Rattlesnake Creek terrane are geochemically similar 
to ocean floor basalt (both enriched mid-ocean ridge basalt 
[EMORB] and normal mid-ocean ridge basalt [NMORB]). 
Rare blocks of ocean island basalt composition are also pre
sent; this feature appears to be a characteristic of the Rat
tlesnake Creek terrane melange (Wright and Wyld, 1994). 
Multielement diagrams for the Rattlesnake Creek rocks are 
generally similar to those for the Western Hayfork samples 
but lack the characteristic LREE enrichment pattern 
(Figure 7b), a subtle, but effective distinction. Figure 8b 
displays the dispersion of the Rattlesnake Creek metaba
sites in the MORB field of Shervais' (1982) Ti-V diagram. 

We plotted samples of metabasite from the volcani~lastic 
and melange units of the Applegate Group along Wlth the 

the western Paleozoic and Triassic belt 
(Barnes and others, 1995) for criteria to 
evaluate possible correlatives to the dis
tinctive units of the Applegate Group de
scribed above. Because volcanogenic sed
imentary rocks in the Western Hayfork 
terrane bear strong lithologic similarities 
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rare-earth elements (LREE) and are de
pleted in Nb, characteristics typical of 
calc-alkaline arc rocks. In Figure 8a, the 
Western Hayfork data fall mainly in the 
island arc basalt field (lAB) in the Ti-V 
plot of Shervais (1982). 
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Figure 6. TIllOOO plotted as a function of P P 5 and ~r. x = volcanicl~stiC 
rocks of Applegate Group; triangle = Applegate Group melange. Note relatlv~ly 
narrow range ofTI02 values for the Western Hayfork terrane (a) compared wl~h 
that of the Rattlesnake Creek terrane (b). The volcaniclastic an~ melange umts 
of the Applegate Group compare favorably with the rocks formmg the Western 
Hayfork and Rattlesnake Creek terranes, respectively. 
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Figure 7. Multielement diagrams ("spidergrams") com
paring generalized range of patterns of Western Hayfork 
(a) and Rattlesnake Creek (b) terranes with patterns for 
volcaniclastic and melange units of Applegate Group, re
spectively. Note contrast between Western Hayfork and 
Rattlesnake Creek patterns in the range ofLREE (light rare 
earth elements, La through Nd): enrichment pattern in the 
former vs. relatively flat pattern in the latter. Normalization 
factors from Sun and McDonough (1989). 

fields for the Western Hayfork and Rattlesnake Creek ter
ranes, respectively, in Figures 6 through 8. Overall, these 
diagrams highlight the remarkable geochemical similari
ties between the Applegate metabasites and the correspond
ing rocks of the California terranes and strongly support 
our proposed correlations. In Figure 6, there is nearly com
plete overlap of the corresponding terranes in terms ofP20 s 
and Zr vs. Ti. Multielement diagrams (Figure 7) demon
strate that volcaniclastic samples from both Oregon and 
California display the characteristic LREE-enriched pattern 
of the Western Hayfork terrane. Likewise, metabasites from 
the melange unit show the distinct flat REE pattern charac
teristic of ocean floor basalts and compare favorably with 
patterns of known Rattlesnake Creek samples from Califor
nia (Figure 7). The Ti-V tectonic discrimination diagram 
(Figure 8) not only highlights the differences between the 
Rattlesnake Creek terrane and the Western Hayfork terrane 
in terms of tectonic regime but also reinforces the proposed 
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similarities between the Oregon units and the correspond
ing California terranes. 

CONCLUSIONS 

We recognize virtually identical lithologic assemblages 
in the Bolan Lake and Applegate Dam areas in southwest
ern Oregon: a structurally lower melange unit overlain by a 
more stratigraphically coherent volcaniclastic unit. In the 
Observation Peak area, only the melange unit occurs. The 
striking lithologic and structural similarities of these units 
to the Rattlesnake Creek and Western Hayfork terranes in 
northern California suggest that the Oregon terranes are 
their northward extensions. Two additional lines of evi
dence support such a correlation: age equivalence and com
positional identity. 

The apE,lication of geologic mapping, geochemical anal
ysis, and ArP9 Ar geochronology has allowed us to begin 
to unravel the mystery of the origin and affiliation of the 
Applegate Group. In addition, we have demonstrated the 
usefulness of geochemical (especially trace-element) analy
sis in terrane correlation and interpretation. We now know 
that parts of this region are related to an important arc and 
forearc system recognized in California, which dominated 
the continental margin during Late Triassic through Middle 
Jurassic time. Additional studies of this nature may eventu
ally allow the entire Applegate Group to be fully understood 
in a larger geologic and tectonic context. Perhaps our goal 
should be to gain a complete enough understanding that the 
catch-all name "Applegate Group" may be abandoned in 
favor of more meaningful appellations. 
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Geothermal exploration in Oregon, 1994-1995 
by Dennis L. Olmstead, Oregon Department of Geology and Mineral Industries 

ABSTRACT 
No geothermal lease sales were held in 1994 or 1995. 

However, geothermal drilling activity occurred in two areas 
of the state: Newberry Caldera Known Geothermal Re
source Area (KGRA) and Vale Hot Springs KGRA. A Final 
Environmental Impact Statement was issued by the USDA 
Forest Service for the Newberry Caldera project site pro
posed by CE Exploration. At the state level, the Energy Fa
cility Siting Council received an application for a site cer
tificate for the Newberry Caldera project and issued the site 
certificate. In addition, preparation started on an environ
mental impact statement for a development drilling and 
power plant project in the Alvord KGRA. 

New publications and inventories appeared dealing with 
direct use of geothermal resources. The Department of Ge
ology and Mineral Industries (DOGAMI) issued a report on 
the low- and moderate-temperature resources in the state 
(Black, 1994a,c). The U.S. Geological Survey conducted 
studies in the state and published results of some of the 
work. The 1995 legislature passed a bill raising the level of 
bonding for geothermal drilling in the state. 

LEASING 

No geothermal lease sales were held during 1994 or 
1995, although there were some filings for acreage. Table 1 
shows leasing trends for these years. In November 1994 and 
September 1995, suspension was lifted on 68,673 leased 
acres that were suspended in 1990 due to formulation of the 
Newberry National Volcanic Monument legislation and dis

other end user with significant consumption of electricity 
that could be offset through the use of geothermal resources 
in a geothermal heating district. Potential resource sites 
were considered if (1) fluid temperatures were greater than 
lOoC above the mean ambient air temperature, (2) sites 
were located outside environmentally sensitive areas such 
as National Monuments, or (3) sites had fluid temperatures 
greater than 50°C and were located within 8 km (5 mi) of a 
community. The following Oregon communities were rec
ommended as potential direct-use sites: Paisley, Lakeview, 
BurnslHines, La Grande, and Vale. OIT developed geother
mal energy/cost evaluation software to determine the cost of 
geothermally supplied heat to these communities in com
parison with the cost of heat supplied by natural gas. 

In Klamath Falls, the municipal heating district has ex
panded over the past two years to include a theater, two 
large churches, a bank, laundry, and an 80,000-if retire
ment center added to the hospital. Altogether 27 buildings 
are now on the district system. Three blocks of sidewalks in 
downtown Klamath Falls have recently been fitted with 
pipes for snow melting, and a total of eight blocks is 
planned. 

The Liskey Farms Greenhouses operation outside Kla
math Falls now sends warm-water effluent to a tropical-fish 
farmer who provides fish to a national market. All effluent 
in Klamath Falls is now injected; no surface discharge is 
allowed. 

OIT now monitors the freshwater aquifer under the cam
pus and nearby hosptial via six monitor wells to detect im-

putes over some lease interests in the Federal 
geothermal unit. A total of 1,200 acres remains 
suspended. 

Table 1. Geothermal leases in Oregon, cumulative, 1994 and 1995 

DIRECT-USE PROJECTS 

The Oregon Institute of Technology (OIT) 
in Klamath Falls recently completed a resource 
study of the 10 western states as a participant 
in the Low-Temperature Resource Assessment 
project funded by the U.S. Department of En
ergy, Geothermal Division. The purpose was to 
update the inventory of the nation's low- and 
moderate-temperature geothermal resources in 
10 western states and to encourage develop
ment of these resources. The inventory of 
geothermal resources for Oregon is discussed 
in the DOGAMI section below. 

OIT contributed by studying the location of 
low- and moderate-temperature resource sites 
relative to potential direct-use sites. A potential 
direct-use site was considered to be a town or 
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Types ofleases 

Cumulative leases issued since 1974: 
Noncompetitive, USFS 
Noncompetitive, USBLM 
KGRA(competitive), USFS 
KGRA (competitive), USBLM 

Cumulative leases relinquished since 1974: 
Noncompetitive, USFS 
Noncompetitive, USBLM 
KGRA(competitive), USFS 
KGRA (competitive), USBLM 

Federal leases issued during 1994, USFS 
Federal leases issued during 1994, USBLM 
Federal leases closed 1994, USFS and BLM 

Federal leases issued during 1995, USFS 
Federal leases issued during 1995, USBLM 
Federal leases closed 1995, USFS and BLM 

Federal leases in effect 12/31195: 
Noncompetitive, USFS 
Noncompetitive, USBLM 
KGRA (competitive), USFS 
KGRA (competitive), USBLM 

Federal income from geothermal leases, estimated 1994 
Federal income from geothennalleases, estimated 1995 

Numbers 

385 
274 

18 
66 

320 
273 

8 
61 

0 
0 

50 

0 
0 

21 

65 
1 

10 
5 

Acres 

718,867 
415,778 

18,388 
125,740 

653,256 
415,156 

11,925 
114,080 

0 
0 

81,354 

0 
0 

30,992 

65,610 
623 

6,463 
11,660 

$105,000 
$100,000 
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pacts on the aquifer by geothennal withdrawal and in
jection. Reports of the monitoring, including water lev
els and temperatures, go to the Oregon Water Resources 
Department (WRD). 

Table 2. Geothermal permits and drilling activity in Oregon, 
1994-1995 

OREGON DEPARTMENT OF ENERGY (ODOE) 

On June 28, 1995, ODOE received application for 
an energy facility site certificate from CE Exploration 
for a proposed geothennal plant on the west flank of 
Newberry volcano in Deschutes County. The applica
tion is for a 33-megawatt (MW) plant adjacent to New
berry National Volcanic Monument. The review process 
was carried out, including agency reviews and a request 
to CE Exploration for additional information. The ap
plication was found to be complete on December 5, 
1995. ODOE issued a draft proposed order and held a 
public hearing in January 1996. The Energy Facility 
Siting Council (EFSC) met and prepared a draft pro
posed order and subsequently a proposed order. No one 
asked for a further hearing, and by the deadline in 
February 1996 there were no objections to the issuance 
of a site certificate, which was then approved in March. 

OREGON WATER RESOURCE DEPARTMENT 
(WRD) 

The WRD has jurisdiction over low-temperature 

Pennit 
no. 

G-157 

G-174 

G-175 

G-176 

G-177 

G-178 

0..179 

G-180 

geothennal resources, primarily including groundwater G-181 

used for its thennal characteristics and encountered in 

Operator, well, 
API nwnber 

Trans-Pacific Geothennal 
ESI-A.S A1t 
36-045-90008 

CE Exploration 
88-21 TCH 
36-017-90035 

CE Exploration 
76·15 TCH 
36-017-90036 

CE Exploration 
76-15 
36-017-90037 

CE Exploration 
47-15 
36-017-90038 

CE Exploration 
23-22 
36-017-90039 

CE Exploration 
86-21 
36-017-90040 

Trans-Pacific Geothennal 
TGC61-10 
36-045-90025 

Trans-Pacific Geothennal 
TGC24-11 
36-045-90026 

Status, proposed or 
Location aetual total depth 

NEV.sec.33 Drilled and abandoned, 
T. 18 S., R. 45 E. TD not released. 
Malheur County 

SEI!. sec. 21 Pennitted, 
T. 21 S., R. 12 E. drilled and suspended, 
Deschutes County TD not released. 

SEI!. sec. 15 Pennitted, 
T.21 S.,R.12E. drilled and suspended, 
Deschutes County TD not released 

SEV. sec. 15 Pennitted, 
T. 21 S., R. 12 E. PTD 9,000 ft. 
Deschutes County 

SWV.scc.15 Pennitted, 
T. 21 S., R. 12 E. PTD 9,000 ft. 
Deschutes County 

NWV.sec.22 PCnnitted, 
T. 21 S., R. 12 E. drilled and suspended, 
Deschutes County TD not released. 

SEV.scc.21 Pennitted, 
T. 21 S., R. 12 E. drilled and suspended, 
Deschutes County TD not released 

NWV.sec.l0 Pennitted, 
T. 19 S., R. 45 E. drilled and abandoned, 
Malheur County TD not released 

NWV.sec.ll Pennitted, 
T. 19 S., R. 45 E. expired and canceled. 
Malheur County 

G-182 CE Exploration SEV. sec. 21 Pennitted, wells with bottom-hole temperatures less than 250°F 
and depth of less than 2,000 ft. This program is 
presently not very active due to the switch in Klamath 
Falls to injection of spent geothennal effiuent. Over the 
past two years, only a few requests for low-temperature 
geothermal injection wells have been received. StafI 
from the City of Klamath Falls, the WRD, and the Depart
ment of Environmental Quality met recently in an effort to 
streamline the process of obtaining the necessary permits 

88-21 T. 21 S., R. 12 E. drilled and suspended, 
36-017-90041 Deschutes County TD not released. 

Note: An additional 17 pennits to Trans-Pacific Geothennal from 1993 in the Vale 
area expired and were canceled in 1994. Call DOGAMI for details. 

for reinjection. 

OREGON DEPARTMENT OF GEOLOGY AND 
MINERAL INDUSTRIES (DOGAMI) 

In 1991, the U.S. Department of Energy began an evalu
ation of low- and moderate-temperature geothermal re
sources. Participants included state agencies and universi
ties in 10 western states, including Oregon. The Low
Temperature Geothermal Database for Oregon (Black, 
1994a,c) is completed and contains nearly 2,200 wells and 
springs (mostly 20° to 100°C), with over 200 thennal areas 
identified. This more than doubles the number of known 
geothennal resource sites in the state over the previous in
ventory done in 1982. Spring and well data include site 
name, county, type (spring or well), township, range, sec
tion, subsection, latitude, longitude, temperature eC), 
depth in meters, flow rate in liters per minute, and remarks. 
Chemical data include site name, county, type (spring or 
well), location, date of analysis, pH, conductivity, total dis-
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solved solids, major cations, major anions, and a reference 
code. Geothennal fluids are used by business, homeowners, 
and government for heating over 625 buildings. In addi
tion, greenhouses, aquaculture sites and industrial pro
cesses are also using geothennal heat. This database, pub
lished as DOGAMI Open-File Report 0-94-09 (one 3Y2-in. 
disk), is available from DOGAMI for $12.00. 

REGULATORY ACTIONS AND INDUSTRY 
DRILLING ACTIVITIES 

Regulatory activity and drilling during 1994 and 1995 
showed a big increase, with action in three geographic ar
eas of the state: Newberry volcano, Vale, and Pueblo Valley. 
These areas are all Federal leases in KGRAs. 

At Newberry volcano, CE Exploration drilled two 
temperature-gradient wells and three production wells to 
test the resource on the west flank of the volcano, outside 
the Newberry National Volcanic Monument. No results 
have been released by the operator on this project. An envi
ronmental impact study (EIS) for field development and 
power plant is already in place (see USDA Forest Service 
section of this report) as well as a state site certificate for 
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the construction of the project. 
At Vale, TransPacific Geothermal drilled 17 shallow 

temperature-gradient holes (in 1993) and followed them 
with two deep exploration wells that were subsequently 
abandoned. Results have not been released, but the com
pany has relinquished all its Federal leases in the area. 

Anadarko Petroleum has had no new activity in the past 
two years but still has three suspended wells in its Pueblo 
Valley project area in Harney County. An EIS is in prepara
tion for the development and power plant at the site. 

Table 2 shows active state geothermal permits during 
1994 and 1995, including wells permitted and drilling ac
tivity that occurred. 

U.S. GEOLOGICAL SURVEY (USGS) 

USGS work in Oregon included publication of work 
done on samples from a deep well in the Breitenbush area 
(Bargar, 1994). Work still in progress at this time includes 
mapping and resource assessment of the Crater Lake area. 
This will be published soon in the USGS Open-File Report 
series. Other ongoing work includes hydrothermal alter
ation studies on Newberry volcano rocks and microprobe 
analyses of zeolites from well and outcrop samples in the 
Cascades. 

Dave Sherrod has contributed to the Eastside Ecosystem 
project conducted by the Bureau of Land Management 
(BLM). This project will produce a document for the man
agement of National Forests of the interior Columbia River 
basin. Sherrod prepared a geothermal assessment for BLM 
as part of a minerals and energy resource assessment of the 
Malheur and Jordan resource areas of the Malheur District. 
The geothermal assessment showed areas favorable or per
missive for the presence of geothermal resources. 

In addition, Patrick Muffier has produced and con
tributed to several technical papers of note dealing with the 
Cascade Range (Muffier and Guffanti, 1995; Muffier and 
Tamanyu, 1995; Guffanti and Muffier, 1995). 

USDA FOREST SERVICE (USFS) 

Over the past two years, the USFS has produced envi
ronmental documents on the Newberry volcano area in 
preparation for geothermal development. One set of docu
ments makes up the Newberry National Volcanic Monu
ment Comprehensive Management Plan. The purpose was 
to meet the legislative requirement to develop a manage
ment plan for the Monument and adjacent areas. These 
documents describe five alternatives for managing the 
Monument and adjacent special areas. The study covered 
16 issues ranging from recreation to vegetation, fire, air 
and water quality, roads, and wildlife. The "Record of Dec i
sion" part of the document includes the choice of alterna
tive to be used and reasons for the decision. 

The USFS, with cooperation from BLM, and the Bon
neville Power Administration, has also prepared an EIS for 
the Newberry Geothermal Pilot Project. This is in response 
to a proposal from CE Exploration Company of Portland to 
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build and operate a geothermal pilot project and supporting 
facilities to generate 33 MW of power. The project would 
consist of four phases: exploration, development, utiliza
tion, and decommissioning. The project would be located 
on the west flank of Newberry volcano on Federal geother
mal leases. The EIS analyzes three alternatives for this pro
ject. An alternative was chosen that provided siting flexibil
ity to make the most efficient use of the geothermal re
sources while minimizing negative impact on the environ
ment. The Final EIS was issued in July 1994. 

U.S. BUREAU OF LAND MANAGEMENT (BLM) 

BLM has continued its monitoring of Borax Lake since 
1991. Measurements include three deep and two shallow 
temperature probes, a pressure probe, and air-temperature, 
solar-radiation, wind, rain, and relative-humidity monitor
ing. The agency has also provided funding to support the 
USGS seismic recording station near Andrews, Harney 
County, to detect seismicity that may affect geothermal fea
tures such as hot springs. 

The agency funded a study by Michael Cummings of 
Portland State University of the geothermal aquifer in the 
Alvord basin. Strontium isotopic ratios, Sr and Rb concen
trations, and major- and trace-element compositions of flu
ids and rocks were determined for three hot spring areas 
and cold groundwater in stratigraphic units that are ex
posed in the ranges surrounding the Alvord basin. Analyses 
were conducted to better constrain the location and possible 
extent of the geothermal aquifer in the Alvord basin. 

MHA Environmental Consulting, Inc., conducted four 
scoping meetings in preparation for the EIS to be written 
for the Anadarko Petroleum project in the Pueblo Valley on 
BLM leases. Meetings were held in Fields, Burns, Bend, 
and Portland. The EIS will be prepared for the proposed 
geothermal production and construction of a 22.9 MW 
power plant. 

'The agency also cooperated in writing the EIS for the 
Newberry Geothermal Pilot Project (see Forest Service sec
tion above). 

BONNEVILLE POWER ADMINISTRATION (BPA) 

The CE Exploration project on the west flank of New
berry volcano was in part the result of the BPA Geothermal 
Pilot Project Program. The agency also coowrated in writing 
the EIS for the project (see Forest Service section above). 
Through special agreements for buying power, the BPA en
couraged the project with its 1991 Request for Proposals. 
CE Exploration, in partnership with the Eugene Water and 
Electric Board, was one of the successful applicants. 

RELATED ACTIVITIES 

The 1995 regular session of the Oregon Legislature 
passed house bill HB 2101, authorizing an increase in the 
bonding levels for drilling geothermal wells in the state. 
The bond levels are now the same as for oil and gas wells: 

(Continued on page 98-Geothe,mal) 
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Outstanding mine operators rewarded by MLR 

The Mined Land Reclamation Program of the Oregon 
Department of Geology and Mineral Industries announced 
the 1995 Reclamation Award winners at the Oregon Con
crete and Aggregate Producers Association (OCAPA) an
nual meeting on May 18, 1996. 

The awards recognize mine operators who go beyond the 
basic requirements of planning, operation, and reclamation 
at Oregon mine sites. The awards program continues to in
crease awareness within the industry to insure that reclama
tion is succe~sful and is achieved in a cost-effective manner. 
Innovative mine management can reduce off-site impacts as 
well as operating costs. 

The Reclamation Award winners were selected by a 
committee consisting of Dorian Kuper, David Newton As
sociates, Portland; Bill Levens, LTM (Rogue Aggregates), 
Medford; David Haight, Oregon Department of Fish and 
Wildlife, Central Point; Diane Stone, Linn County Plan
ning Department, Albany; and Cole Gardiner, Oregon 
Trout, Portland. 

The 1995 award winners are as follows: 
Special Recognition Award: The winner of this first 

annual award was Bracelin-Yeager Excavation and Truck
ing, Inc., Coos Bay. 

This award category was created new this year-a cash 
award to be presented to the "best of the best" and made up 
entirely of contributions from industry suppliers, consul
tants, and publications. The recipient company is encour
aged to present this award to those of its individual mem
bers most responsible for the work recognized as outstand
ing. The cash award was made possible through the gener
ous donations of David 1. Newton Associates, Inc., Port
land; North Santiam Paving Company, Stayton; Pape 
Brothers, Inc., Eugene; Richard and Ann Hensley, Med
ford; and Valley Equipment Company, Salem. 

Outstanding Operator: Canby Sand and Gravel, Div. of 
Parker NW Paving, Oregon City, Robert Traverso, operator. 

The award is in recognition of the work performed to 
protect the Molalla River and adjacent salmon spawning 
beds, the development of wildlife habitat, and the opening
up of reclaimed areas to public access. The hauling of mate
rial from the pit to the processing area by off-road trucks 
across a temporary river crossing was eliminated. The oper
ator installed a free-standing, enclosed conveyor system 
that reduced dust, noise, and adverse impacts to the river. 
Complex wildlife habitat was created at reclaimed mine 
ponds. Considerable effort went into creating irregular 
shorelines, islands, and gentle slopes that allowed sensitive 
wetland plant communities to establish. The reclaimed 
ponds were stocked with fish and opened to public access. 

Outstanding Reclamation: Bracelin-Yeager Excavat
ing and Trucking, Inc., Coos Bay, Keith Yeager, operator. 

This site north of Port Orford was nominated because of 
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the aggressive and innovative approach to reclamation the 
operator brought to this site. Bracelin-Yeager acquired this 
existing mine site in the mid-1980s and immediately began 
reclamation that soon reduced the area of disturbance by 
one-half. By practicing concurrent reclamation (performing 
reclamation on mined-out areas as mining expands to new 
ground) and by utilizing "live top-soiling" (stripping soil 
from new ground and immediately placing this soil on a 
final-grade mined-out area), agricultural lands are taken 
out of production for only 12 months. The company was 
also recognized for its past record of reclamation above and 
beyond the requirements of its permit. 

Outstanding Operator of a Small Mine: Teague Min
eral Products, Adrian, Glen Teague, operator. 

Teague Mineral Products operates numerous small ben
tonite mine sites in eastern Oregon, where reclamation is 
always a challenge because of normally scarce precipita
tion. Bentonitic soils make the job all the harder due to poor 
nutrient availability, excessive water retention, and struc
tural damage from swelling and shrinking. Glen Teague de
cided to use the materials at hand for revegetation efforts. 
Seeds from native plants on adjacent undisturbed ground 
were collected by hand and dried. The seeds were germi
nated and then hand-planted during final reclamation. Dur
ing site inspections in 1995, the ultimate goal of reclama
tion was realized: mined areas could not be distinguished 
from adjacent unmined areas. 

Good Neighbor: LTM-Rogue Aggregates, Inc., Med
ford, William Levens, operator. 

Rogue Aggregates, Inc., completed mining on a 40-acre 
parcel adjacent to the Rogue River in 1994. Rather than 
completing reclamation-which would have decreased the 
company's bonding liability and operational ex
penses-Rogue Aggregates joined the School Reform Act 
program with Crater High School and created a living labo
ratory for high school students. This program creates a 
"school within a school" that focuses studies in one disci
pline. Students learn about water quality, wildlife habitats, 
surveying, natural and introduced vegetation, planning, 
and real-world economics. This program is an excellent ex
ample of how a mine operator can get involved in the com
munity by providing a learning experience in business and 
the environment. Rogue Aggregates has demonstrated that 
mining can take place in an environmentally sound man
ner, meeting growing resource needs while developing a 
stable and productive wetland area. 

Outstanding Reclamation after Exploration: Malheur 
Mining, Huntington, Alan Glaser, operator. 

Exploration for gold at this site 17 mi north of Ontario, 
Oregon, was completed in 1994. The operator reduced the 
need for exploration roads on steep slopes by using a track
mounted drill rig for fIfty separate drill holes. Grading of 
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drill pads and exploration roads, coupled with successful 
revegetation efforts, once again realized the pinnacle of 
mine reclamation: During a 1995 on-site visit, many of the 
exploration road cuts across the hillside were not readily 
apparent even to the trained eye. 

Outstanding Reclamation by a Government Agency: 
Oregon Department of Transportation, Region IV, Bend, 
Randy Davis and Russ Frost, Geology Section. 

The award was given for a sand and gravel extraction 
site located 1 mi south of Service Creek, adjacent to the 
John Day River which, in this area, is designated a scenic 
waterway. The project was completed and the site was re
claimed in 1992. Since then, this site has been inundated by 
flood waters three separate years. After a 30-year flood 
event in 1992, a 2- to 3-ft depression was scoured out of the 
extraction area and acted as a fish trap when the water re
ceded. The area was repaired and survived high water in 
1995 and 1996. The site has been developed into a boat 
launch and day-use area with restrooms and picnic tables. 
The agency was also commended for exemplary intera
gency cooperation at Federal, State, and local levels. 0 

Oldest fossil turtle discovered 
On May 14, a prehistoric turtle carapace was collected 

from rocks of the Oregon Coast Range between Scottsburg 
and Reedsport by William Orr, professor of geology at the 
University of Oregon and curator of the Department of Geo
logical Sciences Condon Museum of Geology, and his wife 
Elizabeth Orr. The turtle remains include the plastron or 
bottom plates of the shell along with about 30 percent of the 
top of the carapace. The animal was originally about 18 in. 
long and is a distant relative of the modem green turtle. 
Bits and pieces of limb bones and appendages were also 
recovered but not the skull. 

This turtle represents the oldest marine (salt-water) tur
tle found to date in Oregon. It was entombed in what is 
known as the Tyee Formation, deposited during the Eocene 
Epoch roughly 48-50 million years ago in a huge delta 
structure that was developing along the proto-Oregon coast 
area under semitropical conditions. 

Recent floods in the vicinity of the site had exposed the 
fossil-bearing rock. Gary 1. Schulz and John H. Seward of 
the Oregon Department of Forestry made the discovery dur
ing a road building project on land of Roseburg Forest 
Products, Inc. Together with Carey Weatherly of Roseburg 
Forest Products, Inc., they directed the Orrs to the collect
ing site and assisted in the extraction and retrieval of some 
80 lb of fossil-bearing rock. The specimens are presently 
undergoing preparation in the Condon Museum laboratory. 
The preparation includes impregnating the bone with a 
rapidly hardening polyvinyl-acetate plastic solution and re
moving much of the rock matrix. 

-University of Oregon news release 
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ABSTRACTS OF PAPERS 
The follOWing abstract is of a paper given at an interna

tional conference in May 1995 at the University of Wash
ington. The conference, titled "Tsunami deposits-geologic 
warnings offuture inundation, " was sponsored by the Qua
ternary Research Center, the National Oceanic and Atmo
spheric Administration, and the U.S. Geological Survey. 
Among the 80 registered partiCipants were scientists from 
Canada, Germany, Japan, Norway, the Philippines, the 
United Kingdom, and the United States. 

Paleotsunami barrier-overtopping: One piece of the 
puzzle, by Curt Peterson, Portland State University, and 
George Priest, Oregon Department of Geology and Mineral 
Industries. 

Geologic records of barrier-overtopping by paleo
tsunamis provide independent measures of Cascadia 
tsunami hazard. Several different types of information are 
available from such records including (a) minimum inun
dation distance, (b) minimum runup elevation, and (c) min
imum number of surge events. Differential overtopping 
might also permit some estimates of maximum runup 
height (corresponding to along-shore variation in barrier 
height) and event scaling (corresponding to selective over
topping of different events). 

Interpretations of paleotsunami runup from these 
records require constraints on paleobarrier morphology, 
stability, and elevation. The barriers can be divided into 
hard and soft features, depending on their relative stability. 
The uplifted marine terraces at Crescent City, California, 
provide an example of a hard barrier that has been repeat
edly overtopped by Cascadia tsunamis. Beach cobble-ridges 
in Seaside, Oregon, partly diverted paleotsunami surges 
and represent barriers of intermediate stability. Dune flats 
and ridges of bay mouths and bay spits are examples of soft 
barriers, as are tidal-channel levees in back-bay environ
ments. The stability of soft barriers, such as barrier-spit 
dune fields, must be evaluated by mapping and radiocarbon 
dating of paleosols in the barrier stratigraphy. For example, 
late Holocene forest paleosols were mapped and dated in 
the Salishan spit of Siletz Bay, Oregon, and in the Long 
Beach Peninsula (Loomis Lake area), Washington, to estab
lish the paleosurface elevations of these barriers during pre
historic Cascadia tsunami events. A new dune-coring tool 
now permits rapid mapping of dune paleosurfaces. 

Paleotsunami barrier-overtopping must be discriminated 
from other flood-depositional events by indicators of surge 
origin. For example, marine-surge overtopping is demon
strated by deposit isopachs, grain mineralogy, grain-size 
distribution, and microfossil indicators of direct marine
surge origin. Back-barrier bay marsh sites permit testing of 
correspondence between overtopping surges and paleosub
sidence (near-field tsunami origin). Interdune ponds and 
terrace wetlands provide more numerous sites for preserv
ing barrier-overtopping records, but care needs to be taken 
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to discriminate between chronic storm surge and catas
trophic tsunami surge origins. The two types of sites should 
be used together to maximize the runup-record coverage 
along the coast. Most importantly, the paleotsunami 
barrier-overtopping records are required to verify/calibrate 
numerical models of tsunami excitation and runup in the 
historically aseismic Cascadia margin. Credible runup
model results can then be extrapolated well beyond the geo
logic record sites to predict site-specific tsunami inundation 
hazards. 

Sand and gravel mine operators donated 
sand, equipment, and time to fight February 
floods 

Many Oregonians may not have thought about it at the 
time, but when they fought the February floods with sand
bags, they were using a lot of donated sand. The Oregon 
Department of Geology and Mineral Industries (DOGAMI) 
has compiled a list of aggregate operators who provided 
voluntary assistance during the floods. Thousands of cubic 
yards of sand were provided at no cost to communities, or
ganizations, and those individuals in need of sandbags. 
Heavy equipment and operators were donated to deliver 
materials, construct emergency berms, and in at least one 
instance rescue a stranded motorist. During the height of 
the flood, many operators staffed their plants and sales of
fices around the clock to coordinate delivery of materials. 

Without the assistance of aggregate producers, many of 
the volunteer efforts to protect homes and businesses would 
not have been possible. DOGAMI would like to recognize 
the following firms for their commitment and service to the 
community: 

Burch West, Inc., McMinnville 
C.c. Meisel Co., McMinnville 

Coastwide Ready Mix, Tillamook 
Columbia Sand and Gravel, Vancouver 

Delta Sand and Gravel, Eugene 
Ed Fisher Ready Mix and Construction, Astoria 

Egge Sand and Gravel Co., Eugene 
Eugene Sand and Gravel, Eugene 

Green and White Rock Products, Inc., Corvallis 
Keizer Sand and Gravel, Keizer 
Morse Brothers, Inc., Tangent 

Newport Ready Mix, Lincoln City 
Parker Northwest Paving Co., Oregon City 

River Bend Sand and Gravel, Salem 
S2F Corporation, Albany 

Scappoose Sand and Gravel, Scappoose 
Tigard Sand and Gravel, Portland 

Viesko Redi-Mix, Inc., Keizer 
Walling Sand and Gravel, Salem 0 
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BOOK REVIEW 

Geology of the Pacific Northwest, by Elizabeth L. and 
William N. Orr. McGraw-Hill, 8Y211 in., paper, 1996, 
409 p., $40. 
Reviewed by Allen F Agnew, Courtesy Professor, Oregon 
State UniverSity, Corvallis, Oregon 97331 

This book presents a welcome new look at the land
scapes described a quarter of a century ago by Bates McKee 
(Cascadia, 1972). Spiced with 96 excellent maps and block 
diagrams, it tells the geologic story of the Pacific Northwest 
in great detail. 

The expansion of the authors' purview from their Geol
ogy of Oregon (Orr, Orr, and Baldwin, 1992) to include 
British Columbia, Washington, and Idaho has enabled them 
to relate subduction to features we see today in the land
scape and to help us understand how they got that way. The 
book "explains the role of tectonic plate movements and 
particularly accretionary events as fundamental processes 
of northwest geologic history," dividing the region into a 
dozen physiographic areas ("superterranes") and almost 50 
smaller terranes and geologic provinces. 

The 1 0 chapters beyond the first, introductory one can be 
read separately but are also organized in a sequence that 
can be read continuously as a skein of geologic evolution. 

Like earlier "double-Orr" books, this one contains many 
excellent sketches of fossils-but they are not keyed to the 
text, so the reader is left to wonder if they are included 
merely as decorations. Such wondering is compounded by 
the 200 photographs, which are likewise not keyed to the 
text-and which the printer did a poor job of reproducing. 

Thus the reader must search from the text back through 
the illustrations to find one that shows the feature discussed 
in the text. It is a strenuous job of reading and search
ing-but then, the geologic story of the Pacific Northwest 
is both complex and challenging to decipher, so it is also a 
rewarding job. 

Unfortunately, the introductory chapter, called "Corner
stones of Pacific Northwest Geology," is rather harder to 
digest than the rest of the book. On 20 pages, with roughly 
half of that space filled with illustrations, the Orrs have at
tempted to equip the reader not only with sufficient basic 
knowledge of geologic science and the elements of plate
tectonic processes but also with the complex plate-tectonic 
setting and development of the Pacific Northwest region. 

This reader felt that the result is an unsatisfying taste of 
what the following 10 chapters say in detail-and say very 
well. The complicated matters of subduction and plate 
movement, together with the resulting volcanism and sedi
mentation in basins through 550 million years of geologic 
time, cannot be easily or lucidly told in only 20 pages of 
introduction (of which only half is the printed word). Thus 
the introduction threatens to confuse the reader. Further
more, the text throws numerous geographic names at the 
reader-which caused even this reviewer (who likes to 
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think he is familiar with the Pacific Northwest) to hurry to 
various reference books for enlightenment. 

Readers are thus well advised in not getting bogged 
down in the introductory chapter; in fact, they may leap 
over it completely and begin the book with the second chap
ter, called "Omineca-Intermontane British Columbia." 

The Orrs have included a very full bibliography at the 
end, and each chapter ends with a selection from that bibli
ography as "Additional Readings." Seventy percent of the 
references are less than 15 years old; only 15 percent are 
pre-I970, and those older ones are classics. An illustrated 
glossary of 230 terms, a complete index, and a metric con
version chart round out this volume. 

One of the pleasant surprises in the book is the attention 
paid in almost every chapter to geologic hazards and min
eral production as results of the overall geologic history. 

Nevertheless, the worth of the book as a whole overwhelms 
my criticisms. In sum, then, Geology of the Pacific Northwest 
is an excellent book and one that we geologists-and many 
other folks-will be happy to own and to use. 0 

(Geothermal-Continued from page 94) 

for prospect wells « 2,000 ft deep) bonds are not less than 
$10,000 per well or $50,000 for a blanket bond, and for 
geothermal wells (~ 2,000 ft deep) bonds are not less than 
$25,000 per well or $150,000 for a blanket bond. Geother
mal operators active in the state supported the legislation. 

The Pacific Northwest Section of the Geothermal Re
sources Council has been relatively inactive the past two 
years and has been invited to merge with the Northwest En
ergy Association, a regional organization composed of 
members in the energy field from both private and public 
sectors. No decision has yet been made on the proposed 
merger. 
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the Cascade volcanic arc (USA): World Geothermal Congress, 
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vective heat discharge of Wood River group of springs in the 
vicinity of Crater Lake, Oregon: Geothermal Resources Coun
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Poster shows 1996 Willamette Valley Flood 
The Nature of the Northwest Information Center offers 

a new poster entitled Willamette Valley Flood of 1996. It 
shows two images of the northern Willamette Valley. The 
size of each image is 8.516 in., and the scale is 1 in. = 6 mi. 

One image shows the "before" condition from EOSAT 
photos taken in the summers of 1992 and 1994; the other 
EOSAT image, taken on February 11, 1996, shows the ex
tent of the flooding. The EOSAT satellite images are repro
duced in "false color" on the poster, showing intensity of 
vegetation by shades of green and of bare land by shades of 
pink, while water bodies stand out in darker purplish-blue. 
The price of the poster is $25 plus $3 for shipping. 0 
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AVAILABLE PUBLICATIONS 
OREGON DEPARTMENT OF GEOLOGY AND MINERAL INDUSTRIES 

GEOLOGICAL MAP SERIES Price Ii1 
GMS-5 Powers 15' quadrangle, Coos and Curry Counties. 1971 4.00 __ 
GMS-6 Part of Snake River canyon. 1974 8.00 __ 
GMS-S Complete Bouguer gravity anomaly map, central Cascades. 1978 ___ 4.00 __ 
GMS-9 Total-field aeromagnetic anomaly map, central Cascades. 1978 ___ 4.00 __ 
GMS-I0 Low- to intermediate-temperature thermal ~ and wells. 1978 __ 4.00 __ 
GMS-ll Oregon part, Mineral 15' quadrangle, Baker County. 1978 4.00 __ 
GMS-13 Huntington/Olds Ferry 15' quads., BakerlMalheur Counties. 1979 __ 4.00 __ 
GMS-14 Index to published geologic mapping in Oregon, 1898-1979. 1981 __ 8.00 __ 
GMS-IS Gravity anomaly maps, north Cascades. 1981 4.00 __ 
GMS-16 Gravity anomaly maps, south Cascades. 1981 4.00 __ 
GMS-17 Total-field aeromagnetic anomaly map, south Cascades. 1981 ___ 4.00 __ 

GMS-IS Rickreall Salem West, Monmouth. and Sidney 7Y.' quadrangles, Marion 
and Polk Counties. 1981 6.00 __ 

GMS-19 Bourne 7Y.' quadrangle, Baker County. 1982. ________ -'6.00 __ 
GMS-20 Sy, Burns 15' quadrangle, Harney County. 1982. _______ -'6.00 __ 
GMS-21 Vale East 7Y.' quadrangle, Ma\heur County. 1982. ______ --'6.00 __ 
GMS-22 Mount Ireland 111,' quadrangle, Baker/Grant Counties. 1982 6.00 __ 
GMS-23 Sheridan 1Y.' quadrangle, Polk and Yamhill Counties. 1982. ____ ,6.00 __ 
GMS-24 Grand Ronde 7Y.' quadrangle, Polk/Yamhill Counties. 1982. ____ ,6.00 __ 
GMS-2S Granite 7Y.' quadrangle, Grant County. 1982 6.00 __ 
GMS-26 Residual gravity, north/central/south Cascades. 1982. ______ ,6.00 __ 

GMS-27 Geologic and neotectonic evaluation of north-central Oregon 
The Dalles 1° x 2° quadrangle. 1982 7.00 __ 

GMS-2S Greenhorn 1Y.' quadrangle, Baker/Grant Counties. 1983 6.00 __ 
GMS-29 NEY4 Bates 15' quadrangle, Baker/Grant Counties. 1983 6.00 __ 
GMS-30 SEY4 Pearsoll Peak 15' quad, Curry/losephine Counties. 1984 ___ 7.00 __ 
GMS-31 NWY4 Bates 15' quadrangle, Grant County. 1984 6.00 __ 
GMS-32 Wilhoit 7Y.' quadrangle, ClackamaslMarion Counties. 1984 5.00 __ 
GMS-33 Scotts Mills 1Y.' quad., Clackamas/Marion Counties. 1984 5.00 __ 
GMS-34 Stayton NE 7Y.' quadrangle, Marion County. 1984 5.00 __ 
GMS-3S SWY4 Bates 15' quadrangle, Grant County. 1984 6.00 __ 
GMS-36 Mineral resources of Oregon 1984 9.00 __ 
GMS-37 Mineral resources, offshore Oregon 1985 1.00 __ 
GMS-3S NWY4 Cave lunction 15' quadrangle, losephine County. 1986 ___ 7.00 __ 
GMS-39 Bibliography and index: ocean floor, continental margin. 1986 ___ 6.00 __ 
GMS-40 Total-field aeromagnetic anomaly maps, northem Cascades. 1985 __ 5.00 __ 
GMS-41 Elkhom Peak 7Y.' quadrangle, Baker County. 1987 1.00 __ 
GMS-42 Ocean floor off Oregon and adjacent continental margin. 1986 ___ 9.00 __ 

GMS-43 Eagle Butte & Gateway 1Y.' quads., JetfersonlWasco C. 1987 ___ 5.00 __ 

as set with GMS-44 and GMS45 11.00 __ 
GMS44 Seekseequa lunct.lMetolius B. 7Y.' quads., letfcrson C. 1987 ____ 5.00 __ 

as set with GMS43 and GMS45 11.00 __ 

GMS-45 Madras WestlEast 1Y.' quads.,letferson County. 1987 5.00 __ 
as set with GMS43 and GMS-44 11.00 __ 

GMS46 Breitenbush River area, Linn and Marion Counties. 1987 _____ 1.00 __ 

GMS-47 Crescent Mountain area, Linn County. 1987 7.00 __ 
GMS-48 McKenzie Bridge 15' quadrangle, Lane County. 1988 9.00 __ 
GMS49 Map of Oregon seismicity, 1841-1986. 1987 4.00 __ 
GMS-SO Drake Crossing 7'/" quadrangle, Marion County. 1986 5.00 __ 
GMS-51 Elk Prairie 7Y.' quadrangle, Marion and Clackamas Counties. 1986 __ 5.00 __ 
GMS-S2 Shady Cove 7Y.' quadrangle, lackson County. 1992 6.00 __ 
GMS-53 Owyhee Ridge 7Y.' quadrangle, Ma\heur County. 1988 5.00 __ 
GMS-S4 Graveyard Point 711,' quad., Malheur/Owyhee Counties. 1988 ____ 5.00 __ 
GMS-55 Owyhee Dam 7Y.' quadrangle, Ma\heur County. 1989 5.00 __ 
GMS-S6 Adrian 1Y.' quadrangle, Malheur County. 1989 5.00 __ 
GMS-57 Grassy Mountain 7Y.' quadrangle, Malheur County. 1989 5.00 __ 
GMS-5S Double Mountain 7Y.' quadrangle, Ma\heur County. 1989 5.00_,_ 
GMS-S9 Lake Oswego 7Y.' quad., Clackam., Mulln., Wash. Counties. 1989 __ 1.00 __ 
GMS-60* Damascus 111,' quad., Clackarn, Multn Counties. 1994 8.00 __ 
GMS-61 Mitchell Butte 1Y.' quadrangle, Ma\heur County. 1990 5.00 __ 
GMS-62* The Elbow 1Y.' quadrangle, Ma\heur County. 1993 8.00 __ 
GMS-63 Vines Hi1l1Y.' quadrangle, Malheur County. 1991 5.00 __ 
GMS-64 Sheaville1W quadrangle, Malheur County. 1990 5.00 __ 
GMS-65 Mahogany Gap 711,' quadrangle, Malheur County. 1990 5.00 __ 
GMS-66 lonesboro 7Y.' quadrangle, Malheur County. 1992 6.00 __ 
GMS-67 South Mountain 7Y.' quadrangle, Malheur County. 1990 6.00 __ 
GMS-6S Reston 7Y.' quadrangle, Douglas County. 1990 6.00 __ 
GMS-69 Harper 1Y.' quadrangle, Ma\heur County. 1992 5.00 __ 
GMS-70 Boswell Mountain 711,' quadrangle, lackson County. 1992 1.00 __ 
GMS-71 Westfall 7Y.' quadrangle, Malheur County. 1992 5.00 __ 
GMS-72 Little Valley 1Y.' quadrangle, Malheur County. 1992 5.00 __ 
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Priceli1 
GMS-73* Cleveland Ridge 1Y.' quadrangle,lackson County. 1993 5.00 __ 
GMS-74 Namorf1Y.' quadrangle, Malheur County. 1992 5.00 __ 
GMS-75 Portland 7'/" quadrangle, Mulln., Wash, Clarlc: Counties. 1991 ___ 7.00 __ 
GMS-76 Carnas Valley 7'/" quadrangle, Douglas and Coos Counties. 1993 __ 6.00 __ 
GMS-77 Vale 30x60 minute quadrangle, Malheur County. 1993 10.00 __ 
GMS-7S Mahogany Mountain 30x60 minute quadrangle, Ma\heur C. 1993 __ 10.00 __ 
GMS-79* Earthquake hazards, Portland 7Y.' quad, Multnomah C. 1993 ___ 20.00 __ 
GMS-80* McLeod 7Y.' quadrangle, Jackson County. 1993 5.00 __ 
GMS-81 * Tuma\o Dam 7Y.' quadrangle, Deschutes County. 1994 6.00 __ 
GMS-82* Limber lim Creek 7Y.' quadrangle, Union County 1994 5.00 __ 
GMS-83* Kenyon Mountain 711,' quadrangle, Douglas/Coos Counties. 1994 __ 6.00 __ 
GMS-84* Remote 7Y.' quadrangle, Coos County. 1994 6.00 __ 
GMS-8S* Mount Gurney 1Y.' quadrangle, Douglas/Coos Counties. 1994 ___ 6.00 __ 
GMS-86* Tenmile 111,' quadrangle, Douglas County. 1994 6.00 __ 
GMS-8S* Lakecreek 1Y.' quadrangle, lackson County. 1995 8.00 __ 
GMS-89* Earthquake hazards, Mt. Tabor 111,' quad., Multnomah C. 1995 __ 10.00 __ 
GMS-90* Earthquake hazards, Beaverton Th' quad., 1995 10.00 __ 
GMS-91* Earthquake hazards, Lake Oswego Th' quad., 1995 10.00 __ 
GMS-92* Earthquake hazards, Gladstone 111,' quad, 1995 10.00 __ 
GMS-93* Earthquake hazards, Siletz Bay area, Lincoln County, 1995 ___ 20.00 __ 
GMS-94* Charleston 111,' quadrangle, Coos County. 1995 8.00 __ 
GMS-97* Coos Bay 111,' quadrangle, Coos County. 1995 6.00 __ 
GMS-9S* Dora and Sitkum 111,' quadrangles, Coos County. 1995 6.00 __ 
GMS-99" Tsunami hazard map, Siletz Bay area, Lincoln County. 1996 ___ 6.00 __ 

SPECIAL PAPERS 
2 Field geology, SW Broken Top quadrangle. 1978 5.00 __ 
3 Rock material resources, Clackarn., Columb., Mulln, Wash C. 1978 ___ 8.00 __ 
4 Heat flow of Oregon 1978 4.00 __ 
5 Analysis and forecasts of demand for rock materials. 1919 4.00 __ 
6 Geology of the La Grande area. 1980 6.00 __ 
7 Pluvial Fort Rock Lake, Lake County. 1979 5.00 __ 
S Geology and geochemistIy of the Mount Hood volcano. 1980 4.00 __ 
9 Geology of the Breitenbush Hot Springs quadrangle. 1980 5.00 __ 
10 Tectonic rotation of the Oregon Western Cascades. 1980 4.00 __ 
11 Bibliography and index of theses and diasertations, 1899-1982. 1982 ___ 1.00 __ 
12 Geologic linears, northem part of Cascade Range, Oregon. 1980 4.00 __ 
13 Faults and lineaments of southern Cascades, Oregon 1981 5.00 __ 
14 Geology and geothermal resources, Mount Hood area. 1982 8.00 __ 
15 Geology and geothermal resources, central Cascades. 1983 13.00 __ 
16 Index to 018 Bin (1939-18) and 018gon Geology (1979-82). 1983 5.00 __ 
17 Bibliography of Oregon paleontology, 1192-1983. 1984 1.00 __ 
IS Investigations of talc in Oregon. 1988 8.00 __ 
19 Limestone deposits in Oregon 1989 9.00 __ 
20 Bentonite in Oregon 1989 1.00 __ 
21 Field geology, NWY4Broken Top 15' quadrangle, Deschutes C. 1987 ___ 6.00 __ 
22 Silica in Oregon 1990 8.00 __ 
23 Forum on Geology of Industrial Minerals, 25th, 1989, Proceedings. 1990 __ 10.00 __ 
24 Index to Forums on the Geology of Industrial Minerals, 1965-1989. 1990 __ 1.00 __ 
25 Pumice in Oregon 1992 9.00 __ 
26 Onshore-offshore geol. cro.. section, N. Coast Range to cont. slope. 1992 __ 11.00 __ 
27 Economic analysis, construction aggregate marlc:ets and forecast. 1995 ___ 15.00 __ 

OIL AND GAS INVESTIGATIONS 

3 Foraminifera, GeoeraJ Petroleum Long Bell #1 well. 1913 4.00 __ 
4 Foraminifera, E.M Warren Coos County 1-1 well. 1913 4.00 __ 
5 Prospects fornatura\ gas, upper Nehalem River Basin. 1976 6.00 __ 
6 Prospects for oil and gas, Coos Basin. 1980 10.00 __ 
7 Correlation of Cenozoic stratigraphic units, W Oregon!Washington. 1983 __ 9.00 __ 
Ii Subsurface stratigraphy of the Ochoco Basin, Oregon 1984 8.00 __ 
9 Subsurface biostratigraphy of the east Nehalem Basin. 1983 1.00 __ 
10 Mist Gas Field: Exploration/development, 1979-1984. 1985 5.00 __ 
11 Biostratigraphy of exploratoJy wells, W Coos, Douglas, Lane Co. 1984 ___ 7.00 __ 
12 Biostratigraphy, exploratory wells, N. Willarnette Basin. 1984 7.00 __ 
13 Biostratigraphy, exploratory wells, S. Willarnette Basin. 1985 1.00 __ 
14 Oil and gas investigation of the Astoria Basin. 1985 8.00 __ 
15 Hydrocarbon exploration and occurrences in Oregon. 1989 8.00 __ 
16 Available well records and samples, onshore/offshore. 1987 6.00 __ 
17 Onshore-offshore cross section, Mist Gas Field to cont. shelf7slope. 1990 __ 10.00 __ 
IS Schematic fence diagram, S. Tyee basin, Oregon Coast Range. 1993 ____ 9.00 __ 
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AVAILABLE DEPARTMENT PUBLICATIONS (continued) 

BULLETINS Price if 
33 Bibliography, geol. &; min. res. of Oregon (1st suppl. 193645). 1947 ___ 4.00 __ 

36 Papers on Tertiary Foraminifera (v. 2 [parts VIl-Vlll] only). 1949 4.00 __ 
44 Bibliography (2nd supplement, 1946-50). 1953 4.00 __ 
46 Ferruginous bauxite, Salem Hills, Marion County. 1956 4.00 __ 
S3 Bibliography (3rd supplement, 1951-55). 1962 4.00 __ 
65 Proceedin&" of the Andesite Conference. 1969 11.00 __ 
67 Bibliography (4th supplement, 1956-60). 1970 4.00 __ 
71 Geology oflava tubes, Bend area, Deschutes County. 1971 6.00 __ 
78 Bibliography (5th supplement, 1961-70). 1973 4.00 __ 
81 Geologic ha2ards of Bull Run Watershed, Multn/Clackam C. 1974 8.00 __ 

87 Environmental geology, western CoosIDougias Counties. 1975 10.00 
88 Geology/min. res., upper Chetco R. drainage, Cwty/Josephine C. 1975 ___ 5.00= 
89 Geology and mineral resources of Deschutes County. 1976 8.00 __ 
90 Land use geology ofwestem Cwty County. 1976 10.00 __ 
91 Geologic hazards, parts ofN. Hood River, Wasco, Sherman C. 1m 9.00 __ 
91 Fossils in Oregon. Collection ofreprints from the Ore Bin. 1m 5.00 __ 
93 Geology, mineral resources, and rock material, Cwty County. 1977 8.00 __ 
94 Land use geology, central Jackson County. 1977 10.00 __ 
9S North American ophiolites (lGCPproject). 1977 8.00 __ 
96 Magma genesis. AGU Chapman Conf on Partial Melting 1m 15.00 __ 
97 Bibliography (6th supplement, 1971-75). 1978 4.00 __ 
98 Geologic hazards, eastern Benton County. 1979 10.00 __ 
99 Geologic hazards of northwestern Clackamas County. 1979 11.00 __ 
101 Geologic field trips in W Oregon and SW Washington. 1980 10.00 __ 
101 Bibliography (7th supplement, 1976-79). 1981 5.00 __ 
103 Bibliography (8th supplement, 1980-84). 1987 8.00 __ 

MISCELLANEOUS PAPERS 
5 Oregon's gold placers. 1954.-:-~_-:--:-_-,-________ .2.00 __ 

11 Articles on meteorites (reprints from the Ore Bin). 1968 4.00 __ 
15 Quicksilver deposits in Oregon. 1971 4.00 __ 
19 Geothermal exploration studies in Oregon, 1976. 1977 4.00 __ 
10 Investigations ofnickel in Oregon. 1978 6.00 __ 

Price It[ 

SHORT PAPERS 
lS Petrography of Rattlesnake Formation at type area. 1976. _______ ,4.00 __ 

17 Rock material resources of Benton County. 1978 5.00 __ 

MISCELLANEOUS PUBLICATIONS 
Relative earthquake hazard map, Portland quadrangle (DOGAMI/Metro), 
1993,withscenarioreport(addS3.ooformailing),-:-=-:-::---:---:-_____ 10.00 __ 
Geology of Oregon, 4th ed, E.L. and WN. Orr and E.M Baldwin, 1991, 
published by KendalllHunt (add $3.00 for mailing), ________ ~26.95 __ 

Geologic map of Oregon, G.W Walker and N.S. MacLeod, 1991, 
published by USGS (addS3.ooformailing), ___________ 11.50 __ 

Geological highway map, Pacific Northwest region, Oregon, Washington, and 
part ofIdaho (published by AAPG). 1973 8.00 __ 
Oregon Landsat mosaic map (published by ERSAL, OSU). 1983 11.00 __ 
Mist Gas Field map, rev. 1996, with 1993-95 production figs. (OFR 0-96-1) __ 8.00 __ 

Digital form ofmap (CAD formats .DON, .DWG, .DXF), 314-in. diskette 25.00 
Mist Gas Field production figures 1979 through 1992 (OFR 0-946) -- 5.00= 
Northwest Oregon, Correlation Sec. 24. Bruer &; others, 1984 (AAPG) 6.00 __ 
Oregon rocks and minerals, a description. 1988 (OFR 0-88-6) 6.00 __ 

Mineral information layer for Oregon by county (MILOC), 1993 update 
(OFR 0-93-8), 2 diskettes (5V .. in., high-dcnsity, MS-DOS),-:--:-____ 25.00 __ 
Directoty of mineral producers, 1993 update, 56 p. (OFR 0-93-9) 8.00 __ 
Geothermal resources of Oregon (published by NOAA). 1982, ______ 4.00 __ 
Mining claims (State laws governing quartz and placer claims) _____ ,Free __ 

Back issues of Oregon Geology 3.00 __ 
Color postcard with Oregon State Rock and State Gemstone, _______ 1.00 __ 

Separate price lists for open-me reports, tour guides, rec:reationalgold minIng 
infonnation, and non-Departmental maps and reports wiD be mailed upon request

GMS maps marked with an asterisk (")are available In digital form on diskette 
(geologlcallnfonnation only). 

The Department also sells Oregon topographic maps published by the U.s. Geo
logical Survey. 

ORDER AND RENEWAL FORM 
Check desired publications in list above or indicate how many copies and enter total amount below. Send order to The Nature oCtile Northwest Infonna
tion Center, Suite 177, 800 NE Oregon Street, Portland, OR 97232-2162, or to FAX (503) 731-4066. If you wish to order by phone, have your credit 
card ready and call (503) 872-2750. Payment must accompany orders ofless than $50. Payment in U.S. dollars only. Publications are sent postpaid. All sales 
are final. Subscription price for Oregon Geology: $10 for 1 year, $22 for 3 years. 

Renewal_ I new subscription_ to Oregon Geology: 1 year ($10) or 3 years ($22) $ ________ _ 
Total amount for publications marked above: $ ----------
Total payment enclosed or to be charged to credit card as indicated below: $ ----------

Name 
Adme~ss-------------------------------------------------------------

City/StatelZip, _____________________________________________________ __ 

Please cbarge to Visa_ I Mastercard_, account number: ___________________ _ 
Expiration date: __________________________________ _ 

Cardholder's signature ____________________________ _ 

100 OREGON GEOLOGY, VOLUME 58, NUMBER 4, JULY 1996 



OREGON GEOLOGY 
published by the 
Oregon Department of Geology and Mineral Industries 

• 



OREGON GEOLOGY 

VOLUME 58, NUMBER 5 SEPTEMBER 1996 
.......- .. _IoJ"""Y . .. _ .. .,./IOI)',~ .... _.,_ ........ .,._ 
"OooIo&Y "Mi_'-'~_' ___ " ___ "''''''') 
Go~~mJ.nc IWard 
Jacqueline G. Haggeoty. Chair ............. ..•.......... .. .. .. ......... Entaprisc 
Donald W. Christensen ......... ..... ......... ........... ... __ .. _ .. ....... Depoe Bay 
John W. StcphCfU , .... _ ........ .... ........... .... ................................ Ponland 

Slal~ Geo((.'ist........ . .......... ........... ..... ............... ... Donald A Hull 
D.puly Stilt., C.eoloCist ......... ..... ......... ....... ....... John D. BeauliC\l 
Publications Manac~rIJoAUtor ......•...... _ ..• " , •. ......... Beverly F. Vogt 
Production F.ditor _ .......... .. ... .. .. , ..... ........ ...... Klaus K.E. Neuendorf 
Produclion Aasistanb .. ......... ... ......... ............... __ .. . , •.. , Gmcva &cl< 

Kate Halstead 

Main om.,.,: Suite 965, 800 NF. Oregon Slnet /I 28, Portland 
97232, p~ ('03) 73 14100, FAX (503) 731-4(166, 
Baker City fuld Omce: 1831 Firsl Sind, Baker City91814, phone 
('4 1) ~23·3133, FAX (~41) 523·5992, 
Mark L. Ferns., Regional Geologist 
Grants P ... Field Office: 5315 Monument Drive, Grants Pass 
91526, phone (541) 416-2496, FAX (HI ) 414-3)58, 
Thomas J, Wi ley, Regioml Geologist. 
Mined Land Redamlltlon ProCram: 1536 Queen Ave, SE, Albany 
91321, phone (H I) 967-2039, FAX (HI)?61.201 5. 
cnry W. Lynch. Supervisor. 
The Natu~ oHhe Northwest Inrormation Center: Suite 171, 800 
NE Oregon Street /I 5, PoI11and, OR 91232·2 162, phone (503) 812-
2750, FAX (503) 7314066, Donald J. Haines, Manager. 

S«OOd class postage paid at PoI11and, Oregon. Subscription rates: 
I year, $ 10: 3 yean. $22. Single issues, $3. Address subscription or· 
den, renewals, and changesofaddressloOregon GeQlogy, Suite 965, 
800 NE Oregon Street 11 28, Portland 91232. POSTMASTER: Send 
address changes 10 Oregon Geology, Suite 965, 800 NE Oregon 
Street 1/ 28, Portland m32-2162. 

OregOil Geology is dcsi~ to reach" wide spe.ctrum of ruden 
interc$led in the geology and mineral industry of Orcgon_ Manuscript 
contributions arc invited on both technical and general-interest &lib
jtdl; relating 10 Oregon geology. Two copies of the manuscript should 
be submitted. If manuscript was prepared on common word
processing equipment., a file copy on diskette should be submitted in 
place of One paper copy (from Macintosh sy$lems, higl>.dcnsity 
diskette only~ Graphics should be camera ready; photographs should 
be black-and·white glO$$ies. All figures should be clearly marked; fig
ure captions should be together al the end of the text. 

Style is generally lhat of U.S. Geological Survey publicalions. 
(See USGS S~ggesljom fo Aulhors, 7th ed., 199 1, or recent issues of 
Orcgon Geology.) Bibliography $hould be limited to refermcn cited 
Authors .re re5ponsible for the accuracy of the bibliographic ~fcr_ 
cnccs. lnc:lude names ofrey;ewen in the acknowledgments. 

Au!hon! will ~ccivc 20 complimentary copies of the '$Sue con
taining \heir contribution. Manuscripts, lellerS, noIices, and meetln8 
announcements should be SCll110 Beverly F. Vogt, Publications Man
ager, a(the PoI1land office (address above), 

PenniMion is granled 10 reprin1 information contained herein. 
Cledit given to the Oregon Department of Geology and Mineral In
duslr'ics for compiling thil: information will be appreciated Conclu
sions and opinions presented in articles arc those of the authors and an: 
not m'ccssanly endorsed by the Oregon DepartmenI of Geology and 
Mineral Industries. 

Cover photo 
Thru Fingered Jock, Ihe remains of a Plei.locelU shield vol· 

canO. new i' from the wesl. DCTQjJ &nuam LAke. This is one of the 
relalively)'Oung ll'O/canoes Ihal buill up lire Cascade Range. TIN 
field trip gUide beginnjng on tire next page leads largely along the 
border between lIN "~J/e", and Ihe High C(ucodes. 
Photo CQu r/el)'John Blum. Stayton, Oreg"". 

Seismic Policy Council to meet in Montana 
The Western States Seismic Policy Council (WSSPC) 

will hold its annual conference September 18-21, 1996, at 
the KwaTaqNuk Resort in Polson, Montana. Conference 
sessions will deal with sueh topies as geology, earthquake 
information, preparedness, mitigation, emergency re
sponse, and partnerships. A field excursion will offer visits 
to imeresting seismic sites in the Mission fault area ofMon
tana and include both geologically inleresting sites and ar
eas of successful mitigation effons. 

Rcgistration fees emitle participants to attend all pro
grams and social events, including all breakfasts and 
lunches, the conference banquet, and the vendor fair. Early 
regist ration by August I is $210 registrant, $60 spouse, $25 
field excursion; later registration costs are $240, $90, and 
$25, respectively. WSSPC will invoice prior to the confer
ence but not on site or after the conference. 

The KwaTaqNuk Resort is located at Montana's Flat
head Lake, south of Glacier National Park, and is operated 
by the Confederated Salish and Kootenai Tribes. Rooms are 
$48 single, $78 double (+4% room tax), and $10 for each 
additional guest. For reservations, call 1-800-882-6363. 

WSSPC receives conference registrations at 121 Second 
Street, 4th F1oor, San Francisco, CA 94105, or by FAX at 
(4 15) 974-1747, or e-mail at wsspc@wsspc.org. The orga
nization can also be reached by phone at (415) 974-6422 or 
at its web site http://www.wsspc.org. 0 

Engineering seminar focuses on ground 
stabilization and seismic mitigation 

The Oregon Section Geotechnical Group of the Ameri
can Society of Civil Engineers (ASCE) and the Oregon De
partment of Geology and Mineral Industries (DOGAMI) 
will sponsor a seminar that presents the latest information 
on ground stabilization techniques and methods for reduc
ing seismic liquefaction hazards. The seminar will be held 
Wednesday and Thursday, November 6-7. 1996, in Room 
HOC of the Orcgon Building (State Office Building), 800 
NE Oregon Street, in Portland. 

Speakers from industry and universities will present a 
mix of recent research and its applications to engineering 
problems. Numerous case histories will be presented on 
such techniques as wick drains, tangent piles. micropilcs, 
slone columns, and stabilization pilings. The Wednesday 
series will concentrate on the control of scttlemenls and 
ground movements for new and existing structures. Thurs· 
day's speakers will discuss seismic mitigation methods. 

Information is available from Wesley Spang, AGRA 
Earth and Environmental, Inc. , 7477 SW Tech Center 
Dri\'e, Portland, OR 97223-8025, phone (503) 639-3400; 
or from Mei Mei Wang of DOGAMl, who can be contacted 
at the Portland office address listed in the box on the left 
side of this page. 0 
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Water, rocks, and woods-A field excursion to examine the 
geology, hydrology, and geothermal resources in the 
Clackamas, North Santiam, and McKenzie River drainages, 
Cascade Range, Oregon 
by David R. Sherroi, Steven E. /ngebritse,,2, John .'vI. Curlesi, Terry E.c. Keith 4

, NancyM. Dia/, Thomas G. DeRoo$, and 
Sanford L. Hurlocke/' 

I This guide was prepared for a field trip conducted in conjunction with the Geological Society of 
America Penrose Conference on fluid·volcano interactions, Kahnceta, Oregon, October 4-9, 1992. 

Please be sure to read the warning notice at the end of this article. 

INTRODUCTION 
Water- how ii navels through the upper crust, how it 

is healed in hydrothermal systems above or adjacent to 
magma, how it alters rocks to reduce their permeability, 
how it disperses geothermal energy in the ncar-surface 
environment- these aspects of hydrogeology arc the fo
cus of a fie ld trip that preceded an October 1992 Penrose 
Conference on fluid-volcano interactions. In the Cas
cade Range, some uncertainty s till surrounds the inter
pretation of heat-flow data. Anomalously high heat mea
sured in the Western Cascades may be an expression of 
localized deep mag matic heat sources. Or it may result 
from groundwater fl owing late rally, flu shing heat west
ward from beneath Quaternary volcanoes in the High 
Cascades to reappear at diffuse sites in the Western Cas
cades or locally focused at hot springs in valley floors 
there. These divergent interpre tations have important 
implications for the assessment of geothermal resource 
potential and explorat ion of geot hermal energy. 

This trip cove rs 140 road miles from Estacada in 
Clackamas County to Santiam Pass on the border be
tween Linn and Jefferson Counties (Figure I ). The route 
traverses pans of the Western and High Cascades, and 
the text emphasizes how topog raphic contrasts between 
these physiographic subprovinces influence hydrogeo
logic conditions in the Cascade Range. Two major hot
spring systems, Austin and Breitenbush, are passed 
a long the route (Stops 2 and 4); and a third system, the 
McKenzie River group of springs, is discussed at the last 
stop (Stop 6). Driving time is about 3% hr plus the t ime 
taken for the 6 or 7 stops, which can vary from 30 min
utes to 60 minutes each. 

I us. ~otogical Survey, P.O. Box 31, Hawaii NatiOllal Park.. HI 96718. 
1 US. Geological Survey, 343 Middlefield Rd., Mmlo Park.. CA 94023. 
) Dept. of~enca, Oregon State Univn'Sity, Corvallis, OR 97331. 
• U.S. Geological Survey. 4200 University Dr., Anchonogc, AK 99508. 
S US. Forest Service:, MI. Hood National Forest. 2933 NW Divi.ion St., 

0resIwn. OR 97030. 
~ U.S. Forest SeJVice, Willametu National Forest, HC-73, Box 320. 

Mill City, OR 97360. 

MILEAGE DESCRIPTION 
(inltTvalicumulal ive) 

0.0/0.0 Estacada, traffic signal at intersection of Broad
way Street and State Highway 224. Follow 
Highway 224. Route leads southeasl towards 
Ripplebrook Ranger Station (Figure I). The 
first S.7 mi are along new road a lignment built 
since 1985. 

3.9/3.9 Optional stop, viC\vpoint. Top of grade (crest 
of hill) with room to pull out on right, as road 
begins descent into Clackamas River valley. 

From this vantage, on a clear day, the travele r can look 
southeast along the V-shaped Clackamas River canyon and 
southward along the western slope of the Cascade Range. 
Strata are gently west dipping in this a rea, and the view 
southeast from here has hints of that bedding orientation. 
Like many pans of the Cascade Range, however, topo
graphic expression of bedding is difficult to discern. o\\ing 
to thick forest cover, high rates of mechanical e rosion, and 
myriad landslides that disrupt the development of ledges 
along some of the more continuous units. 

More obvious are the clear-cuts that pattern the fo rest 
cover as we look cast and south across the I.I-million-acre 
Mount Hood National Forest. In the last SO years, 0. 18 mil
lion acres of this National Forest have been clear-cut, and 
an additional 0.1 million acres have had partial cuts. 
Wilderness and watershed preserves constitute about 0.26 
million acres (Tom Ortman, USDA Forest Service [USFSI, 
oral communication, 1992). Elsewhere in Oregon , clear
cutting has been shown to modify the timing and magni
rude of peak streamflow (Fredriksen, 1970). Clear-cutting 
also is associated with increased sediment discharge, a l
though this may be more a function of road building than 
greatly increased erosion of logged areas (e.g., Fredricksen. 
1970; Swanson and Dyrness, I97S) . 

A subtle re lationship exists between landforms. forest 
fires. and subsequent forest growth. Imagine a fire con
tained within the river valley, for example. Such fires tend 
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Our purpose at this slop is to consider the 
role that li thologic variation plays in some 
temperature profiles. The Columbia River 
Basalt Group here consists of nearly flat-lying 
lava flows and interflow breccia (Figure 2A). 
Most lava flows of the Columbia River Basalt 
Group wcre erupted between 17 and 13.5 Ma 
from dike swarms located 400 km east of the 
Cascade Range; they flov.'Cd west across the 
area of the present-day Columbia Plateau and 
lapped against older rocks of the Cascade 
Range (Figure 3), Some lava flooded through 
low gaps in the range in nonhem Oregon and 
southern Washington and progressed as far as 
the Pacific Ocean. The flows in the Clacka
mas River area have been mapped and de
scribed in detail by Anderson (1978). 

Contrasts in permeability bet"''eCn massive 
lava and breccia are responsible for the 
stepped geothermal gradient seen in a hole 
drilled in the Columbia River Basalt Group 
across the Clackamas Rjver from Estacada 
(Figure 2B). Slight differences in hydraulic 
head between breccia zones cause flow be· 
tween zones when they are connected by the 
drill hole. Steep temperature gradients 
(subhorizontal steps on Figure 28) are associ· 
ated with each permeable zone, whereas low 

Figure I. Trip route from Estacada to Santiam Pass. Inset shows phys· 
iographic provinces of Oregon. Encircled numerals are field· trip stops. 
Naming of hot springs follows conventions on published topographic 
maps; names in lower ca.~e are informal. 

gradients (near·uniform temperatures over a 
large depth range) characterize the interven· 
ing massive flows. 

The Columbia River Basalt Group, al· 
though not part of Cascade Range volcanism, 
forms an easi ly identified st ratigraphic 

to be spotty, because wind patterns and wood supply work 
to minimize rampant burning. Natulal reforestation after
wards resulls in a diverse, intricate panern offorest species. 
In contrast, a fire on the broad upland slopes and flanish 
regions at higher elevations can bum quickly across large 
areas. Subsequent reforestation creates even-aged, homoge
neous stands of timber. Wildlife is tied to habitat, and the 
fire·modified landscape will see changing use and (or) mi· 
gration patterns, especially of large mammals and birds. 

1.8/5.7 

0.7/6 .4 

3.3/9.7 

Route joins old foad alignment, which may be 
the only road shown on many maps. Road to 
right leads back (west) to dam. 

Mount Hood National Forest sign (entering Na· 
tional Forest lands). 

Stop I-Big Cliff. At road level are excellent 
exposures of Grande Ronde Basalt (prineville 
chemical rypc), a formation in the Columbia 
River Basalt Group. 

marker-and one well exposed in many local· 
ities because its lava is erosion resistant. Along the Clacka· 
mas River, the lava flows form cliffs and open sunny bluffs 
that support unique biological communities. Scorpions, 
poison oak, and perhaps rattlesnakes, while not common in 
thc western part of the Cascade Range at this latitude, are 
found sporadically among outcrops of the Columbia River 
Basalt Group, especially the south·facing exposures. So, 
too, is found the Oregon white oak, a species far mOle com· 
mon in the Willamette V.tlley and on eastern slopes of the 
Cascade Range, where the honer, drier summers favor its 
growth. Note how the deciduous trees grow in shaded clefts 
and fractures . 

0.7/10.4 Bridge, Memaloose Road to right. Continue on 
maio highl'l·ay. "Memaloose" is Chinook jar· 
gon for "dead" or "death." ("Jargon" used in its 
linguistic sense as a language group comprising 
v .. ords from severa l separate languages.) Folk 
legend holds that an Indian chief is buried 
along ridge at headwaters of Memaloose Creek 
(Beth Walton. USFS, oral communication, 1992). 
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Although not visible from our route A. 
along the canyon bottom, Pliocene basalt 
caps canyon walls on the northeast. These 
lava flows were emplaced along a broad 
paleovalley, before the ancestral Clacka-
mas River began to carve its deep narrow 
gorge. The basalt fl ows along the Clacka-
mas River are not directly dated, but they 
can be traced nearly to the High Rock area 
of the Cascade Range, where petrographi-
cally similar rocks fonn the lowest part of 
a conformable sequence of lava flows as 
young as 2.78%0.09 Ma (Sherrod and Con-
rey, 1988). For this reason, we assign the 
entire sequence an age between about 3 and 
2 Ma. The modem gorge has been cut since 
that time. 

0.4/10.8 

0 .8111.6 

Lazy Bend Campground B. 
(USFS). 

Oak plant communities thrive 
on south-faci ng slopes above 
road. 

3.4/ 15.0 Big Eddy picnic ground 
(USFS). 

" 

AI Big Eddy, the northwest-trending 
channel of the Clackamas River turns 
abruptly northeast, forcing the main cur
rent to the outside of its bend. Outcrops of 
lava further constrict the channeL A short 
distance beyond the constriction, the chan
nel width increases from 8 to 20 m and 
channel depth increases from 1 to 5 m or 
more. These increases combine to create 
two large ovoid eddy cells 6x 15 m and 
4.5x9 m. Many intermittent local vortices 
migrate in the larger eddy. 

1.2116.2 Carter Bridge picnic ground 
(USFS). 

Figure 1. Comparison of Big Cliff stratigraphie section (Stop I) and dis
turbed temperature profile jrom heat-flow hole drilled into Columbia River 
Basalt Group: A- Informally named Prineville basalt of Nathan and Fruchter 
(1974) at rood level (unit Tpv) overlain by 1014'- and high-magnesium chemical 
types of normally polarized Grande Ronde Basalt (units Tgn; and Tgn/l, respec
tively). Photograph and stratigraphie interpretation jrom Anderson (1978). 
~Temperature profile jar hole drilled near Estacada (northwest carner oj sec. 
19, T. 3 S., R. 4 E.) with lithologic I~ring probably similar to that exposed at Big 
Cliff(jrom Ingebritsen and others, 1988). 

0 .5116.7 Highway bridge over Clackamas River. 

0.2116.9 Fish Creek Road to right. Continue on main 
highway. Temperature measurements from 
shallow \\-'Clls in campgrounds nearby provide 
the only conductive heat-flow data for an area 
of about 300-400 km2 centered here (holes no. 
11 , 12, 14, and IS in appendix to Ingebritsen 
and others, 1991). 

2.5/19.4 Roaring River Campground (USFS). 

1.8J2 L2 Road cuts on left show sedimentary interbeds 
that are li thostratigraphic equivalents of the 

\antage Member of the Ellensburg Formation 
in eastern Washington (Anderson, 1978; Ham
mond and others, 1980) and separate Grande 
Ronde Basalt and overlying Wanapum Basalt, 
both uni ts part of the Columbia River Basalt 
Group. Overall lack of volcaniclastic interbeds 
among Oregon Cascade Range exposures of the 
Grande Ronde and Wanapum Basalts indicates 
relative quiescence of arc volcanism from 17 to 
14.5 Ma. 

0.9122.1 Quaternary terrace and talus deposits exposed 
in road cuts on left. 

0.3122.4 Three Lynx: Road junction. Continue ahead on 
main highway. 
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1.1123.5 Bridge, Indian Henry Road to right. Trip has 
been in narrow gorge carved in gently west
dipping lava flows of the Columbia River 
Basalt Group. Our southeast-directed travel has 
taken us downsection, and at this point "'e pass 
into Oligocene and lower Miocene vol
canogenic rocks. The narrow gorge abruptly 
widens upstream (southeast) from here because 
of widespread landsliding. a consequence of 
slope failure in the altered tuffaceous vol
canogenic rocks of the Western Cascades. 

At about this point we enter a westward "bulge" in the 
map pattern of some geophysical features. For example, the 
apparent Curie point isothenn, which in the High Cascades 
is located at depths of 6--9 kIn, extends at similarly shallow 
depths into the Weslern Cascades here, although most of 
the Western Cascades have isothenn depths greater than 
9 km (Figure 4). The concept "depth to apparent Curie 
point isothenn" is more correctly described as depth 10 the 
base of the magnetic layer, a geophysical 
property resulting from hydrothennal alter
ation or high temperature. Heal-flow con
tours for 60- and 80_mW/m2 (milliwans per 
square meter) also extend westward to en
close this area before S\\'eeping back east 10-
ward the High Cascades (Figure 4). 

1.1/24.6 Chronically rough road with 
sunken grade as a consequence 
of landsliding. As much as 6 m 
(20 ft) of asphalt reportedly has 
built up over the years, as the 
roadbed is continually relayercd 
along this curve. 

0.6/25.2 Boggy wetland. On warm days 
in laiC spring and summer the 
smeU of skunk cabbage is unmis
takable. (flY not to catch the eye of 
someone sitting near you!) 

2.7/27.9 Timber Lake Civilian Conserva
tion Corps work center. 

A sawmill was built near this site toward 

=> 
Figure 4. Map showing relation between 

near-sur/ace heal flow, apparent Curie
depth boundaries (Connard and others, 
1983; Foote. 1985). and rise in deep 
crustal conductor (Stanley and others, 
1989, 1990). Note westward "bulge" in 
heat-flow contour/or 80 m W/m' and its ap
proximate coincidence with shallow Curle
depth boundary in area 0/ Austin Hot 
Springs. From Ingebritsen and others 
(/99/, /992). 
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Figure 3. Disl1'ibution o/Columbia River Basalt Group 
and location 0/ volcanoes and dikes that led the lava 
flows in It. GeneralizedJrom Tolan and others (/989), 
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the end of World War II, the time when large-scale logging 
began to open up slopes a long thc Clackamas River 
drainage. With the development came attempts to drain 
bogs that dot the surface of this landslide. Forest planners 
presently arc minimizing logging to preserve the landslide
prone area for the rich habitat it possesses. Bogs and mov
ing waler on thc landslide surface create diverse openings 
favorable for wild life . Wetlands here provide imponanl 
winter forage for deer and elk. 

1.0128 .9 Ripplebrook Ranger Station. Wi lderness per
mits, pay telephone. Highway 224 becomes 
Forest Road 46. Continue ahead. 

0.5/29.4 Junction, Forest Road 57 to left. Keep right on 
Road 46. The road not takcn, Road 57, leads 
east to Timothy Lake along the Oak Grove Fork 
Clackamas River. 

As discussed by Ingcbritscn and others (1991), the wa
tershed of the Oak Grove Fork encompasses relatively per
meable lava flows of chiefly Pliocene and Pleistocene age. 
In contrast, the watershed of the main stem of the Clacka
mas River encompasses a wide area of relatively impenne
able, altered Oligocene and Miocene tuffaceous strata. A 
hydrologic consequence of increased penneability is a 
much higher unit baseflow or recharge rate- 26 x 10-9 mls 
(- I mlyr), nearly three times that for the Clackamas River 
downstream between Three Lynx and Estacada (Figure 5). 
Unit baseflow is an estimate of the minimum groundwater 
recharge mte per unit area. Thus, the Oak Grove Fork has 
a proponionately higher groundwater (baseflow) contribu
tionto stream flow (50 percent of annual precipitation) a nd 
a much flatter hyd rograph (less seasonal variation) than the 
main stem of the Clackamas River (baseflow 20 percent of 
annual precipitation). 

~~-

I "" 0IIk a.-~ CIKI<atnas Aiver

1 

n~--'" ~,~'~I"~,~ .. ,-,,~~K~"'''i, 
.--...._ 1lrIi"II9I_ 
~--.... - $.0 . 101 m2 15 _ 3.3. II""'" 

i 1 : =~ V-o..;;""'iCoi 
~ .~:::::=~L3~~ 

UN! IleHIIow ( ..... ) . 9.lHfIow (,"~,.. ) £XPUNA noN 

&$in"M(m~1 : :::~ 

For 0IIk 0.- f011<. uri! ~ • 26 • 10- ..... 
(0.8 mI)orI. Of ~ 50 1*'*">1 01 ......... ~ 

Foo- Oec:toamu RNe< _ Threet,,,,_ 
E--. ori baMIaw· U x 10--".,. (0.26 no'yf). 
Of 1bouI20 __ of ........-I preo::iP,. .... 

.191l 
• 1914 
• I ~U 

c:::J IIASEfWW 

Figure J . Hydrographs showing contrasts in seasonal 
slreom p ow as a consequence a/rock permeability in wa
tersheds fjrom Ingebritsen and others, 199/). Oak Grove 
Fork Clackamas River encompasses relatively permeable 
Pliocene and Pleistocene lava flows. 

3.0/32.4 Riverside Campground. 

0.7/33. 1 Junction. Forest Road 63 (CoJlawash River 
Road) to right. Keep left on Road 46. 

Although not pan of our trip, the Collawash River Road 
is the way to 8agby Hot Springs, located about 10 km south 
of here on the Hot Springs Fork of the Collawash River. 
The Bagby Hot Springs site is uniquc among the Wcstern 
Cascades hot springs for its dilute, high-pH, Na-mixed an
ion waters and its geographic setting isolated. from the Qua
temal)' arc by major drainage divides. Its location. chemi
cal composition. and a relatively low 3HctHe ratio suggest 
that 8 agby is the product of local, relatively deep ci rcula
tion. The Na-mixed anion waters arc similar to thermal wa
ters associated with granitic rocks of the Idaho batholith 
(Mariner and others, 1980). Tertiary granitic or dioritic rocks 
are loca11y exposed in the Bagby Hot Springs area (Walker and 
others, 1985) and may be more widespread at depth. 

The dilute Bagby Hot Springs water contributes negligi
ble chloride flux to the Clackamas River. Anomalous chlo
ride flux (50 grams per second [g1sJ) at the Three Lynx 
gage downstream from the confluence of the Collawash and 
Clackamas Rivers is almost cntirely from Austin Hot 
Springs (also about 50 g1s). 

WHAT'S IN A MEGAWATI'? 
At current U.S. rates of electrical power consump

tion, one megawatt (MW) is sufficient power for 
about 1,000 people. The Clackamas River power net
work creates 170 MW of electrical power (MWc) 
through its series of 5 dams and 16 generators. In the 
Pacific Northwest, hydroelcctric power supplies 
about 16,600 MW" or 74 percent of the average elec
trical energy use (lC. King, Nonh,,"est Power Plan· 
ning Council, written, communication, 1992). In 
contrast, geothermaJ energy presently is used orny for 
space heating in a few scattered locations. Nation
..... ide, geothermal energy ranks third behind hydro
electric energy and energy from biomass burning in 
the renewable energy scheme, and these energy 
sources rank fa r behind electricity generated from 
power plants fueled by coal, gas, or nuclear fiss ion. 
About 2,800 MW" of electric power generating ca
pacity has been instaJled since the early 1960s al 
about 20 geothennaJ sites in the western United 
States, and it is projected that 7,000 MW" of geother
rna] power will be installed by the year 2010 (Bush, 
1992). The Geysers field in nonhem California is the 
largest gcothermal complex in the United States, pro
ducing about 1,500 MW of electricity from 25 operat
ing uni ts. The Geysers fi eld is eminently successful 
because the wells produce pure steam, whereas other 
producing geothermal fie lds commonly yield hot liq
uid or mixtures of steam and relatively sali ne liquid. 
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0.5/33.6 Gabbro sill fonns cliffs at left. Its age is known. 
on1y as younger than the lower Miocene strata that 
bound it. At this point, we are on the east limb of 
a broad arch, and our travel eastward begins tak
ing us up through the stratigraphic sequencc. 

0.5/34.1 This stretch of the Clackamas River is an out
door biological laboratory. The logs seen spanning 
the river just below water level have been placed 
purposely to create rimes, pools. and gravel beds 
in an attempt to diversify the habitat for fish. 

0 .2/34.3 Austin slide. 

This prelUstoric landslide was reactivated after the toe 
was removed by a 1964 flood. The landslide has obstructed 
traffic on Road 46 and, at one time, partially dammed the 
river. Timber was removed from the slide in 1972. Another 
fl ood in 1974 caused furthe r erosion and renewed landslide 
movemcnt. In 1976, after an extensive geotechnical investi
gation, a large rock fill was placed at the toe to improve 
slope stabili ty. The rock fill , which is keyed below the slide 
plane, is 175 m long, 11 m wide, and ranges in height from 
16 to 25 m. Total weight oCthe fill is about 37,000 tons, or 
about 7 percent of the lotal weight of the lower part of the 
slide. The rock fill functions not as a gravity-resisting but
tress but as a shear key. 

Total cost of the rock fiJI was approximately $ 1 million. 
Periodic monitoring indicates that the rock fill has not 
moved since its installation in 1976, although some parts of 
the slide are moving at a rate of 5-7 cm/yr. 

\.4/35.7 Road 46 crosses private lands of Austin Hot 
Springs. 

0.6136.3 Stop 2-Austin Hot Springs. Stop at east end 
of area, in view of the main orifice, which is 10-
tatcd on south bank of ri\"tr. Other springs seep 
from river bottom. Hot-spring aficionados have 
built many small, stone-lined pools in the river. 

Austin Hot Springs is the largest hot-spring system in 
the Cascade Range. It discharges 120 liters per second (Us) 
of fluid (Table 1) at an orifice temperature of 86<>C; heat 
discharge amounts to 90 MW, (megawatts of thenna1 en
ergy), calculated using a geothermometer temperature of 
186<>C. The heat, if being swept westward by lateral flow 
from the High Cascades, represents the heat generated by 
magmatism aJong 30 km of arc length. Alternatively, the 
heat could be supplied by a single, large magmatic system, 
cither locally or in the High Cascades. 

Like nearl) all hot springs in the Western Cascades, 
Austin is positioned in a canyon floor between 460- and 
760 -m (I ,500- and 2,500-ft) elevation; its elevation is 510 
m (l ,680 ft). The springs emerge -400 m below the top of 
the Breitenbush Tuff, a widespread sequence of Oligocene 
and lower Miocene tuff, lapilli tuff, and minor lava fl ows. 
These rocks are stratigraphically equivalent to the Little 
Butte Formation (peck and others, 1964) elsewhere in the 
Oregon Cascade Range and to units such as the Skamania 
Volcanic Series, Ohanapeeash Fonnation, and Stevens 
Ridge Formation in Washington. The overlying middle 
Miocene rocks afthe Columbia River Basalt Group are ex
posed at an elevation of about 850-910 m (2,790-2,990 tt), 
370-400 m above us in the canyon walls. 

Early visual estimates grossly underestimated the dis
charge of Austin Hot Springs. For example, U.S. Geological 

Table l. Chemical composition, geothennometer temperatures, and discharge data for hot springs in the field-trip area 
(from Ingebritsen and others, 1991). Dashes indicate absence of data. Acidity (pH) in standard units. Temperatures (f) are 
in degrees Celsius (,e). Concentrations are in milligroms per liter (mgIL) and were detennined as follows: cations by induc-
tively coupled plasma; bicarbonate by acid titration; chloride by colorimetry or mel'Curimetric titration; bromide by ion 
chromatography; sulfate by turbidimetry; silica by atomic adsorption and molybdate blue 

c. M, N. K IICO) a 8, so, SI01 T,' T " • Q,"o lHe!'Ht 

Name ,II (-) _ .. _- -.~- -- . ("C) (Us) (RIRJ· .. • 
Austin 7.4 " 0. 10 305 ,.4 36 '9<) I., no 8i 86 186 120±6 ' .7 

Balby 9.4 ,., <O.O~ " 0.7 69 " 
., 74 58 " I., 

Brelttnbusb 7.0 95 1.1 '" 31 137 1,200 4.' 140 163 84 174 13.i.2 '5 
:\1cKenzle River Group 

Bigelo .... 7.8 195 0.53 ,,, l' " 1,230 3.8 140 73 " m 
Belknap 7.' '1 0 0.34 '60 l' " 1,200 3.9 1>0 91 73 1" "., 
Foley ' .0 ' 10 0 .08 '" 8.7 20 1,3~O 4.0 >IO 63 79 100 11 :1:4 

Ter .... illiger •. , m 0.07 '" '.1 ' 1 79<) " '40 47 46 l3> , 
Kalmeeta 8.1 13 0.03 400 11 603 '40 0.8 31 " " 137 ,,., 
• Discharge temperature. 

" Chemica l geothcrmom.eIa" temperatures based on anhydrite saturation except rOl" KIlhneeta and Bagby. which arc based on silica (quaJU) and cation geothtt· 
mometcrs. Solubility of anhydrite (caS04) provide$. geothem>omcter indicatingnwcimum temperature (Ellis and Mahon, 1971). Anbydrite saturation values for 
the Na-CI and N.·C.-CI ..... lcrs that discbarge in the WcstemCascades CO!1"et.tc IWLI with sulf.te-.... ater isotopetcmpcraturcs(Mariner and others, 1993). Tempera· 
tures listed for Kahneeu and Bagby are averages of the quaJU and calion gcolhmnornc:ters. These and other geothcnnomctcrs '" discu5sed by Fournier (1981 ) . 

••• Discharge (Q,) based on chloride-flux mea5urcrncnls e:wept for Bagby Hoi Springs. ~ dischaJge .... as measured directly . 

•••• Isotopic ralio ofJHc to 411e reported as the measured ralio (R) normalized by.tmospheric ratio (R.). 
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KEY OBSERVATIONS AND POSSmLE INTERPRETATIONS OF THE AUSTIN ROT SPRINGS SYSTEM 

ObRrvation Jnterprriadoa. 

High heat discbarg¢ (90 MW,) Caprun ofrcgional heat flow over luge lateral·flow area (100 mW/m1 over 900 I;ml) and (or) lateral 
flow from. known magmatic beat source (fQT example. the Mount Jdfenon area)~ al\emativcly, a local 
magmatic Iw:at 50Urce with no surface eKpreSSion 

IsotopicaUy depleted with respeC'l to local mete
oric water 

Holocene recharge at a rel.tively high elevation (about 1,500 m) or altematively, loci l reclwge during 
ooldertimes (glacial epochs) of~ Pleistocene (roon: than 10,(00)'eaQ ago). Pleistooene recharge un
likely ifculTcn1 discharge rate (120 U s) ill typical for the system 

High 3HerHe ratio (~.7 times atm05phmc ratio) Input of magmatic ~e, either from localized magmatic souroes or from bmcath the High Casca.ks 

Eievakd CI oontent (390 mgIL) May indicate Clleached li-Qfn marine rocks below the volcanic arc. Chlorine content of these and similar 
"'attn col'Te'latel with I~ oontmt (R.H. Mariner, written c:omrnunication, 1992). lodine-129 in Na·Ca-C1 
waters to the 50Uth indicates an Eocene-.ge 5OUn;:e 

No CaCll component May indicate relatively little waltr.rt>Ck interaction (owing to relatively sbon residmce time?). In Austin 
HOI Springs waters, Cl is ionically balanceil by NL In other NaC! bot--spring waters of the Western Cas
cades, a CaC!} component is presenl, pernaps derived from the albitization of plagioclase 

Relativdy low Si01 (like most Na-CI and Na· 
Ca-Cl hot springs in the Cascade Range). 
Geotbmnomder tentperab.lres T".M, (l!8"C) 
and T quart>. (t26OC) much 1000"eI" than 

Probably indicates appreciable watcr-rock reaction in a long outflow structure. T K.~ and T q...w: indicate 
temperatures in the QUtflow struC'IUre. T SO<.H10 and Tlllllydrit< indicate maximum systnn temperatures at 
considerable distan« from the hot springs (R.H. Mariner, written communication, 1992) 

T SOt-HlO (186"C) and T onbydrile (188"C) 

Survey (USGS) Circular 790 (Brook and others, 1979) cites a 
value of 16 Us. More recent measurements, using the solute 
inventory method, indicate discharge of 120±6 LIs (six sets of 
measurements from 1984 to 1989; see Figure 6). The solute 
inventory method measures downstream increases in Na 
and C110ads of streams and has proven rel iable for the Cas
cade Range because most of its thermal walers are rich in 
Na and CI, whereas !he streams are generally very dilute 
(Mariner and others, 1990). Visual estimates of hot-spring 
flow rates fail to measure diffuse discharge or multiple ori
fices that leak directly into streams. 

10 r-----~------,_------r_----, 

Background sodium/chloride ratiO 

8 
Streams without thermal or 

~ffi mineral water input 
~~ 

U ""'" • sodium 

~~ .. 
"!2 • • Ausdn Hoi 
'j • Springs g3 Added chloride Sodium/chloride 
g~ ratio 

2 • CLACKAMAS AIVEA 
• Abova Austin HOI Springs 
o Balow Austin HoI Springs 

0 
0 2 4 6 8 

CHLORIDE CONCENTRATION, IN MILLIGRAMS PER LITER 

Figure 6. Example showing how hot-spring discharge is 
calculated by a solute-flux method. Discharge of Clacka
mas River was 9,400 Us; hot-spring discharge was J 20 U s 
determined by ."'0 increase, 120 Us determined by Cl in
crease (from Ingebritsen and others. 1991). 

The signs posted in !his area to warn of scalding temper
atures are a result of people's trespassing to the orifice, 
badly burning themselves, and !hen seeking legal redress by 
suing the landowner. A limited population of thennophilic 
algae and perhaps some bacterial organisms live in the ori
fice of Austin Hot Springs. 

Resume travel eastward on Road 46. 

2.5/38.8 Dating locale, 13-Ma andesite. The Columbia 
River Basalt Group has pinched out and is ab
sent south of here, so we ascend through the 
stratigraphic sequence without seeing it. (It 
would crop out about here.) 

4.7/43.5 Hydrothermally altered hornblende dacite 
(middle or upper Miocene) in road cut on left . 

0.6/44.1 Bridge on right, Road 4650. 

0.2/44.3 Junction, Road 4660 to left. Continue ahead 
(right) on the main highway. Road enters Big 
Bottom area of the Clackamas River. This is the 
western limit of late Pleistocene glacial ad
vances, and the river floodplain broadens up
stream as a consequence. 

Rhododendron becomes a common shrub upslope begin
ning at about this elevation. Rhododendron seems to like 
coarser textured soils and soils with low nitrogen levels, 
both of which characterize the middle-elevation slopes in 
!he snow zone of the Cascades. A well-developed under
story of rhododendron is a nightmare to anyone conducting 
traverses through the woods. Surprisingly, rhododendron 
diminishes abruptly in the Cascades near !he Columbia River 
and is nearly absent northward in Washington to about the 
Nisqually River on the west side of Mount Rainier. 
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3. 1147.4 Junction, Road 42 (Skyline Road) to left. Con
linue ahead on main highway. The road pro
ceeds on Pleistocene outwash gravel that forms 
several terrace levels; the active Clackamas 
River floodplain is nested among thcse terrace 
deposits. 

most high-temperature hydrothermal systems worldwide 
are related to Quatenwy silicic rocks like these. Silicic vol
canic rocks are probably erupted from upper~rustaI storage 
chambers, whereas mafic volcanic rocks commonly arise 
from deeper rooted, more diffuse magmatic systems (Figure 
8). The Cascade Range has one of the lowest extrusion rates 
fo r volcanic arcs worldwide, 3-6 km3/km1m.y. (Sherrod and 
Smith, 1990), and the magmatic systems that supply most 

5.8153.2 Bridge over Clackamas River. 

1. 1154.3 Junction, Road 4690 (to Olallie 
Lake) on left. Continue ahead. 

Olallie Lake is one of many lakes in the 
glacially scoured lavas of the High Cascades 
north of Mount Jefferson. It shares its name 
with Olallie Bulte, a late Pleistocene basaltic 
andesite shield volcano. The lake is a popu
lar summer fishing area with rustic setting. 
In winter, Olallie Lake Resort boaSts excel
lent cross-country skiing. Guests and their 
equipment are transported to the snowbound 
lake by Sno-Cat. 

0.8/55 .1 SlOp J-Oackamas-Breiten
bush dhide. 

If the weather is clear. attention turns 
quickly to the dramatic views of Mount Jef
ferson and several silicic domes that domi
nate the skyline southeast at the headwaters 
of the Nonh Forie Breitenbush River. Our 
present knowledge of the Mount Jefferson 
area COllies from mapping and geochemical 
study by Richard M. Conrey during the 
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1980s (Conrey, 199 1). Mount Jefferson is a 
composite volcano built mainly in the last ""15 ' 

100,000 years. Main-cone silicic andesite 
lava (62-63 percent Si02) sits atop an older 
mafic a ndesite volcano (57-58 percent 
SiO~, and as many as six volcanoes can be 
distinguished within the entire edifice. Age 
of oldest lava ascribed to the eruption of 
Mount Jefferson proper is about 280 ka (sec 
also age of 290±170 ka reported by Priest 
and others, 1987). The bulk of the cone, 
however. is composed of uruts emplaced 
about 70 ka. 

Although an earlier inlerpretation held 
that Mount Jefferson was an isolated an
desitic cone built cnti rely upon a basaltic 
field (Sutton, 1974; McBirney and White, 
1982), Conrey's exhaustive mapping and 
more than 600 chemical analyses indicate 
that Mount Jefferson is part of a much 
larger, long-lived field of chiefly Quaternary 
andesite and dacite (Figure 7). Daeite and 
rhyodacite domes fonn the prominent bul
bous hills visible in the middle distance; 
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Figure 7. Distribution of Quaternary mafic rocks (basalt and basaltic an
desite) and andesitic to rhyolitic rocks in the High Cascades (generalized 
from Shel7T)d and Smith, J 989). Note similar size of the andesitic to rhyolitic 
fields in the Mount Jefferson and Three Sisters areas. Figure 8 compares 
probable magmatic systems associated with mafic and andesitic to rhyolitic 
volcanism. 
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Basaltic I11desite shield volcano Andesitic-dadtic volcano cluster Western Cascades, some of it going deep 
enough to be heated by magmatic sources in 
the High Cascades and to reappear at hot 
springs in the Western Cascades. Total hot
spring discharge in the Western Cascades is 
less than 0.2 percent of inferred groundwater 
recharge in the High Cascades (Ingebritsen 
and others. 1991). Breitenbush Hot Springs 
is readily explained by lateral flow of watcr 
heated in the Mount Jefferson area. In con
trast, Austin Hot Springs, located 25 km 
north-nonhwest ofhere (41 kIn from Mount 
Jefferson), is separated from Mount Jeffer
son by this major topographic divide. Its hy
draulic connection to the Mount Jefferson 
area is more tenuous. 

... --- ----

-...., --
Figure 8. Contrasting volcano-structural setting of mafic shield volcono 

and ondesitic-dacitic volcano cluster (from Hildreth. /98/). 
Perhaps the single feature common to hot 

springs of the Western Cascades is their lo
cation at the bottom of major stream valleys 

and between elevations of 460 and 760 m (1,500 and 2,500 
ft) (Figure 9). Stratigraphic and structural controls are 
more difficult to define. Most hot springs in the Western 
Cascades are located near the top of a widespread sequence 
of allered ruff and tuffaceous strata ofOligooene to Miocene 
age, which suggests some stratigraphic control resulting 
from permeability contrasts. The McKenzie River group of 
springs, however, is in relatively permeable middle 
Miocene lava flows . Structural control by major faults 
seemingly applies 10 several hot springs, notably the 
McKenzie River group, but the majority of springs are at 
some distance from major faults. 

Cascade mafic shield volcanoes are probably insufficient to 
focus heat and create an economic geothennal resource po
tential. In contrast, the longer lived Quaternary andesitic
dacilic volcano cluster and its associated crustal melting 
and magma storage ate capable of sustaining a hydrothermal 
system of economic proportion (Smith and Shaw, 1975). 

From thi s stOp, we can view the pronounced physio
graphic differences between Western and High Cascades. 
Eastward, the High Cascades fonn a broad ridge with gen
tle slopes. Volcanic construction has kept pace with erosion 
in most areas; strata are late Pliocene and younger in age. 
Nearly every circular hill is a vent of some kind (cinder 
cone, dome, shield volcano, composite volcano), and many 
vents are you nger than 0.73 Ma (formed in Brunhes 
Normal-Polari ty Chron). Westward, the Western Cascades 
form a moderately incised terrane with steep slopes 
(commonly 70-percent slopes, as any Western Cascades 
fi eld geologist will quickly point out). Lower Pliocene 
basalt flows cap several of the rudely concordant ridge tops 
near the margin with the High Cascades, and underlying 
strata arc volcanogenic in origin and Oligocene or Miocene 
in age. Canyon cutting has oct:urred in the last 3 million 
years, and most of the canyons had their present form (and 
two-thirds or more of their depth) by 2 Ma. 

This physiographic divide is a good place to ponder the 
location of heat sources and origin of hot springs in the 
Western Cascades (Breitenbush Hot Springs is 7 km west in 
valley floor of the Breitenbush River). The High Cascades 
physiographic subprovince, which terminates the oro
graphic slope, fonns a broad catchment area for precipita
tion. Rates of groundwater recharge are high; as much as 
50 percent of precipitation infiltrates to recharge groundwa
ter systems (Figure.5 and discussion at milepoint 29.4 apply 
equally here). Groundwater recharge in the Western Cas
cades, where rocks are older and less penneable, generally 
amounts to between I and 10 percent of precipitation . 
Groundwater moves along hydraulic gradients into the 

Resume southerly tra\-'eI on Road 46 into the valley of the 
Breilenbush River. Long downgrade ahead. 
Power lines overhead were installed by Bon
neville Power Administration in the 19.50s to 
bring power into western Oregon from the 
Columbia River power network. 

4.9/60.0 Road 4685 to left. Stay on Road 46 . 

Road para1lels a stretch of the Breitenbush River (on left 
or south in woods) that was reamed out by floods of 1964. 
At that time. it was thought that large logs in the stream 

acted as battering rams to speed streambank destruction; 
therefore logs were removed. Forest practice has changed 
since 1979, and now logs arc maintained in the streams for 
habitat (see milepoint 34. 1 for example). Downstream log 
rrtigration is monitored in this stretch of the Breitenbush 
River to better understand the interactive processes of 
downed vegetation and stream flow (G.E. Grant, USFS, 
written communication, 1989). 

Road 46 is a proposed scenic byway, part of a USFS pro
gram to engender economic diversity and tourism by pro
moting passenger--car travel along the more accessible and 
paved pans of the logging road network. Another part of 
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Figure 9. Hoi springs in lJ~slem Cascades of Oregon lie 
between /,500-/1 and 2.500-ft elevation, with exception of 
Umpqua HOI Springs (2,650 ft), Dark shading shows areas in 
major stream drainages bounded by 1,500· and 2,500-fl con
tours. Major faults shown by bold line; tick on downthrown 
side (from Sherrod and Smith, 1989). 

the program will display new perspoctives in forest prnctices 
through the usc of numbered stops and printed road guides. 

0.5/60.5 Obscure junction, be alert. Thrn Jeft from 
pavement onto dirt Road 4600-050. This food 
passes ntar Breitenbush Hot Springs before re
connecting with main road. 

0.2160.7 Breitenbush Guard Slation (USFS). The station 
was built in 1935 and is now listed on the Na
tional Register of Historic Places. A fire-

, .. . , 
~-----" 

nOMETERS 

• 
~ ,) 

'00 

I~ 
• 
~ .. 
w 
0 

'" 
~+---~--c---~~~--~~ o ~ • ~ ~ ~ 1~ 

TEMPERATURE re) 

Figure 10. TemJHrature profiles fOT Breitenbush Hot Springs 
area; datafrom Ingebrilsen and others (1988). 

prevention technician lives on-site during fire 
season from June until autumn rains have be· 
gun in eamest. 

0.2/60.9 Anesian well north of road (H4 on Figure 10) 
can produce 20-40 LIs, which is double or 
triple the output of nearby Brcitcnbush Hot 
Springs (1 0-11 Us). Water from the well, about 
85°C, is cbemicaUy similar to Breitenbush ther
mal walers. 

0.2/61.1 Breitenbush Hot Springs and Breitenbush 
Community, a spirituaJ conference center, 
across river. We will pause long enough to 
glimpse the setting but will not stop here out of 
courtesy to landowners, instead discussing the 
hot springs while at Stop 4. 

0.8161.9 Dirt road rejoins pavement (Road 46) near Brei
tenbush Campground. COOlinuc straigbt 
ahead on pavement. 
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0.7/62.6 Cleator Bend. Outcrops of altered pumiceous 
tuff, whose pale-grayish-green colors result 
from celadonite. a K-Fe illite-structured clay 
mineral formed by alteration of glass. 

This unit, known as the Cleator Bend Tuff of Hammond 
and others (1982) or part of the quaru-bearing tuff in the 
Breitenbush Tuff of Priest and others (1987), has a plagio
clase K-Ar age of 20.3:>:0.2 Ma (Sutter, 1978; sample DMS-
43 recalculated, using new decay constants). This age may 
be too young, inasmuch as overlying rocks in this area have 
ages as old as 24.9::1:0.3 Ma (see Priest and others, 1987, for 
summary). 

0.9/63.5 Stop 4--Quarry in quartz-bearing asb-now 
tuff. 

This tuff is one of many sma1l- to moderate-volume ash
flow tuffs (a few tens of cubic kilometers) found in the Cas
cade Range. It is rhyolitic in composition (72.6 percent 
Si02, recalculated water-free) (White, 1980, sample 
8X- 102) and contains abundant plagioclase crystals and 
lithic and pumice fragments. Quartz crystals are locally 
abundant in the tuff, and altered ferro magnesian crystals, 
probably originally orthopyroxene and clinopyroxene, are 
present in minor amounts throughout. Ash-flow tuffs in the 
Oregon Cascade Range generally lack quartz as a phe
nocryst phase; sanidine is always absent, and biotite is 
found only in rare instances. 

Hydrothermal alteration is pervasive in this tuff, with the 
once-glassy pumiceous Japilli and matrix replaced by zeo
lite (mainly mordenite and heulandite) and clay minerals 
(celadonite and smectite). This mineralogy indicates alter
ation temperatures between 90°C and 150°C (Figure II ). 
The nearly isochemical alteration of glass in the tuff has 
reduced pore volume and interstitial permeability. Thin 
"einlets of celadonite. zeolite, opal, and (or) calcite occur 
locally. A K-Ar celadonite age of 17- 18 Ma .... 'as recently 
obtained from the Cleator Bend sample locality (milepoint 
62.6), and an age of about 20.5 Ma was obtained from fine
grained illite in silicified tuff on Boulder Ridge, 8.5 km 
southwest from here (M. Shafiqullah and T. Keith, unpub
lished data, 1992). Thus, the zeolite-clay alteration greatly 
prcdates the present hydrothermal system. 

This quartz-bearing tuff is exposed ncar the orifices at 
Breitenbush Hot Springs and is believed to be the same unit 
that hosts a thermal aquifer at the depth from 752 to 782 m 
in the SUNEDCO 58-28 drill hole south of the hot springs 
(priest and others, 1987). The 115°C of measured tempera
ture in the SUNEDCO thermal aquifer and the projected 
bottom-hole temperature of approximately 140°C are too 
low to modify the previously developed zeolite-clay alter
ation. Fluid-inclusion homogenization temperatures mea
sured from late-formed calcite and anhydrite in the 
SUNEDCO drill cuttings are generally within 15°C ofmca
sured temperatures except in [he thermal aquifer, where ho
mogenization temperatures in calcite are all hotter than 
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Figure II . Selected hydrothermal minerals found in 
Breitenbush-Austin Hot Springs area plotted against tem
peratures of occurrence in well-defined active geothermal 
systems. Dashed lines indicate uncertain temperature 
range. Shown at bottom are inferred maximum tempera
ture ranges for three drill holes from this part of Cascade 
Range; present maximum temperature (measured) shown 
by solid line. and past poSSible maximum temperature 
(inferred from alteration mineralogy) shown by dashed 
line. Gray shading shows paleotemperature indicated by 
alteration minerals in quora-bearing tuff of Stop 4. Fig
ure modified from Keith (1988): see that reference for 
sources of mineralogical information. 

measured temperatures and reach as much as 150°C (K.E. 
Bargar, USGS, oral communication, 1992). 

Why this particular ash-flow tuff would scrve as a ther
mal aquifer remains unclear, inasmuch as similar, strati
graphically adjacent tuff layers are not aquifers. Primary 
permeability of partially to moderately welded tuff is low 
(Winograd. 1971), and the alteration seen here further re
duces primary permeability. Secondary permeability owing to 
fracturing may enhance water-carrying c:apacil)' of the unil 

In general terms, rock fracturability and secondary per
meability are enhanced by higher temperature minerals 
(>200°C), which are anhydrous (quartz, epidote) or nearly 
so (chlorite, actinolite, or biotite) relative to lower tempera
ture minerals (zeolites, clays). Pervasive alteration to 
higher temperature minerals results in rock that is hard, 
brittle, and more readily fractured than rock from lower 
temperature minerals, which tends to tear and compress 
rather than fracture cleanly. Rocks that have undergone 
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high·temperature alteration tend to sustain open fractures . 
Those fractures, however, can be filled subsequently by sec· 
ondary minerals precipitating from fl uids. 

Fracturing is spatia lly variable in thi s quartz-bearing 
ash·flow tuff because of variable al teration. At the quarry of 
Stop 4, alteration of glass is complete, and pore spaces are 
filled. Much of the tuff contains open vertical fractures suit
able for sustaining an aquifer. A short distance away on 
either side of the quarry exposure, however, the same tuff is 
more pumiceous, contains open pore spaces, and is much 
softer than the quarry rock. 

The Breitcnbush Hot Springs lie within an electrically 
conductive zone, identified from telluric data. that com
prises either two linear, electrically conductive structures 
(Figure 12) or curvilinear intertwined structures that splay 
and converge along a broadly northeast trend (H. Pierce and 
colleagues, USGS. written communication, 1989). The con· 
ductive zone also encompasses two unusual low-discharge 
Na-HCOl mineral springs. The conductive zone may repre
sent fractures thai charmel thermal waler 10 the surface or 
a relatively impermeable barrier thai blocks latera] move
ment ofthennal waler (Ingebritscn and others, 1992). The 
IOO°C isotherm, whose broad upwarp in the Breilenbush 
area may be further evidence for a strati 
graphically conlrolled thermal aquifer, deep
ens abruptly northwest of the conductive 
zone (Figure 12). 

A 6- to 7-km·deep integrated-fi nite
difference grid (Figure 13) was used to s imu
late groundwater flow and heat transport in 
the Breitenbush section (Figure 14) 
(Ingebritsen and others, 1992). Simulations 
using only conductive heating, with either 
naffOW or wide basaI heat-flow anomalies, 
fai led to rep roduce the low, near-surface 
conducti\'e anomaly in the Quaternary arc or 
the elevated heat flow bet'A-ttn Brcitenbush 
Hot Springs and the Quaternary arc: some 
permeabili ty is required. We simulated a I· 
km-wide section of arc length. With appro· 
priate penneability, most of the groundwater 
recharged in the Quaternary arc (303 kgls) 
discharges locally in topographic lows (30 I 

0 .2163.7 

0.9/64.6 

2.5/67.1 

View upslope ahead (across Breitenbush River) 
of area burned in the 1967 Eagle Rock fire. That 
fire began after a several·year drought period. 

Eagle Rock, on left at 11 :00 o 'clock, is a !holei· 
itic basalt plug (White, 1980; Priest and others, 
1987). 

Junction, Road 4696 to right, Humbug Creek 
Campground on left. Continue abead toward 
Detroit. 

View ahead of rocky bluff at skyline is area of Canyon 
Creek fire, another major fire of the 1 %Os. The blocky lava 
nows that form the rimrock were erupted from the Baule 
A.'( shield volcano, one of the few Quaternary volcanoes in 
the Western Cascades physiographic subprovince. Battle 
Ax volcano was active some time between 0.73 and 2.4 Ma 
(Matuyama Reversed-Pola ri ty Chron) (White, 1980). 
Youngest lava is reversely polarized. Potassium·argon ages 
range from 1.2 to 1.8 Ma but are poorly constrained owing 
to low contents of radiogenic argon. Most lava issued from 
a vent complex near Battle Ax Mountain (White, 1980). 

• 

• 

EXPLANATION kgls) but carries little heat. Simulated dis
charge in the Breitenbush Hot Springs area 
(- I kgls) is a small fraction oftota) recharge 
in the Quaternary arc, but this relat ively 
small mass nux transports substantial 
amounts of heat from the Quaternary arc to 
the Western Cascades. Using the permeabi l. 
ity values shown in Figure 13, the ra tio of 
hot-spring discharge to recharge in thc Qua· 
terna ry 3rc (0.003 ) is similar to the ratio 
(0.002) estimated from measured groundwa
ter recharge and hot-spring discharge rates 
(Ingebri tsen and others, 1992). 
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Figure 12. Map of Breitenbush Hot Springs area showing line of section . 
used in numerical simulations, electrically conductive structures identified 
by H. Pierce and colleagues (written communication, 1989), and estimated 
elevation of the 100°C isotherm. Geologic data from Priest and others (1 987) 
andfrom D.R. Sherrod and R.M Conrey (unpublished data, 1988) . Thisfig· 
ure appeared originally in lngebrilsen and others (1991, 1992). 
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Figure 1 j. Cross section used for numerical simulation of the Breitenbush Hot Springs system (from lngebritsen and 
others, 1992). Heot-flow site 40 (drill hole CIGH- l) and site 61 (hole SUNEDCO 58-28), which lie offlhe section (Figure 
12), are projected in two different ways to indicate their appropriate contexts: G = geologic projection locating Ihe holes 
relative to stratigraphic contacts; T = topographic projection putting the collar elevation at land surface. 

4.5171.6 Junction, U.S. Highway 22, town of Detroit. 
Thrn righ t (west) fo r side t rip (Stop 5) to view 
propylitic alteration and shallow plutonic 
rocks. 

1.5173.1 Ranger Station, Detroit Ranger district, on 
right. On left is Detroit Lake, a reselVoir com
pleted in 1953 by thc U.S. Army Corps ofEngi
neers. 

The Detroit Lake project was designed chiefly for COD
trolling runoff and providing flood control. Total electrical 
generating capacity is 118 MW, with most of that (100 
NfW) coming from the two generator units in Detroit Dam. 
Big Cliff Dam, a reregulating dam placed below Detroit 
Dam to control daily dowruiver variations in stream flow, 
has a single generator capable of producing 18 MW. 

5.8178 .9 Detroit Dam. Thrn left onto road tbal crosses 
dam. The prominent double notch in the road 
cut (well above road level and visible from a 
distance) was introduced during dam coosuuc
tion to provide a base for the aerial tracks that 
carried the concrete bucket. The straight-faced 
dam (no joking) fill s slots cut into bedrock 
abutments. 

0.3179.2 Road turns left (southeast OD south side of 
dam). This is Forest Road 2212; continue 
ahead . 

0. 1179.3 Small rumaround area marked by pavement 

paint. Park ne.ar here and walk south -30 m 
farther along road to road cut above the Cumley 
Creek ann of Detroit Lake. 

Stop ~Introsive phases of the Detroit stock. 

Road cut exposes four intrusive phases of the Detroit 
stock, a composite intrusion covering about 9 km2 (Figure 
15). Lithologic features and alteration seen at this stop are 
characteristic of the small intrusive masses associated with 
hydrothennal mineralization in the Western Cascades of 
Oregon. Fine·grained quartz diorite is the earliest, most 
widespread phase. Cutting it are coarser grained, lighter 
colored rocks such as hornblende«aring quartz diorite 
and hornblende granodiorite. The hornblende granodiorite 
contains visible quartz. Porphyritic andesite, thought re
lated to the stock, forms a dike at the northwest end of the 
road cut. Sparse tonalitic aplite veins cut all rocks. Chemi
cal analyses from the stock are listed in Table 2; modal 
analyses are shown in Figure 16. 

The Detroit stock has a whole-rock K-Ar age of 
9.94±O.18 Ma (Sutter, 1978; recalculated using new decay 
constants), but the rocks are altered, and the age may be too 
young. Intrusions in the Western Cascades range in age 
from 22 to 8 Ma (BiJeerman, 1970; Sutter, 1978; Power and 
others, 1981; Keith and others, 1985). 

Potassic alteration is indicated by hydrothermal biotite, 
which forms pseudomorphs after hornblende and pyroxene, 
especially in the hornblende granodiorite. Other mineraJs 
in the potassic assemblage of the Detroit stock are mag
netite, potassium feldspar, pyrite, and chalcopyrite (Curless 
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Figure /4. Numerical simulations for area of Breitenbush Hot Springs. showing that the ther· 
mal observations can be produced reasonably well with two very different deep thermal stMlC
lures (from 1ngebrilsen and a/hers, 1992) : A, advective model with localized heat source in Qua
ternary arc, which corresponds to lateral.Jlow model Ongebritsen and others, 1989, 1992). B, 
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midcMlstal heat source model (Blacbt.'ell and others, 1982, J 990). Map-unit symbols same as for 
Figure 13. 
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ping and isotopic dating have challenged the 
theorized northeast-trending syncline 
(Walker and Duncan, 1989; Curless, 1991), 
but the accurate depiction of regional alter
ation surrounding the Detroit stock remains 
undetermined. 

A 5-km-wide zone of dikes and faults ex
tends northwest from the Detroit stock 
through Rocky Top (Figure 15). Intrusive 
rocks within the adjaccnt Sardine Creek and 
Rocky Top areas have mineralogical, textu
ral, and chemical features similar to the De
troit stock. The main stocklike bodies of 
hornblende granodiorite were emplaced at a 
minimum depth of I km, whereas older 
quartz diorite may have been emplaced as 

••• ~.1oca1ion atId 6''0 ....... 
(1TcmTa)'1or.1971 ) .. • 

0.2610.03 Ml 
K·'" age (!rom Sutt., 1978; age 

rec.ok;ulaled ..ng C<.WT«1111' aocepI8d 
decl.y «>nI\al1ts) 

shallow as 500 m, depending on the thick
ness of coeval middle or late Miocene vol
canic rocks at the time of emplacement. 
(Elevation at the base of the volcanic se-" .. on. 

\ ,., 

Figure /5. Detroit stock and pattern of oxygen-isotope depletion. Geo
logic datafro.m Pungrassami (1970), Walker and Duncan (1989), and Curless 
(1991); isotope data from Taylor (197/). 

quence is -1,350 m, whereas granodiorite 
stocks are as high as 480 m, and quartz dior
ite is as high as 1,000 m.) Dikes of coarse
grained intrusive rocks were emplaced at 
even shallower depths. 

and others, 1989, 1990). Potassium silicate selvages associ
ated with quartz-magnetite veinlets may be as wide as 2 cm 
but locally coalesce to fonn zones of pervasive wall-rock 
alteration. Magnetite is the dominant opaque mineral; it is 
present as disseminated crystals in the groundmass, as in
tergrowths with secondary biotite, and in quartz veinlelS. 
Pyrite and to a lesser extent chalcopyrite are also present in 
veinlets and as widespread disseminations. Potassic alter
ation grades outward into weak propyli tic alteration, with 
weak sericitic alteration of plagioclase phenocrysts and 
hornblende phenocrysts surrounded by reaction rims of 
chlorite and magnetite. The rocks here are propyJitized, 
characterized by a secondary mineral assemblage of epidote 
+ chlorite + quartz + sericite ± calcite ± albite ± hematite ± 
pyrite. Veinlets of magnetite-quartz and epidote-quartz cut 
all rocks. Late-stage sericitic and argillic alteration are 
structurally controlled and overprint earlier alteration with 
sericitization of secondary K-feldspar and chloritization of 
secondary biotite. 

Oxygen isotope values are lowered in the vicinity of the 
Detroit stock, owing 10 exchange with metcoric water dur
ing hydrothennal circulation (Taylor, 197 1). Samples from 
a traverse along Highway 22 at the north edge of the stock 
shows 8180 values as low as - 1.7 per mil (Figure 15); 
whereas unaltered intennediate plutonic and volcanic rocks 
commonly have values ranging from +6 to +8 per mil. 
These data correlate poorly with early depictions of 
northeast-trending regional propylitic alteration and a 
broad syncline (peck and others, 1964), which had been 
based on rapid reconnaissance work. Subsequent map-

Mineralized samples from Detroit Dam 
to Rocky Top are zoned with respect to copper, lead, and 
zinc. The samples display a trend from Cu-rich porphyry
and breccia-type mineralization at Detroit Dam to Pb-Zn 
vein-type mineralization at Rocky Top. The trend is proba
bly related to lateral and vertical distance from the Detroit 
stock (Curless, 1991). Most mining districts in the Western 
Cascades were developed in vein deposits and are located 

Cuartz 

X Analysis Irom Pungrassarni (1970) 
Analysis by J.M. CUrless 

Alkali feldspar 
(~.~.~. 
W>OtIhc>dl ... -.I""o.Jl 

~ 

". 

TONALItE 

PlagiOClase 
( .......... ) 

Figure 16. Classification of plutoniC rocks from Detroit 
stock (after Streckeisen, 1976). Modal analyses from Pun
grassami (1970) and Curless (unpublished data, 1991). 
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from 600 to 1,000 m higher on ridges than 
the associated intrusive masses exposed in 
adjacent canyon floors . 

Table 2. Major- and trace-element analyses a/plutonic rockstrom the De
troit stock (Curless 1991). n.d. : not determined; LOI "" loss on ignition. 

Return to cars and retrace route across 
dam. View to northwest from 
dam is toward the Rocky Top 
area of the Western Cascades; 
sec Curless (1991, section A-A') 
for cross section corresponding 
to this view. Thrn right (cast) 
onto State Highway 22 after 
crossing dam. Route continues 
east toward Detroit, Oregon. 

5.4/84.7 View of Mount Jefferson to right 
(east) across Detroit Lake. 

2.1186.8 Detroit. Continue east on main 
highway. Last auto services un
til Sisters, Oregon (55 mil. 

4.1/90.9 Idanha town limit. 

Idanha probably originated as the up
stream tenninus of the COIvaJlis and Eastern 
Railroad, a railroad started in the late 1800s 
to connect the Oregon coast with rail lines near 
the Idaho border at Ontario, Oreg. Tracks were 
laid from Toledo (near NC\vport, cenual Ore
gon coast) through Albany in the Willamette 
VaHey and into the North Santiam River val
ley as far as here (l\t1ills, 1950). 

Rock nlU11e 

Sample no. 

"0, 
Al.O, 

F~Ol 

F,O 

MCO 

C.O 

N,,:O 

K,O 

TiO. 

P,O. 

MnO 

.01 

To'" 
SIO, water·rlft 

Rb 

S. 
C. 

B. 
Th 

" C. 

Co 

NO 

1.1 /92.0 Green Veneer lumber mill. A 2IO-m-dcep well 
at the Green Veneer plant produces water en
riched in sodium (120 mg/L), bicarbonate (158 
mg/L), and chloride (89 mg/L) relative to local 
shallow groundwater (typically Na <5 mg/L, 
HC03 <60 mgIL, CI < I mgIL). 

Upstream from Idanha. the North Santiam River is eligi
ble for consideration as a National Wi ld and Scenic River 
by virtue of its recreational values. Under provisions of that 
act, eligible rivers are examined to identify the remarkable 
values possessed- recreation, scenic, or wild. Rules for 
management become increasingly stringent along the scale 
from recreation to scenic to wild. The intensity of develop
ment, bridge crossings, and other characteristics limit the 
rating for this stretch of river. 

5.5197.5 Junction, Whitewater Creek Road to left. 

0.4/97.9 Road cut on left exposes block-and-ash 
(pyroclastic flow) deposit erupted from Mount 
Jefferson 15 km to the east. 

Although once interpreted as Holocene in age 
(Hammond and others, 1982) or Pleislocene and Holocene 
(priest and others, 1987), the deposits characteristically are 
deeply wealhered, older than those of the Fraser glaciation, 

Hornblende Hornblende 
Quarb; diorite qllartl diorite Cranodlorite TonaUu 

MV.I) MV-J2 MV.70 MV-31 

M.jor.elemtnt analyst. (weicht percent) 

,no ~9 . 14 67.21 74 .80 

18.32 1~ .97 1 ~.36 13.37 

4.18 '90 1.69 0.40 

3.\6 2.91 ' .00 0.37 

3.16 3.63 U~ 0.64 

6.43 ~ .97 3.33 1.26 
).48 ' .90 3.77 ~ .8 ~ 

0.65 0.84 3.30 0.66 

0.86 0.80 O. ~ I 0.43 

0.30 0.29 0.22 0.13 

0.16 0.09 0. 10 0.Q2 

4.05 4.10 1.60 3.74 

100.45 I OO_~4 100.64 101.71 

H.8 61.3 67.9 76.4 

~enwJt an.Jyua {JtartI per m1Illon) 

" 40 .. " 431 '" '" '" 1.' ,., U 0.4 

'" '" '" '" I.. 4.3 '.1 11.0 

19.9 16.8 " 6.' 

" '" " 10' 
25.8 20.2 10.2 ,., 
" 80 n.d, i6 

and entirely late Pleistocene in age. This panicular deposit 
is overlain by a biotite-bearing tephra thought to be the 
Mount St. Helens set C, which is about 50,000 yr old (WE. 
Scott and RM. Conrey, unpublished data, 1989). The pyro
clastic flow could be thousands af years older because a soil 
representing thousands 10 tens of thousands of years of de
velopment fonned prior to deposition of the biotite-bearing 
tephra (WE. Soott, written communication, 1992). 

3.3/101.2 Riverside Campground. 

2.1/103.3 Marion Creek. Marion Forks restaurant on 
right. Last food services until Sisters (40 mil. 

9.4/112.7 Cross North Santiam River. River is eligible for 
consideration as a wild and scenic river by 
virtue of its administratively defined scenic val
ues upstream from here. 

4.6/117.3 Highway crosses Holocene basaltic andesite 
lava flows erupted from Little Nash Crater. 

1.4/118.7 Santiam Junction, end of State Highway 22 at 
its junction with State Highway 128 (from Eu
gene, along McKenzie River) and U.S. High
way 20 (from Corvallis, along South Santiam 
River). Continue ahead (east) 0 0 H igbway 20 
toward Santiam Pass. 
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1,3/120.0 The road rounds a curve built against a 
Holocene cinder cone, one of three in the Lost 
Lake chain of cones. These cinder cones 
dammed Lost Creek, creating shallow Lost 
Lake (ahead I mi on left). As the highway 
crosses the Lost Lake valley, views at 10:00 
o'clock are of craggy Three Fingered Jack, the 
cenlral pyroclastic cone of a Pleistocene 
basaltic andesite shield volcano. 

The brownish to grayish color of the forest on the slopes 
above Lost Lake results from extensive tree damage by the 
spruce budworm. The budworm is a l-cm-Iong caterpillar 
that has attacked about 7 million acres of trees in the Pacific 
Nonhwest during the past decade (Bella, 1992a). The pest 
prefers a climate drier than characterized by Cascade 
Range slopes but has expanded its range during the last 
seven years of drought. Trees stressed by drought are less 
able to survive predation by the budworm; budworm
devastated trees become easy prey for western bark beetle 
and other insects. 

2.8/122.8 Hogg Rock, a flat-topped andesite dome. The 
dome has a K-Ar whole-rock age of 0.09 Ma 
(Hill and Priest, 1992). Hogg Rock is named for 
Colonel T.E. Hogg, promoter of the long
defunct Corvallis and Eastern Railroad. A short 
section of grade was prepared near Hogg Rock 
before the project's demise (Mills, 19S0). 

1.3/124.1 Summit of Santiam Pass. Thrn right at JUDC

tion with road to Hoodoo ski area (Road 
2690, Big Lake Road). Hayrick Bune, another 
fiat-topped andesite dome similar to Hogg 
Rock, is directly ahead (south). 

Santiam Pass drill hole (SP 77-24) is located 1.6 km east 
of the Hoodoo junction and a few meters south of U.S. 
Highway 20 on a narrow dirt road. The hole, drilled to a 
depth of 929 m, was completed in two phases. The upper 
140 m were drilled by rotary method during November 
1990, and the remaining 789 m werc completed by 
diamond-core drilling during August and September 1991 
(Hill and Benoit, 1992). Basaltic andesite lava flows consti
tute 9S percent of the core, whereas cinders and volcani
clastic strata constitute the remaining S percenl; core recov
ery was 99.7 percent. A K-Ar age of 1.81±O.OS Ma was 
obtained from a sample at 928-m depth, which indicates 
that most or all of the core is Pleistocene in age (Hill, 1992). 
Bottom-hole temperarure was H OC when last measured on 
September 3, 1991. Temperature gradients are about 
S0-60°O'km at 700- to 900-m depth and 103- 116°CIkm 
below 910 m (Blackwell, 1992). Average thermal conduc
tivity is 1.66 W/mIK, a value that characterizes sequences 
of lava flows in other pans of the Cascade Range. Heat-flow 
values from lower parts of the hole range from 86 to 204 
mW/ml (Blackwell, 1992). 

0.9/ 12S.0 Veer left on Big Lake Road (Rd 2690). 

The road straight ahead leads a short distance into the 
Hoodoo sid area. Hoodoo Bulte, with ski lift tower at its 
summit, is a geomorphically youthful, late Quaternary cin
der cone. The basaltic andesite lava flows that issued from 
it have been glaciated, an indication that their age is late 
Pleistocene, nOI Holocene. 

0.2112S.2 Big Lake Road rounds the east flank of Hayrick 
Butte. 

0.6/ 12S .8 View of Mount Washington, a basaltic andesite 
shield volcano. 

Although undated by isotopic methods, Mount Washing
ton has an erosional form characteristic of shield volcanoes 
ranging in age from about 0.3 to O.S Ma and located at the 
Cascade Range crest. Farther east. older volcanoes are bet
ter preserved because of their position in the Cascade Range 
rain shadow. 

1.3/127.1 Minor road intersection. Keep right on main 
road toward Big Lake. 

0.11127.2 'IUm right, leaving tbe paved road for cinder 
Road 2690-810 to Sand Mountain. Note the 
gently rolling constructional topography, an ex
treme contrast to the steep, ctissccted slopes of 
the Western Cascades. This coiltrast will be
come even more obvious from the summit of 
Sand Mountain. 

2.4/129.6 Obscure junction, one of several as this road 
anastomoses westward, Continue wert, follow
ing tbe small, orange, diamond-sbaped tags 
nailed to trees, which are the snowmobile 
route indicators for this same road. 

This large area across Santiam Pass was burned by the 
Airstrip fire of 1967; see Jones and Johnston (1968) for 
graphic description of the fire . Reforestation is almost en
tirely with lodgepole pine. 

0.S/130. 1 Thrn left to remain on Road 2690-810. Do not 
continue straight ahead on the poorl)' main
tained spur Road 2690-866. 

1.7/131.8 Parking area at end orSand Mountain Road; 
locked gate bars vehicle passage beyond this 
point. The summit viewpoint can be easily 
reached by foot 

Stop 6-$and Mountain. 
A short trail leads to the summit of Sand Mountain. The 

Sand Mountain Natural Research area was once open range 
for off-road vehicles but has since been preserved, thanks 10 
the almost single-handed efforts of Don Allen and the Sand 
Mountain Society. Allen spent part of his youth on Sand 
Mountain as the son of a fire lookout. The trail (an aban
doned road) ascends above the crater of Sand Mountain, 

OREGON GEOLOGY, VOLUME 58, NUMBER 5, SEPTEMBER 1996 II. 



which is still scarred by off-road vehicle 
tracks. The lookout tower at the summit sur
vived the Airstrip fire of 1967 but bwned ac
cidentally in 1968. It has since been replaced 
by an architecturally authentic grange-hall 
style lookout (gabled roof is diagnostic). 
Windows and some of the framing for the 
replacement structure came from a tower 
that once sat on Whiskey Peak in the 
Siskiyou National Forest; restoration has 
been completed in the last five years. An h.is
toric outhouse (diagnostic criteria uncertain) 
was being relocated to Sand Mountain from 
Black Butte in the summer of 1992. Presum
ably some equally historic part of the out
house remains at Black Butte. 

Sand Mountain is the highest geograph.ic 
feature of the Sand Mountain chain of 23 
cinder cones and associated lava flows. 
Eruptions occurred in two principal 
episodes, approximately 3,800 and 3,000 
years ago, and the composition of lava 
ranges from subalkaline basalt to basaltic 
andesite (Taylor, 198 1, 1990). Figure 7 
shows the extent of Holocene lava flows in 
vicinity of Santiam Pass. The mountain's 
summit affords excellent views of prominent 
peaks in the central Oregon High Cas
cades- from the Three Sisters on the south 
10 Mount Jefferson on the north-and on a 
clear day it is possible to pick oul Diamond 
Peak, 110 km south-southwest. Santiam 
Pass, the low divide between Mount Wash
ington and Three Fingered Jack, has been a 
major Cascade crossing throughout recorded 
history. Directly east 24 km is Black Butte, a 
1.4-Ma basaltic andesite shield volcano (Hill 
and Priest, 1992), spared the ravages of 
glaciation by its position in the Cascade 
Range rain shadow. 

Three geothermal dri ll holes at least 
500 m deep have been sited in the area (Fig
ure 17). Eugene Water and Electric Board 
(EWEB) drilled two geothennal prospect 
holes on the western slope of the High Cas
cades during 1979 (youngquist, 1980). The 
first , EWEB-I , was drilled to a depth of 
560 m and is located 4.5 km west of Sand 
Mountain near Clear Lake (Keith and Bo
den, 198 Ia). The second, EWEB- 2, was 
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Figure /7. Map showing geothermal-gradient holes located along east
west transect crossing Santiam Pass. Note how temperature-depth gradients 
are grouped according to geographic position: bold lines show low.gradient 
holes from Western Cascades; dolled lines show high-gradient holes at West
ern Cascades-High Cascades boundary; and thin Jines show isothermal holes 
in High Cascades. The 929-m-deep hole SP 77- 24 at Sant/am Pass (no. 10 
on map and graph) penetrated so-called "rain-curtain " that results from 
large amounts of groundwater infiltrating in the High Cascades. That hole 
was isothermal above about 400-m depth. 

drilled to a depth of 587 m and is located 18 kIn north
northwest of Sand Mountain ncar Twin Meadows (Keith 
and Boden, 1981b). During 1990--91. a third. 929-m-deep 
scientific observation hole SP 77- 24 (see milcpoint 124.1), 
was drilled 7 km northeast of Sand Mountain at Santiam 
Pass to assess the geothennal resource potential along the 

axis of the High Cascades (Hill and others, 1991; Hill and 
Benoit 1992). 

The geomorphic contrast between Western and High 
Cascades is strikingly visible from Sand Mountain: the 
broad volcanic ridge of the High Cascades contrasts with 
deeply incised canyons of the Western Cascades. Also visi-

120 OREGON GEOLOGY, VOLUME 58, NUMBER 5, SEPTEMBER 1996 



ble here is a marked structural contrast between Western 
and High Cascades not present everywhere along the arc, 
From south of Mount Jefferson to nearly the Three Sisters, 
the High Cascades are in a distinct graben that fonned after 
about 4.5 Ma (Taylor, 1981; Smith and Taylor, 1983). The 
eastern graben-bounding faults form the Grecn Ridge fault 
zone (Figure 7). The ","'estern graben-bounding faults fonn 
the Horse Creek fault zone, which coincides with the topo
graphic boundary between High Cascades and Western 
Cascades from about McKenzie Bridge northward nearly to 
Mount Jefferson (Figure 7). Hot springs south-southwest of 
Sand Mountain are found in the McKenzie River valley 
(Belknap an4 Foley Springs, and the Bigelow hot spring). 
Farther west, Terwilliger Hot Spring is separated from po
tential magmatic heat sources in the High Cascades by ta. 
pographic barriers resulting from eastside-down offset on 
the Horse Creek fault zone and by the canyon of the South 
Fork McKenzie River. 

Displacement on the Green Ridge and Horse Creek fault 
zones took place in late Miocene and early Pliocene time. Mo
tion along the Green Ridge fault zone isolated the Deschutes 
basin from now--buried volcanic centers in the High Cascades 
beginning about 5.4 Ma (Smith and others, 1987). Rocks as 
young as about 5 Ma arc exposed at the top of the 650-m 
escaJpment of Green Ridge (Armstrong and others, 1975), 
whereas the downthrown block is mantled by Pliocene and 

o 10 

KILOMETERS 

Quaternary sedimentary deposits. Displacement is at least 
I km, on the basis of an age of l.81 Ma from the base of 
drill hole SP 77- 24 at Santiam Pass (Hill and Priest, 1992). 

The Horse Creek fault zone has displaced 5- to 6-Ma 
strata as much as 670 m down along one fault trace north 
of the McKenzie River (Bro"\'t1l and others, 1980); cumulative 
mapped offset is as much as 850 m south of the McKenzie 
River (Priest and others, 1988). An additional 400 m of offset 
may be indicated by a steep unconfonnity perhaps resulting 
from lava buttressing a fault escarpment in the vicinity of 
Scott Creek (priest and others, 1988). Thus, demonstrable 
graben subsidence is on the order of about 1.4 km. Head
ward erosion by the McKenzie River breached the escarp
ment by late Pliocene time. and the basalt of Roney Creek 
flowed from a source in the High Cascades westward across 
the fawt trace and along the McKenzie River valley at about 
L7 Ma (priest and others. 1988). The fault has been inac
tive since the emplacement of the basalt of Roney Creek. 

COCORP (Consortium for Continental Reflection Pro
filing) seismic reflection experiments were conducted 
across the Cascade Range between lat 44°10' and 44° 15'. 
The seismic line has high noise-to-signal ratios and fails to 
establish the magnilUde of offset on the Horse Creek rawl 
zone (Keach and others, 1989). The line ends eastward near 
the town of Sisters, where offset on the Green Ridge fault 
zone may have decreased to less than 100 m. 
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EXPLANATION 
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D PLIOCENE TO OLIGOCENE VOLCANIC AND 
VOLCANICLASTIC ROCKS 

. _ ... ___ I.-. FAULT-Bar and ball on downthrown side. Dashed 
where inferred; dotted where concealed 
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Figure 18. Map and line of sectian for numerical simulation of McKenzie River area (from lngebritsen and others, 1992). 
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A. Fluidflow in shallow volcanic rocks (unit QTv). 
with a broad intense deep heat-flow anomaly. 
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B. Advective model wilh localized heal sources 
and hypothetical aquifer at two different depths. 
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Figure 19. Numerical simulations for 0I'f!0 of McKenzie River group of springs. showing matches 10 lhe sparse near-$1UJoce 
heat-flow observations (from Ingebritsen and others. 1992): A-Conduclion-dominated model irrvo/Ving fluidjIow only in sIuJllOlfl 
volcanic rocks. B-Adveclion-dominated model with localized heat sources. Map-unit symbols same as Figure 13. 

Numerical simulations of a cross section through Ter
\villiger Hot Spring (Figures 18 and 19) show that any flow 
across topographic and slructural barriers between the hot 
springs and the High Cascades must be at depths of several 
kilometers (Ingebritsen and others, 1992). At shallower 
depths. lateral flow is interrupted by faults and (or) topo
graphically low areas. For example, the simulation models 
predicted substantial discharge of heated groundwater in 
the topographically low area along Separation Creek in the 
Three Sisters Wilderness (Figure 19). Subsequent measure
ments identified an anomalous CI flux near the predicted 
location; the flux, about 10 gis, is larger than the fluxes 
from some of the known hot springs in the McKenzie River 
group. Thus, the predictive value of the numerical simula
tions was established in at least this limited respect. 

Retrace route back to Big Lake Road (pa\'emeut) and 
tben north to U.S. Higbway 20. 

7.7/ 139.5 Junction, Highway 20. This ends the field trip. 
For a field-trip guide that continues east or 
west, the traveler is referred to Taylor (1981). 

GEOTHERMAL POWER IN PERSPECTIVE 

Investigations of geothermal energy resources led to 
much of the research reported in this guide. High petroleum 
prices in the 1970s prompted a surge of such studies, but 
interest in alternative power sourccs sagged during the 
energy-easy 1980s. The Pacific Nonhwest has lived 
through a decade of power surplus, but the next decade may 
find the region in an energy deficit. Indeed, in July 1992, 
the Bonneville Power Administration (BPA) announced 
plans to build its first new power plant since the completion 
in 1983 of Washington Public PO\\'er Supply System's nu
clear plant in Richland, Washington (Koberstein, 1992). 
The new plant. to be built near Tacoma, Washington, will 
burn natural gas in combustion turbines to produce an aver
age 240 MWc' enough power for a city of 150,000 (slightly 
larger than Eugene. Oreg.). An additional 1,380 MWc of 
power is needed by the year 2003 to avoid building any ex
pensive nuclear or coal-fired power plants for at least the 
next 20 years (Bella. 1992b). BPA reportedly can obtain 
780 MW~ (the equivalent of one nuclear plant or Portland's 
energy use for 16 months) from increased energy conserva-
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tion and improved efficiency of transmission lines and tur
bine generators at dams. Another SO MW. would come 
from major electricity users who find ways to shave their 
loads in exchange for billing credits. The agency also has 
agreed to purchase 300 MW. of pov.'ef from producers of 
renewable energy. such as geothcnnal wells and windmills 
(Bella, 1 992b). Portland Genera] Electric (PGE), a north
west power company, is involved in more than a dozen pro
grams that focus on both residential and commercial en
ergy saving. In 1991. the programs accounted for S MW. of 
energy saved, enough energy to run about 3,500 homes. For 
example, low-flow showerheads distributed by PGE are ex
pected to save more than I MW. by the end of 1992. 
enough energy saved to serve 800 residences (Christensen. 
1992). 

Given the magnitude of projected energy needs. renew
able energy sources will only slighUy satisfy our insatiable 
desire for power. The promise of geothennal energy from 
the Cascade Range remains cloaked by hydrogeologic prob
lems that make exploration ..... ld development a challenge. 
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Important notice on this issue's field trip 
We have learned from the Oregon Department of Trans

portation (OOOT) that the streich of Highway 224 between 
thi s trip guide's cumulative milepoints 23.5 and 28.9 is 
d osed indefinitely. Access to the point of continuation, 
milepoint 29.4, from the nonh (Portland) would be via 
Highway 26, Forest Road 42 (Clear Lake to Timothy Lake), 
and Forest Road 57. From the south, access to Forest Road 
46 is from Highway 22 at Detroit (including part of the fie ld 
trip in reverse direction). 

OOOT offers telephone information on highway condi
tions for a charge of30 cents at (503) 976-7277 and (541) 
889-3999, National Forest Ranger Stations may provide 
similar (but less official) information. 0 
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ABSTRACTS OF PAPERS 

The following abstract is of a paper given al an international 

conference in May J 995 at the UnivtnityojWoshington. The C(m

jerence. titled 'Tsunami deposiu~geQlogic warnings of Ill/lire in
undalion, "was sponsored by the Qua/emory Research Center. the 

National Oceanic and Atmospheric Administration, and the U.S. 
Geological Survey. Among the 80 registered participants were 
scientists from Canada, Gennany, Japan. Norway, the Philip
pines, the United Kingdom, and the United States. 

fiu/lfu,,; ditaster planning irr ClaJsop County, Oregon. by 
Paul Visher, Tsunami Coordinator. 

The Clatsop County oceanfront extends south from the mouth 
of the Columbia River for about 40 rni to Tillamook County. It 
includes four incorporated cities and two oceanfront communities. 

On nrst impression, one might consider a common disaster 
plan for all, but, on more detailed analysis, the actual plan varies 

from location to location, depending on bridges and local topogra

phy. [The following discussion proceedsj from north to south: 

The City of Warrenton is protected from tsunamis by a major 

foredtme system having a 50-ft elevation and by the south jetty of 
the Columbia River. Ibis jetty was initially buil t in the I 880s and 

extended in the I 930s. According to the Corps of Engineers, the 
jetty was built with major rocks of 3-{i ft in diameter with seismic 

considerations. What will happen to this structure during a magni

tude 8+ quake? No one knows for sure, but the best guess would 
postulate a pile of rocks at a lower elevation but still high enough 

to significantly restrict the flow of water into the mouth of the 

Columbia from the projected 16-ft-high tsunami. This projected 

elevation comes from the Alaska Tsunami Warning Center 

(AlWC), whose studies indicate a residual 3-to 4-ft wave at War

renton. Of equal concern in Warrenton is the failure of the 14-ft

high dikes that protect the city from tidal flooding. None of these 
dikes was engineered to any seismic standards. Warrenton's major 

threat appears to come from flooding due to dike failure, not a 

tsunami velocity threat. 

Surf Pines is the next area south. Homes are constructed on 
two parallel dunes-a coa.~tal frontal dune about 30 ft high and a 

land\\'llrd dune of 50-ft elevation. The AlWC computer model in
dicated a 16+ ft wave. Prudence indicates an evacuation to the 

50-ft elevation. 
At Gearhart, the primary dune, about 600 ft landward of the 

oceanfront, varies in elevation from 60 to 70 ft. There are large 

areas of residential construction along lower areas to the east. 

Much of this constnlction is at 14 ft, which is the FEMA lOO-year 
storm flood elevation. There is evidence of tsunami deposits at 

higher elevations. The general evacuation route is to move people 

to the 60 ft dunetop elevation. 
The next to\\oTI south, Seaside, provides the most complex 

disaster-planning challenge. The town is located on two sand 
dunes running parallel to the ocean. The frontal dune is about 20 

to 25 ft high and is protected from ocean erosion by a 20 fi-high 

seawall that was constructed in the 1920s. The second dune varies 
from 18 to 25 fl in elevation. These dunes are separated by a river 

crossed by several bridges, none of them designed with seismic 

consideration. They are assumed to fail. Major motels are located 

on the forv,ard dune system that can act as a breakwater against 

the tsunamis, which are projected by the AlWC to be 17 ft high 
during a magnitude 8.8 quake. Behind the second dune system is 

a 5,000+ acre storage sump for water below the 18-ft elevation. 

The tsunami "inundation" area is dermed by the in- and out-flow 
of waler thaI passes the I,OOO-ft gap in the dunes between 

G~arhart and Seaside. The difference in the input and output 
flows will derme the amotmt of water that must be stored by the 

sump and raise its water level. There is a reasonable chance that 
the second dune would provide an island of safety except for the 

most severe tsunami. 
Seaside is planning to reinforce some of the bridges between 

these lower dunes, as well as some of the bridges from the east 

dWle to the foothills. When these bridges are reinforced, the evac

uation route should dearly go to the 40+ ft elevations on the hills 
east of town. 

In Cannon Beach, the next lown south, the computer model 

from ATWC indicates a 17-fi wave from a magnitude 8.8 event. 

The sehool and the major dO\\oTIto\\oTI area are located al aboul 12-
ft elevation. Fortunately, the toy,n has 40+ ft elevations within IS 

minutes walking dislancc_ People in parts of the city can easily 

walk to the 50- and 6O-ft elevations. A bond issue was recently 
passed to build a new fire station at 40-ft elevation, and a bond 

issue is being discussed to move the school to a "tsunami-safe" 

location. 
Further south, the area of Arch Cape is confronted by a com

puter model of a 18 fi wave and walking evacuation routcs of 15 

minutes or less to reach 50-ft elevations away from the beach. 

Except for Seaside, every person in Clatsop COtmty can walk, 

in 20 minutes or less, to an elevation JO n or more above the 

computer-model tsunami for a magnitude 8.8 subduction zone 

earthquake event. How good is the model? 
Dr. Peterson is using core borings, landward of barriers, to 

measure the sand depos ited in past events. This will bound some 

of the uncertainties_ Dr. Baptista is inputting some of Or. Peler
son's data to reviSE: the model. 

At the prescnt t ime, the d isaster planning is based on the 

AlWC model and the subsidence event occurring at the highest 

tide, about a IO-ft maximum range; the measured subsidence of 

about 5 ft , different from the 2 It in the model; and a time of ar
rival of about 25 minutes after the event. To me, the most unex

peeted infonnation from the compUier program is the long period, 
four to five hours, that people should stay away from the lower 
areas because of repetitive waves. 

The computer model from the AIWC, modified by measured 

subsidence information from Dr. Peterson, is the best infonnation 
that we now have for planning. When better data arc available, the 

tSWlami disaster plan will be modified. 

In the meantime every coastal resident in Clatsop County has 
been provided with instructions as to action he or she should take 

in case of an earthquake. Programs are being developed 10 

strengthen the bridges, change the locations of the schools and fire 
stations, and design them to survive a magnitude 8+ event. 

We hope it doesn't happen during our lifetimes, but it could 

happen tomorrow. a 
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Unusual landscapes and geologic problems 
in the Pacific Northwest 
by John Eliot A lien, EmerifllS Professor of Geology, Port
land State University. P.G. Box 751, Portland. OR 
97207- 0751 

Geologists and laypersons alike are familiar with the 
chain of High Cascade volcanoes (Williams, 1953; Allen, 
19R4), which reach from British Columbia to nonhern Cal
ifornia, the most promincnI being Mount Rainier in Wash
inh>10n. Mount Hood in Oregon. and Mount Shasta in Cali
fomia . Most of us arc also familar with !.he MO great collapsed 
volcanoes kno\\ll as "calderas," Crater Lake (Williams, 1942) 
and Paulina or Newberry Crater (Will iams. 1935). 

There arc, however, at least fi ve other unusual and re
markable landfonns in the Pacific Northwest that a re less 
familia r and may have origins that are of interest, since 
there are still questions to be answered and alternate hy
potheses to be considered. These are the Channeled Scab
lands, the Mirna Mounds, coastal and Willamette Valley 
terraces, great landslides, and great Tertiary rivers. 

I. Channeled Scablands: Areally, the most widespread 
landform, the Scablands cover ncarly 16.000 mi2 of eastern 
Washington and affect the Columbia River Gorge, Willam
eltc vaUey, and a small area north of Newberg, Oregon, 
known as the "Tonkin Scablands." J Harlen Bretz first sug
gested in 1923 that these dry , 'a lleys were cut in the loess 
and underl)'ing basalt by a g igantic flood . Later authors 
have proposed at least 40 and perhaps a hundred floods, oc
curring between 15 and 12 lhousand ye.1fS ago at tile end of the 
Pleistocene (Allen. 1986: O'Connor and Waitt , 1995). 

II. Mirna Mou nds: One of the still puzzling landscapes 
in the Pacific Northwest consists of "Mirna Mounds" , 
whose type locality is south of Tenino. Washington. More 
than a dozcn hypotheses have been advanced to cll.-plain the 
fi elds of hundreds of mounds, which arc about a yard high 
and 4-5 yards in diameter. Similar mounds occur in Orcgon 
in such places as upon the basalt of Tom McCall State Park 
in the Columbia River Gorge. Hypotheses include gophers, 
earthquakes, g lacial deposits, and wind erosion of volcanic 
ash over depressions in basalt. It is highly probable that 
Mirna Mounds have mUltiple origins. but although many 
papers have been published, the issue is still moo!. 

III. Terraces: Most of the coastal towns along Highway 
10 I are located upon the lowermost (50-fOOl) of a series of 
marine terraces first described by Diller in 1902. These arc 
wavc-cut platforms resulting from upper Tertiary and post
Pleistocene changes in sea levcl, and so far few of their ages 
and locations have been mapped. Little attention has been 
paid 10 the terraces. first noted by Condon and later by Alli
son ( 1936). (Madin and others 11 9951 mapped such terraces 
in the Charleston quadrangle. ---cd) 

IV. Landslides: Great landslides have recently been rcc
ognized as having been caused by great earthquakes. The 
14_mi2 Cascade Landslide in the Columbia Ri,·e r Gorge at 

Bonneville has been dated at about 800 to 1,000 years ago. 
The mud slide that buried an Indian vi llage on thc Olympic 
Peninsula coast west of Ozettc occurred about 400 years 
ago. Landslides that formed Triangle and Loon Lakes in the 
southern Coast Range have yet to be dated. 

V. Great Tertiary rh'en of eastern Oregon: High
level g ravcl deposits. many of them gold-bearing, have 
been found high on the summits of the Wallowa Mountains 
and on the crests of many other ridges (Allcn. 199 1). They 
contain numerous and sometimes very large boulders of 
quartzite and other metamorphic rocks from the Rocky 
Mountains and musl represent at least one very large Ter
tiary river, either an ancestral Columbia or Snake River. 
Little has been published as yet on these rivers. 
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BLM offers grace period for mining claims 
The U.S. Bureau of Land Management (BLM) is urging 

mining claim holders to apply for a one-year "grace period" 
that will give them extra time to comply with a new rule 
published in July 1996 that is intended to stop squaners 
from iUegaUy occupying land on mining claims they are 
using for norunining purposes. 

Current claimants may continue their occupancies for 
onc year. provided they fi ll out and sign a simple form 
available from any BLM office. The forms must be received 
in a BLM office o r postmarked by October 15, 1996. 0 
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The Pliocene Deschutes fossil flora of central Oregon: Additions 
and taphonomic notes 
by Melvin S. Ashwill, 940 Southwest Dover Lane, Madras, Oregon 97741 

ABSTRACT 
The 1990-1991 widening project on Oregon State High

way 26 about 8 mi (13 km) northwest of Madras, Oregon, 
exposed numerous well-preserved, earliest Pliocene leaf 
and seed compressions and impressions from a locality 
known and studied since 1935. In the excavation, more 
than 40 large boulders holding over 8,000 fossil leaf speci
mens were recovered. The specimens provide new data on 
the taxonomic composition, relative species abundance, and 
taphonomy of the Deschutes flora. Taphonomic interpreta
tions are related to the author's observations of leaf deposi
tion in the Toutle River mudflow associated with the 1980 
eruption of Mount S1. Helens. Considered along with data 
from several other local florules, the data from the De
schutes locality indicate that a significant geologic event 
took place somewhere around 6 or 7 million years ago to 
alter the climate of central Oregon in a relatively short time 
to a considerable degree. 

INTRODUCTION 

Located in the rain shadow of the central Oregon Cas
cade Mountains, the Pliocene Deschutes flora preserved a 
record of plant life during a time when the regional climate 
was being altered by two major factors. The first was the 
rather abrupt decrease in temperature and precipitation that 
took place about six or seven million years ago. The second 
factor was structural geologic change, including both a 
region-wide crustal uplift and a continuation of the eleva
tion of the High Cascade Mountains. These two events led 
to an enhancement of continental weather characteristics in 
the area: wider temperature extremes and decreased precip
itation, particularly less summer rainfall. 

When the present grade for Highway 26 from the De
schutes Canyon to Agency Plains ("Vanora Grade" in 
Chaney, 1938) was first laid in 1935, fossil leaves were dis
covered and studied (Chaney, 1937, 1938, 1948b). During 
the 1990-1991 widening of the road, a much more exten
sive collection was made, consisting of more than 40 boul
ders. This paper discusses the new fossil evidence. 

Fossil localities of the author are identified with the pre
fix "MSA" and are registered with the Florida Museum of 
Natural History, Gainesville, Florida. 

OCCURRENCE 

The fossil leaves at the Deschutes flora locality were 
found in a road cut on the north side of Highway 26 about 
8 mi northwest of Madras in Jefferson County, Oregon 
(Figure 1). The fossiliferous material is about 66 ft (20 m) 
west of milepost 110 and is about 180 ft (59 m) below the 

top of the rimrock. The exposed cliff face shows a thick 
layer of black sand at road level (Figure 2). Above this are 
the gray rocks of the mudflow that engulfed a riverside 
grove oftrees there about 5.3 million years ago. With close 
inspection, limb molds can be seen. The locality coordi
nates are NWIf"NEIf" sec. 8, T. 10 S., R. 13 E. 

AREA GEOLOGY 

The fossils are in rocks that were formed by a series of 
mudflows as part of the upper Deschutes Formation (Smith, 
1987, 1991). On some maps and in some literature this for
mation has been referred to as the Madras Formation and 
sometimes has been considered to be part of The Dalles 
Formation. 

The oldest rocks in the area are of the Oligocene
Miocene John Day Formation. It is exposed in the De
schutes Canyon near the fossil locality, at the foot of the 
road grade. The youngest lavas were erupted from Round 
Butte, a basaltic shield volcano about 7 mi (11 km) west of 
Madras, Oregon. Flows of the Round Butte member of the 
Deschutes Formation have been dated at 3.9 Ma and were 
erupted onto the Agency Plains flow of the Tetherow Butte 
member that has been dated at approximately 5.3 Ma 
(Smith, 1987) and forms the rimrock of Agency Plains, the 
mesa to which Highway 26 ascends at the fossil locality. 
The Round Butte and Agency Plains lavas, as well as some 
underlying pyroclastic material, sediments and lavas, make 
up the upper Miocene to lower Pliocene portion of the De
schutes Formation here, including the lowest basalt flow in 
the formation, the approximately 7.4-Ma Pelton basalt 
member (Smith, 1987). All of the rocks exposed in the up
per levels of Campbell Creek canyon at the fossil locality 
are part of this formation. 

The lower portions of the canyon walls expose the mid
dle Miocene Simtustus Formation (Smith, 1986a). These 
rocks are also exposed in the lower parts of the Deschutes 
Canyon near Pelton Dam, a few miles southwest of the fos
sil locality (cover photo), and in the lower parts of some 
valleys around Gateway, Oregon, about 8 mi (12.9 km) to 
the northeast. In the Deschutes Canyon, near the fossil lo
cality, the Simtustus Formation overlies flows of the 
Columbia River Basalt Group, Prineville chemical type. 
This basalt type is exposed in places from near Bowman 
Dam, south of Prineville, Oregon, along ancient valleys of 
the ancestral Crooked and Deschutes Rivers and interfin
gers with the major part of the Columbia River Basalt 
Group east, north, and northwest of the Mutton Mountains. 
The relationship of the Prineville chemical type flows with 
the Columbia River Basalt Group is currently being reeval-
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Figure 1. Map showing location of Deschutes fossil locality (NWIf4NEIf4 sec. 8, T 10 s., R. 13 E.) on Highway 26 near 
Madras in Jefferson County. 
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Figure 1. I iews of the Deschutes fossil/oea/lfy before 
(lOp) and after (holtom) Ihe /990- 199/ excavation. 
"Before H photo soli shows remnants of vertical (ne
Irllllk molds. 

ualed (c.g .. Hooper and others. 1993). Pelion Dam is an
chored in Columbia River basal!. 

The above-mentioned rocks as well as some younger 
rocks in the RcdmondlLowcr Bridge area together comprise 
"alley fill for the central part of the Deschutes Basin. The 
middle Deschutes River basin is a broad depression be· 
twccn the mainly Oligocene and Eocene Ochoco Mountains 
to Ihe cast and Ihe younger volcanic rocks of the High Cas
cades to the west. 

Below the fo rmations mentioned lies the John Day For
Illation, Oligocene and Miocene in age (Smith. \987). It 
extends eastward from the Ochoco Mountains. eventually 
disappearing beneath the Deschutes Formation and possi· 
bly extending under the eastern pan of the Cascade Range 
in the vicinilY of the study area. It is exposed below the 
Columbia River basalt in the lower parts of the Deschutes 

Canyon at the foot of the grade near the fossil locality and 
can be viewed for some distance to the north in the lower 
parts of the can}'ons. It is a lso extensively exposed north in 
the Mutton Mountains and east toward Ashwood. Oregon. 

PAST WORK 

The occu rrence of fossil leaves at the Deschutes flora 
locality was first reported in 1935. L.S. Cressman. anthro
pologist and archaeologist at the University of Oregon. vis
ited the locality and made a collection of the leaf impres
sions. which sti ll remains housed at the University of Ore
gon Museum of Natural Histol)'. R. W. Chaney along with 
Phil Brogan and Lewis Irving of Madras \'isited the locality 
during the summer of 1936 and collected specimens. 
Chaney also collected that same year with C. Condit of 
Berkeley and A.W. Hancock and A.D. Vancc of the Geolog
ical Society of the Oregon Countl)'. Portland. Oregon 
(Vance, 1936). A thorough study of the fossils recovered 
was published in 1938 (Chaney. 1938). At that time. only a 
vcI)' small number of collections of Pliocene fossil floras 
wcrc known worldwide. which represented a weak basis for 
conclusions about paleoclimatc. The new collection of spec
imens has strengthened that basis. 

1990-1991 COLLECTION 

Approximately 40 boulders of different sizes were re
mo\'ed from the mudflows that had filled the old rivcr val· 
ley here to a depth of more than 25 ft (7.6 m). covering the 
old river bed and the arc.1S on both palcobanks (Figure 3). 
Rocks taken from directly above the old river bed did not 
produce much fossilife rous material. Those from the river
sides. however. were a treasure trove. Many single blocks as 
large as 10 ft (3 m) in diameter contained hundreds of ex
cellently preserved leaf impressions per block. Almost all of 
the impressions were on a single parting layer. a flat surface 
that had lain e.xposcd horizontally long enough for a rain of 
leaves to accumulate. before another surge of the mudflow 
covered it. 

Fifteen of the boulders are now at the Warm Springs In
dian Rcscr"\'ation. They are being used there in the land
scaping of The Museum at Warm Springs. Two are dis
played at the Jefferson County LibraI)' in Madras. Two are 
on display at the home of the author (Figure 4). One is on 
display at the Jefferson County fairgrounds in Madras. 
Three were placed in the State Highway Division com
pound at the top of the grade near the fossil locality, where 
an interpretive display is planned. The rest are bei ng used 
in construction of an impressive display wall at the new 
Juniper Hil ls Park on the cast side of Madras. Thousands of 
specimens are thus available for vieWing by the public and 
study by scientists. 

DISCUSSION 

On the apprmdmatcly 40 large blocks of stone that were 
Sowed. it is estimated that betwccn 8.000 and 10.000 speci
mens were found. Most of these are duplicates of the species 
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sions compared favorably with the two abovc
mentioned specimens originally identified as 
Prunus but later rejected by Chaney and Axel
rod (1959). A.'\elrod examined some of those 
fossi ls and identified them as juvenile-grO\\1h 
leaves of Populus olexanderi. 

The anomalous morphology known as 
'juvenile leaves" occurs either when seedli ngs 
put out their first leaves or when especially in
tense grO\\1h that often occurs after damage re
duces the tree to little more lhan a stump 
("breaking back") and leaves the plant with a 
root system that produces a great deal of nutri
ent for a small amount of grO\\1h. The structure 
of such -juveni le leaves" does not closely re
semble that of mature leaves of the species. 
whereas leaves that dC\'elop later do so. Some 
botanists fcc l the juvenile leaves may bear a re
semblance to their C\'olutionary progenitors. 

Several specimens of Quercus (white oak) 
were found, which confimlS the validity of the sin
gle specimen found earlier by Ashwill (1983). 

Figure 3. Top: Author stantling amongfield of large bouldersfrom Des
chutes fossil locality, each boulder holding dozens to hundreds of leaffos
slis. Bollom: Loading fossiliferous boulders on truck for transport to dis
play site. 

Elm (Ulmus sp.). madrona (Arbutus sp.), 

Oregon grape (Mahon/a sp.), horsetail 
(Equisetul1l sp.), Spiraea sp .. rose (Rosa sp.), 
black oak (Quercus sp.), ha\\1horn (Crataegus 
sp.), and juven ile lea\'es of cottonwood 
(Populus alexandert) can now be added to the 
Deschutes nora plant list. In addition. a second 
species of collonwood was recovered: Poplilus 
subll'ashoensis Axelrod, with extremely large 
tccth. This brings the number of identified taxa 
to 14. There are also specimens not yet identi
fied that appear to represent at least two addi
tional species. A few impressions of grasses along 
\\;th winged fruits of box cider were also found. 

The willow leaves may represent two 

originally listed by Chaney (1938). Cottonwood (Populus 
alexanderi) remains the overwhelmi ngly dominant t3."I(on 
among the fossil leaves at this locality. 

Chancy's (1938) study listed five species from this local-
ity as known at the time: 

Salixflorissanli Knowlton and Cockerelljwillowl 
Populus pliotremuloides A."I(clrod [quaking aspen) 
Populus alexanderi Dorf (Chaney, 1938) lcottonwood) 
Prunus irving; Chancy leherry/plum genus) 
Acer negundoides MacGinitie [box elder) 
The Prunus identification was based on only two leaf 

impressions. In a later publication, Cha ncy and A."I(cirOO 
(1959) concluded that of the two earlier identifications one 
was actually Populus alexallderi Dorf (Chancy, 1938) and 
the other probably Salix . This left a floral list numbering 
four. A later find by this author of a partial Quercus (white 
o.1k) leaf once more raised the lotal to fi ve (Ash\\ill, 1983). 

In the 1990- 91 collection, a large number of leaf impres-

species. They exhibited a very wide range of 
si7..e: Some were as long as 4.5 in. ( 11 A cm), whi le a si7.able 
group was in the range of 1.5-2 in. (3 .8-5 cm). Since size 
difference alone usually is not sufficient evidence to suppon 
identification of a separate species, this question awaits fur
ther study. 

Not all of the material has as yet been examined, and 
thus this paper is preliminary. Recognizing this. we can 
present the following, newly revised plant list for the De
schutes nora : 

Equisetul1l sp. Ihorsetail! 
Mahania marguerita Smi ley? [Oregon grape) 
Ulmus sp. lelm) 
Quercus sp. [black oak) 
Quercus sp. Iwhite oakl 
Salixflorissanti KnowUon and Cockereiliwillowl 
Populus pliotremuloides Axelrod (quaking aspen I 
Populus sub ..... ashoensis A."I(el rod [cottonwood I 
Populus alexanderi Dorf (Chancy, 1938) [cottonwood I 
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Figure 4. Fossiliferous boulders from Deschutes flora locality displayed at 
author s home. 

Horses and members of the wolf, bear, 
and cat families lived at the time, also 
deer and antelope and birds of many 
types. In addition. anima ls that would 
now seem out of place were alive in cen
tral Oregon 5,3 million years ago . 
Rhinoceroses, abundant for many mil
lions of years, were still around, but III 

diminishing numbers. Camels continued 
to abound. Bison were present. A mam
moth may readi ly have walked through 
the groves before they were inundated. Fos
sils of all of these and many more ani mals 
have been found in central and eastern Ore
gon. Many oflhe exotic species lasted until 
as recently as 4,000 years ago and coexIsted 
Witll early man. Carpal and metacarpal 
bones of a very large camel were recov
ered from a mudflow at nearly the same 
stratigraphic level across the canyon and 
downstream from the fossil leaf locality 

Arbutus sp, lmadronal 
Rosa sp. [rosel 
Spiraea? sp. [spiraeal 
Crataegus sp. [hawthorn I 
Acer negundoides MacGinitie [bo .... elder] 
Incertae sedis [unidentified spedes]: 2 
Plates I and 2 present a selection of fossil leaves from 

the collection of 1990-1991 . 

AGE 

The age of the Deschutes Fornlation mudflow unit con
taining the fossil locality is bracketed by the 5.3-Ma age 
(Smith, 1987) of the overlying Agency Plains basalt flow of 
the Tetherow Butte member and the 7A-Ma age (Smith, 
1987) of the underlying Pelton basalt member. 

The age of the fossiliferous rocks received two K-Ar 
measurements (Evernden and James, 1964), One measure
ment produced an age of 4.3 Ma, the other of 5.3 Ma. Since 
the .4 .3-Ma age would make the fossiliferous rocks younger 
than the overlying strata, it appears to be spurious, and the 
age accepted here is 5.3 Ma. That the rimrock lies some 66 
ft (20 m) above the fossiliferous rocks and yet the two are 
thought to be correlative in age can be explained. The ancient 
Deschutes River had eroded a low valley into the palcoland
scapc. When the Agency Plains lava covered lhe surface it also 
flowed down into the river valley where the riparian de
posits were the same age as the plains overlooking them. 

CORRELATIVE ANIMAL LIFE 

As is usual with leaf fossil localities, no vertebrate fossils 
were found. Documentation from other sources makes it 
clear, however, that the groves of trees along this portion of 
the old Deschutes River were surely frequented by an array 
of animals that would in general seem familiar to us today. 

(Ted Fremd. John Day Fossil Beds National 
MonumenL 0ra1 communication, 1988). 

TAPHONOMY 

Leaves commonly become fossilized as a result of one of 
two conditions: (I) They may eOUle to rest at the bollom of 
a body of water and become eovered with silt that over time 
hardens to rock. In this case, the impressions arc generally 
of flat-lying leaves. (2) They may be caught up in a mud
flow and rolled along with the mud that eventually becomes 
rock. Such fossils tell of their origin because they lie in 
curved or rolled positions, 

The host rocks at the Deschutes fossil floral locality were 
clearly the result ofa mudflow, The gray, fine-grained ma
lrix of volcanic ash contains abundant poorly sorted rock 
material varying in size from sand to occasional boulders. 
Most of the inclusions are angular pyroclastic fragments of 
pumice, cinders. and lava. Branch and tree molds in the 
rocks also point to their mudflow origin. The molds are 
mostly empty. A few small ones hold a bit of poorly pre
served petrified wood. 

The mudflow stratum is at least 20 ft (6 m) thick . For 55 
years. between the 1935 and the 1990 road work, the road 
cut here displayed several cross sections of vertical tree
trunk molds (Figure 2), Unfonunately, they were mostly 
lost in the latest excavation process. A number of horizontal 
parting layers from <3 ft (I m) to >6 ft (2 m) apart verti
cally show that the mud came down the paleovalley in a 
series of pulses. 

The lowest ofthesc parting layers (and therefore the ini
tial pulse of the mudflow) is about 2 ft (0,7 m) thick. The 
bollom part of this layer hosts a number of fossil leaves in 
rolled positions, which indicates that they were pIcked up 
from the surface litter and carried a short distance. The sur
face of this parting layer is, in the area of the vertical tree 
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Plate I. Deschulesflora lemlcs (AfSAlF-U), approximately na/ural size. (a) Arbutus? sp. /lIlodronn}: (b) Populus alcxan
dcri Dor! (Chaney. 1938) /collonwood); (c) Populus subwashocnsis /coltonwood}; (d) 'juvenile leaves" o/Populus alexan
deri Dorj(Chaney. 1938) {cottonwood}; (e) Rosa sp. {rose). 

molds, covered wilh thousands of leaf impressions. In 
places. the leaves arc deposi ted scvcrallaycrs thick. 

This type of lear-impression-rich parting layer has been 
noted in other volcan ic mudnow deposits (Burnham and 
Spicer. 19&6). These amhon concluded that , !cgclation par. 
lially drowned in a volcanic mudflow might suffer stress 
that would initiate the leaf-abscission process and that a 
later air fall of pumice might cause a rain of leavcs on the 

mud surface. Conditions observed at the Deschutes fossil 
nora locality tend to substantiate this conclusion. The lower 
parting plane with the thick earpet of leaf impressions also 
includes a centimeter-thick layer of air fal l pumice fragments. 

Confinnation of this concept was noted hy the author In 

1981 during the collection of leavcs incorporated into the 
Toutle River mudnow that was caused by the 1980 eruption 
of Mount SI. Helens. Muddy ··high-water" marks on tree 
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Plate 2. Deschutesjlora leaves (MSA IF-14), approximolely xl. 25: fa) Salix fl orissanti Knowlton and Cockerell / willow); 
(b) Cratacgus sp. [hawthorn); fe) Populus pliotrcmuloidcsAxelrod /quaking aspen}; (d) Ulmus sp. felm). 

trunks on the outer edges of the mudflow in many places 
indicate that after reaching an apex, the Illudflow subsided 
by about 3 ft (0.9 m). AI this point. the mud solidified on 
draining and drying. or course. all of the inundated trees 
had been killed. Interestingly. great numbers oftrces stand
ing free and clear of the consolidated fl ow but showi ng a 
Joft coating of mud on their bases had also died (Figure 5). 
Byron Johnson, landowner at one of the collecting locaJi· 

ties, pointed out that the cambium layer of the drowned por
tions of tree trunks appcanxl. "cooked," The author measured 
mudflow temperatures in excess of 55°C (131"F) at that time. 

Some support of the Burnham and Spicer ( 1986) hypoth
esis of accelerated abscission was also noted at the Byron 
Johnson place: The final upper surface of the mudflow was 
littered with fallen leaves " in relief' (Figure 6) : Rainfall 
had eroded away about Y. in. (6.4 mm) ofthe surface, lea\'-

OREGON GEOLOGY, VOLUME 58, NUMBER 6, NOVEMBER 1996 137 



ing each fallen leaf perched on its own tiny 
pedestal. Had another surge of mud covered this 
surface at that time, the strala would have in
c1udcd ( I) a ground-covering layer of mud with 
rolled leaf inclusions. (2) a parting layer with 
large numbers of leaves in a flat horizontal po
sit ion. and (3) the late-surge layer of 
mud--conditions as they are found at the Dc
sehutes flora locality. 

HOW FAR FROM TOE SOURCE TREE 
ARE FOSSIL LEAVES! 

Havi ng sometimes seen leaves fl oati ng down 
a s tream, one wonders how fa r most fossil 
leaves travel from their source tree before being 
deposited. It turns out, not far. Studies show 
that angiosperm leaves that have traveled for 
any considerable distance become ragged or 
fragmented (Spicer and Wolfe. 1987). A num
ber of studies of modem vegetation ha\'e shown 
that by far the greater portion of leaves fallen 
from trees come to rest either immediately be
neath the trcc or at a very short distance away 
(Chancy. 1924: Spicer and Wolfe. 1987; Burn
ham, 1989). In the preliminary (un
published) study of the entombment of 
leaves in the 1980 Toutle River mudflow. 

Figure 5. Dead alder trees at the edge of the J 980 Toutle River mudjlow 
caused by the eruption of.~fount St. Helens. These trees were killed. al
though only the lower 3 fl of their trunks had been covered by the mud flow. 

the author noted that of the II species re
covered in the mud matrix all lay within 
27 ft (8.2 m) ofa standing plant of the same 
species. many of them closer than that. 

HOW FULLY DO FOSSLL LEAVES 
AT A WCALITY REFLECT RE
GIONAL PALEO VEGETATION? 

Fossi l leaves found at a locality tell an 
incomplete story of the palcovegetation of 
a fossi l locality. The untold part of the 
story is a blank len by the absence of an 
unknown number of addi tional species 
that may have grown at the locality but 
arc not known to the collector. Possibly, 
some trccs had nOI leafed out when the 
mudflow arrived 10 bury the leaves. Some 
planu may have been growing only a 
short distance away and are therefore not 
represe nted in a collection. Some plant 
fossils may be present but have not yet 
been found by the collector. 

Figure 6. Flat lying leaves on the rain-etched surface of the Toutle River 
mudflow near In terstate Highway 5 at Castle Rock. Washington. one year after 
the Mount St. Helens eruption. 

Chancy, in a classic study of leaf entombment at Muir 
Woods in California 's redwood country, found that only 70 
percent of the 27 species seen growing in the study area 
were found in the stream sediments studied (Chaney. 1924). 

·In the Simtustus Formation nea r Gateway, Oregon. fos
silized shell s of hackberry (Cellis) seeds are so abundant 
that they were used as a marker fossil during mapping of 

those rocks (Smith. 1986a) . The remarkable deposit of 
these seeds o\'er a wide area of more than 30 mi2 (78 km2

) 

indieates that hackberry trees must have been extremely 
abundant during lhe deposilion of the rocks of that forma
lion. Ho\\'e"er. in the only presently known Simtustus For
mation fossil leaf locality, the Pelton locality, MSNF-1 5, 
hackberry leaves ha"e not been found (Ashwill, 1990). 
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As discussed in the previous section, we can feel sure 
that the plants that produced the fossil leaves lived nearby. 
And although often a degree of uncertainty remains when a 
fossil leaf is added to a fossil leaf floral list, nevertheless, 
the data can confidently be added as a taxon that grew in 
the region. 

HOW NEAR WAS THE VOLCANIC EVENT THAT 
CONTRIBUTED TO THE BURIAL OF THE GROVES 
AT mE LOCALITY? 

Chaney's (1938) study of the Deschutes flora material 
found in 1935 included a discussion of the "tuffs" hosting 
the fossils and their possible source. He puzzled about the 
flat-lying attitude of the leaves at the parting layer as a 
possible indicator that they may have been water lain. 
He noted that other such flat-lying leaf deposits had been 
usually found in fine sediments rather than in the coarse 
sediments found at the Deschutes locality. Speculating on a 
volcanic source for the pumice and vitrophyre incorporated 
in the mudflow, he suggested a possible nearby silicic vol
canic vent. 

In response to a request for some comments, in view of 
more recent work, on the notes made by Chaney (1938) 
more than fifty years ago on the taphonomy and rocks at the 
locality, the following was contributed by G.A. Smith, 
whose 1986 doctoral study included this area: 

"Your 'mudflow' term is really quite adequate. This is a 
very fine-grained rock. The other conspicuous feature is the 
abundant pumice lapilli and bombs which, as you note, 
come in pretty big sizes at this outcrop.-I had forgotten the 
comparison he [Chaney] made to Katmai. There are no 
vents any closer than the Cascades, and there is nothing 
about the deposit that requires a source in closer proximity. 
The idea of the deposition of the flora-bearing beds having 
closely followed an eruption is reasonable.-The overall 
impression, therefore, is of serial emplacement of several 
mudflow units with more dilute-flow phases between them. 
Because of the upright [tree] trunks, presumably rooted in 
situ, I don't see this as a lake but rather a flood plain to the 
ancestral Deschutes River that was inundated by mudflows; 
I do not recall any evidence that would make me feel 
strongly that the leaves themselves had been deposited in 
standing water as Chaney subscribes. I have an analysis of 
one of the big black pumices in my dissertation; it is an
desitic in composition. Besides the rounded cobbles that 
you mentioned, I also noted a fair number of angular, black 
glassy clast (vitrophyre). These are common among the 
ledge forming debris-flow deposits that are so conspicuous 
northward from Campbell Creek canyon along the east side 
of the [Deschutes] River and also in places on the [Warm 
Springs] Reservation, especially north of Seekseequa Junc
tion. I never analyzed the clasts at Chaney's locality, but 
others collected along the Vanora Cliff are dacitic in com
position"(G.A. Smith, University of New Mexico, Depart
ment of Earth and Planetary Sciences, written communica
tion, 1995). 

GEOLOGICAL SECTION OF LOCALITY 
Smith (1986b) measured a geologic section at the Warm 

Springsl Agency Plains highway grade using collective data 
taken from road cuts at and near the Deschutes fossil flora 
locality. Total thickness from the John Day Forma
tionlDeschutes Formation contact to the top of the rimrock 
was determined to be 338 ft (103 m). 

The upper 2l.3 ft (6.5 m) consists of coarse-grained, 
diktytaxitic, high-alumina, olivine tholeiitic basalt (Agency 
Plains flow of the Tetherow Butte basalt member). 

Below this, Smith documented 64 ft (19.5 m) of 
medium- to coarse-grained sandstone varying from gray to 
light brown in color and including pumice lapilli. Layers of 
this sandstone from 2 ft (0.6 m) to 20 ft (6 m) thick are 
interspersed with lapillistone layers from l.6 ft (0.5 m) to 
4.6 ft (1.4 m) thick. 

At the base of the sandstone/lapillistone unit is a dacitic, 
unwelded, pink to gray ignimbrite layer that is 28 ft (8.5 m) 
thick. 

The section of the Deschutes Formation that lies below 
the ignimbrite layer is 225 ft (68.5 m) thick and consists of 
layers of fine- to coarse-grained light-gray to light-brown 
sandstone with thicknesses between 6.2 ft (l.9 m) and 50 ft 
(15.2 m) interspersed with lapillistone layers 0.6 ft (0.2 m) 
to 6.2 ft (l.9 m) thick. 

The portion containing the leaf fossils discussed in this 
paper is about 120 ft (36.6 m) below the top of the rimrock 
at the locality. 

TWO GROVES RECORDED BY THEIR FOSSILS 

The ancient river bed is revealed in the road cut by a 
thick sequence of dark crossbedded sands. The paleoriver is 
thought to have been flowing in a northerly or northeasterly 
direction. The east-west road cut gives us a view of a cross 
section of the riverbed and its valley. The massive mudflow 
rests on the old riverbed sands and fills its valley deep 
enough to have partly drowned trees growing at the time on 
both east and west banks. Over 95 percent of the fossil 
leaves found came from the area of the drowned grove on 
the east bank. This is the locality uncovered in 1935. The 
mudflow section over the center of the river bed is mostly 
barren of fossils. A few small concentrations of leaf fossils 
were found on the west bank, mainly of the juvenile Popu
lus type. 

PALEOCLIMATE AND CORRELATION WITH 
OTHER FOSSIL FLORAS 

Fossil plants are important indicators of past climatic 
conditions, and the data obtained from the Deschutes fossil 
flora are quite significant in this respect. Fossil studies of 
both plant and animal life ofthe northern hemisphere docu
ment a climatic trend from tropical, through warm
temperate to cool and more arid climate in mid-latitude in
terior areas of the continents, beginning early in the Ter
tiary and culminating in the Pleistocene "Ice Age." This 
process during the time interval from the Eocene through 
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the Pliocene has been especially completely recorded in the 
richly fossiliferous strata of central Oregon. 

The "deterioration" of the climate, though generally 
gradual, was punctuated by at least two rather sudden (in 
geologic time) changes. One of these events was the change 
from tropical to warm-temperate conditions at approxi
mately 33 Ma. Fossil assemblages older than that (e.g., Ar
buckle Mountain, MSAIF-34; Denning Spring, MSAIF-35 
[also Gordon, 1985]; East Birch Creek, MSAIF-36; Wild
wood Campground, MSAIF-54; West Branch Creek, 
MSAIF-57; Dietz, MSAIF-86) commonly include palms, 
cycads, and lianas. Even banana has been found in the 
rocks of central Oregon (Manchester and Kress, 1993; 
Manchester, 1994a). 

Lower John Day Formation floras and others somewhat 
younger than 33 Ma (e.g., Canal, MSAIF-8; Knox Ranch, 
MSAIF-32; Fossil High School, MSAIF-33; Twickenham, 
MSAIF-39; Gray's Ranch, MSAIF-51) produce none of the 
above-mentioned tropical plants but instead a cooler cli
mate assemblage including dawn redwood, maple, alder, 
birch, evergreen oaks and other associated plants. These as
semblages, along with the classical Bridge Creek flora near 
Mitchell, Oregon, are all part of a large number of lower 
John Day Formation fossil localities often collectively re
ferred to as "Bridge Creek flora." 

Middle to upper John Day Formation floras and others 
in the area associated with the Columbia River basalts with 
ages from 22 Ma to 15 Ma (Heath Ranch, MSAIF-16; Fore
man Point, MSAIF-17; Mascall Road Cut, MSAIF-27) still 
indicate a rather moist paleoclimate. They produce fossils 
of swamp cypress, walnut, lobed oak, birch, alder, and 
sweet gum, to name a few. 

The second climatic event was a change from moist
temperate to semi-arid conditions that occurred sometime 
around 7-fJ Ma. 

The Vibbert fossil locality of Ashwill (1983; MSAIF-12) 
and the Deschutes fossil assemblage discussed here bracket 
this abrupt climatic change. They are both within the De
schutes Formation, one at the top, the other at the bottom, and 
are laterally separated by a distance of only 7 mi (11 km). 

The late Miocene Vibbert fossil locality in the lower De
schutes Formation at Gateway, Oregon, 12 mi (19 km) 
north of Madras is the youngest in the area that has an as
semblage of considerable diversity (27 species). Although 
the abundance oflobed oak, hawthorn, and cottonwood and 
the impression of a single twig of juniper suggest a trend 
toward a drier, harsher regime, sycamore, spruce, live oak, 
ash, and huckleberry, along with the diversity of the flora, 
point to a climate with milder winters and more summer 
precipitation than that of today. 

Several fossil localities in the Madras area that are 
younger than the Vibbert flora vary in age from an esti
mated 6 Ma or late Miocene (Juniper Canyon, MSAIF-7; 
Round Butte Dam, MSAIF-49; Dry Hollow, MSAIF-92) to 
approximately 5 Ma or earliest Pliocene (Deschutes, this 
paper, MSAlF-14; Rehermann, MSAlF-24; Kahneeta, 

MSAIF-68). These fossil localities correlate well in age and 
content with the Pliocene flora from the Rattlesnake For
mation near John Day, Oregon (Chaney, 1948a). 

Some of these assemblages are small and would have 
little significance individually, but a view of their combined 
content helps to visualize the ecosystem of the time. Their 
composition contrasts markedly with that ofthe Vibbert lo
cality and others somewhat older. Missing are the plants 
that require considerable summer moisture for survival, in
cluding swamp cypress, spruce, and sycamore. At present, 
the fossil localities younger than 7 Ma record only one 
conifer species, a large-coned pine in the Dry Hollow local
ity of the Bridge Creek flora in the western part of the study 
area. This locality is on the west side of the Deschutes 
River, where Ponderosa pines still can occasionally be 
found at streamside in the deep canyons. 

The significance of the Deschutes flora, then, is the indi
cation of a severe and abrupt change of climate around 7 
Ma, expressed in the bold contrast between its semi-arid
climate plants, and the more diverse, moist-climate flora of 
the Vibbert assemblage, which is only 2.5 million years 
older 

SUMMARY 

The data obtained from thousands of fossil leaves found 
during the 1990-1991 excavation at the Deschutes fossil 
locality have enabled us to add to and build upon Chaney's 
(1938) classic study. 

The new and more complete list of plants for the locality 
documents a more diverse flora than previously known. 
However, it is still a short list and restricted to plants grow
ing in a paleoclimate bordering on the semi -arid. In this 
respect the new picture of early Pliocene ecology in central 
Oregon is not greatly changed by the new finds. 

The data from the Deschutes locality, considered along 
with data from several other local fossil assemblages, con
trast strongly with data from the Vibbert locality at Gate
way, Oregon, which is only 2.5 million years older and only 
7 mi (11 km) distant. The more diverse flora of the Vibbert 
locality records a moister climatic regime. The indication is 
that a significant geologic event took place some time 
around 6 or 7 million years ago to alter the climate of cen
tral Oregon to a considerable degree and in a relatively 
short time. 
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State Seismic Rehabilitation Task Force 
summary report is now available 

The Seismic Rehabilitation Task Force created by the 
1995 Oregon Legislature to make recommendations to the 
Legislature by September 30, 1996, on the seismic rehabili
tation of existing buildings in Oregon has completed its 
work. According to Task Force Chair Paul Lorenzini, "The 
Task Force met, studied the problem, listened to the public 
and other affected groups, developed its recommendations, 
and delivered them as a report to the Legislature for its con
sideration. The Task Force believes that the program it is 
recommending will assure that the people of the State of 
Oregon will ultimately be better protected from earth
quakes." 

The Task Force report summarizes the findings and rec
ommendations of the Task Force and contains additional 
information and materials developed by the Task Force. 
Copies of the report may be purchased for $7 from the Na
ture of the Northwest Information Center, 800 NE Oregon 
St. #5, Portland, OR 97232, phone 503-872-2750, fax 503-
731-4066.0 

OSU to offer earthquake course 
Oregon State University will offer a new course, GEO 

380, "Earthquakes of the Pacific Northwest," as part of its 
Baccalaureate Core Curriculum dealing with Science, Technol
ogy, and Society. The course will focus on all aspects of the 
earthquake issue in the Northwest, including geologic evi
dence, forecasting, earthquake engineering, insurance, and 
government's role in legislation and disaster preparedness. 

The 3-credit course is designed for a general audience 
and will be taught by Dr. Robert Yeats, OSU Geosciences 
Department. The Department can be reached by phone at 
(541) 737-1201. 0 

PSU to offer evening geology classes 
The Geology Department of Portland State University 

will offer the following courses as evening classes: 
Clay Mineralogy (Michael Cummings), MW 5:15-6:30. 
Chemical Hydrogeology (Dennis Nelson), M 6:40~9:20. 
Well Dynamics (Ansel Johnson), TR 4:40-6:30. 
Physical Hydrogeology (Alan Yeakley), TR 4:00~5:50. 
Volcanic Hydrologic Hazards (Assessing and mitigating 

surficial hydrologic hazards at volcanoes; Tom Pier
son, U.S. Geological Survey), T 6:40~9:20. 

For information, call the Department at (503) 725-3022. 0 
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Liquefaction susceptibility of soft alluvial silts in the Willamette Valley 
by D. Andrew Vessely, Cornforth Consultants, Inc., 10250 SW Greenburg Road, Suite Ill, Portland, Oregon 97223; Michael 
Riemer, Department of Civil Engineering, 440 Davis Hall, University of California, Berkeley, California 94720; and Ignacio 
Arango, Bechtel Corporation, Po. Box 193965, San Francisco, California 941J9. 

ABSTRACT 
The Tualatin and Portland basins of the Willamette Val

ley contain vast deposits of very soft to very loose alluvial 
silts. Large sections of Portland, Hillsboro, Beaverton, and 
Forest Grove have numerous structures and civil works sit
uated on these flood-plain deposits. Due to the recent up
grading of potential seismic ground motions in western 
Oregon, the question arises: "Can these saturated silt de
posits liquefy?" The behavior of sands and silty sands to 
earthquake shaking is well understood, and there are widely 
used, simple empirical charts to evaluate the liquefaction 
potential for sands, using standard penetration test (SPT) 
blowcount data. There is not, however, a similar compre
hensive knowledge of the seismic behavior of predomi
nantly silty material. 

This paper describes the results of cyclic triaxiallabora
tory tests performed on relatively undisturbed samples of 
nonplastic, alluvial and flood-deposit silts from a site in the 
Tualatin basin near Forest Grove in Washington County. 
Five specimens were tested under various cyclic stress ra
tios to evaluate the response of the silt to cyclic motions. 
The test results indicated that all specimens developed a 
state of initial liquefaction and that four of the five speci
mens "liquefied," i.e., developed excess pore-water pres
sures equal to the initial effective confining stress, under 
cyclic stress ratios and number of uniform cycles represen
tative of postulated earthquakes from crustal and subduc
tion sources. 

The results of this study clearly indicate that nonplastic 
alluvial silts can liquefy under design-level earthquakes. 
However, the results are site specific, and one must exercise 
care and judgment before using these results at other sites 
throughout the Willamette Valley. For example, the effects 
of increasing plasticity, which is common in many alluvial 
deposits in the valley, has not been addressed. Much re
search is needed before the overall seismic behavior ofthese 
alluvial materials is fully understood. 

INTRODUCTION 

The Fern Hill Water Treatment Plant is located about 2 
mi south of Forest Grove on the Tualatin River flood plain 
(Figure 1). The plant is currently being expanded to accom
modate increased water-supply needs for several Washing
ton County communities, including Hillsboro and Forest 
Grove. Current geotechnical studies for the expansion proj
ect included a review of existing geotechnical reports from 
the original plant construction in 1974, the drilling of sev
eral borings to evaluate subsurface conditions for specific foun
dation locations, and a site-specific seismic hazard evaluation. 

According to the previous geotechnical information and 
current borings, the subsurface material at the site consists 
of 80-85 ft of fine-grained deposits, which are predomi
nantly silts originating from Quaternary catastrophic flood 
deposits and alluvium. The upper 30-50 ft of this deposit 
consists of very loose to medium-dense silt, with Standard 
Penetration Test (SPT) blowcounts1 ranging from 2 to 21 
blows per foot (bpf), with an average blowcount of 8.5 bpf. 
Groundwater is typically within 5-10 ft of the ground 
surface. Classification tests indicated that the material 
is essentially nonplastic. Due to the low blowcounts and 
low plasticity, the design team became concerned that 
these silts were potentially liquefiable under current 
design-level earthquakes. A representative boring log is 
shown in Figure 2. 

1 Standard penetration test blowcount is the number of blows (of a 140-\b 
hammer falling freely through a height of 30 in.) to drive a standard sam
pling tube 12 in. into the ground. 

FEANHILL WATER 
TREATMENT PLANT 

OREGON 

o , 10 
I 

MILES 

Figure 1. Sketch map showing location of the Fernhill 
water treatment plant, the site discussed in this paper. 
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Figure 2. Representative boring log. U =Shelby tube 
sample; * = no sample recovered; curve on extreme right 
marked by circles shows moisture content in percent. 

DESIGN GROUND MOTION 
Representative ground motions were developed for sev

eral potential seismic sources including crustal earthquakes 
and intraplate and interface subduction earthquakes. The 
ground-motion parameters were developed from a compre
hensive seismic hazard evaluation performed for the Bar
ney Reservoir expansion project located 15 mi west of the 
site (Cornforth Consultants, 1994). That study assessed 
bedrock motions on a probabilistic and deterministic basis 
and developed synthetic acceleration-time histories for each 
source. 

For the Fern Hill site, the peak rock-acceleration values 
from Barney Reservoir were attenuated by averaging sev
eral empirical relationships for crustal earthquakes (Joyner 
and Boore, 1982; Idriss, 1991; and Sadigh and others, 
1993) and by using relationships developed by Youngs and 
others (1988) for the subduction earthquakes. Synthetic 
time histories were scaled to match the attenuated peak 
ground acceleration. The deterministic ground motions 
used at the site are presented in Table l. 

Table 1. Deterministic ground motion (bedrock) 

Maximum Peak bedrock 
credible earth· Minimum acceleration 

Source quake (MCE) distance (mi) mean (g) 

Portland Hills fault 6.8 16 0.16 
zone 

Intraslab 7.3 30 0.22 

Interface 8.5 40·55 0.14 

The seismic response of the alluvial soils overlying the 
bedrock was calculated by use of the program SHAKE91 
(Idriss and Sun, 1992). A generalized stratigraphy of the 
site was developed from the boring logs. Representative 
shear-wave velocity data for similar soil types were ob
tained from a review of geophysical testing by DOGAMI on 
30 drill sites in the Portland basin (Mabey and Madin, 
1995). The results of the dynamic analysis indicate that 
cyclic stress ratios induced by the earthquakes (CSR)eq 
would range from 0.18 to 0.29 from the ground surface to a 
depth of 45 ft. 

PRELIMINARY LIQUEFACTION EVALUATION 

As a first step in evaluating the susceptibility of the silts 
to seismic ground motions, the factor of safety against ini
tialliquefaction (FS) was calculated in a simplified empiri
cal procedure using SPT blowcount data (N) corrected for 
overburden pressure, earthquake magnitude, and hammer 
efficiency (Seed and others, 1983). For corrected SPT blow
counts-expressed as (N)60-in the range of 4-11, the em
pirical data for silty sands indicate that cyclic shear stress 
ratios of 0.12--0.23 must be induced in the ground to cause 
liquefaction. 

Comparing the cyclic stresses induced by the earth
quakes with the cyclic shear strength from the empirical 
chart indicated that the loose deposits of the silt in the up
per 50 ft would be susceptible to earthquake-induced lique
faction. However, the design team questioned the validity of 
the results, since they were obtained from a procedure that 
was originally developed for sands and silty sands, not for 
fine-grained silts. Do silts exhibit similar seismic behavior 
as sands? It was decided to test undisturbed samples of the 
silt in a cyclic triaxial test apparatus to evaluate the re
sponse under simulated earthquake loading. 

SOIL CLASSIFICATION PROPERTIES 

Three relatively undisturbed (Shelby tube) samples were 
obtained from the site from depths between 2l.5 and 32 ft. 
Several classification tests were performed on these sam
ples, including natural water content, grain size distribu
tion, and Atterberg limits. Grain size analyses were per
formed for all five test specimens. On average, the speci
mens contained 15 percent fine sand, 83 percent silt frac
tion, and 2 percent clay (Figure 3). The plasticity index (PI) 
for the five specimens ranged from 0 to 3, with an average 
of l.6, which is essentially nonplastic. SPT blowcounts ob
tained immediately below each tube sample were 3, 2, and 5, 
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Figure 3. Range of particle size for 5 cyclic triaxial 
specimens. 

respectively, and the corrected average blowcount SPT 
(Nj)60 was 4. Natural water content ranged from 35 to 55 
percent and was fairly uniform in the upper 50 ft. 

SAMPLE TRANSPORTATION 

Cyclic triaxial testing was performed at the Geotechnical 
Laboratory at the University of California at Berkeley. To 
help minimize sample disturbance prior to transporting the 
samples to Berkeley, the end caps of the tubes were removed, 
and the tubes were left on end with moist filter cloth to al
low the sample to drain excess water, thereby mobilizing 
capillary tension within the sample. As a further precau
tion, the tube samples were carefully packaged, then hand
carried on a commercial flight to Oakland, California. 

SPECIMEN PREPARATION 

Triaxial specimens (nominally 2.8 in. in diameter and 6 
in. in height) were extruded from segments of the Shelby 
tubes with a modified hydraulic jack. Capillary stresses in 
the partially saturated silts were sufficient to maintain free
standing specimens after extrusion. Following placement of 
the top cap and the latex membrane, each specimen was 
vacuum saturated and measured, and the triaxial cell was 
assembled around it. An effective confining stress of ap
proximately half an atmosphere (1,000 pounds per square 
foot [psf]) was maintained throughout the vacuum and 
back-pressure saturation processes. The specimens were 
then consolidated to an isotropic stress of 1,500 psfprior to 
undrained cyclic loading. Volume changes during both the 
saturation and consolidation phases were closely monitored 
and were observed to be small, which satisfied the intent of 
reconsolidating relatively undisturbed specimens. 

CYCLIC TRIAXIAL TESTING 

The triaxial tests were performed by use of the CKC e/p 
pneumatic loader, under the control of Georobot software 
(version 5.2). Instrumentation included an externally 
mounted, 500-pound-capacity load cell, a l.OO-in. Collins 
L VDT, and three differential pressure transducers of vary-

ing sensitivities. All of the instrumentation and other com
ponents of the systems were calibrated prior to testing. 

The cyclic testing consisted of uniform, stress
controlled, sinusoidal loading under undrained conditions 
at a frequency of 1 cycle/second. The cyclic stress ratios 
(CSRs), which are a measure of the amplitude of loading, 
were chosen to span the range expected to result from the 
design seismic events at the project site. Throughout this 
report, the cyclic stress ratio is defined as the peak cyclic 
deviatoric stress (crde) divided by two times the initial effec
tive consolidation stress (cr' con): 

CSR=~ 
2a;on 

Cyclic loading was applied to all of the isotropically con
solidated specimens until they had reached axial strains in 
excess of 8 percent. In all cases, this occurred after the spec
imens reached a state of initial liquefaction (at which the 
effective confining pressure, 3, first reaches a value of zero). 

RESULTS OF TESTING 

The data from the five cyclic tests are summarized in 
Table 2. Initial conditions for each specimen include the 
original depth and the dry density (y~ immediately prior to 
cyclic testing. The results of each test are described by the 
cyclic stress ratio (CSR), and the number of cycles required 
to reach "initial liquefaction," defined as the achievement 
of a pore pressure ratio of ru = ~u1cr' eon = 100%, where ~u 
is the change in pore-water pressure. 

Table 2. Results of cyclic triaxial testing of Willamette silts 

Blow- In situ dry Cyclic Number 
Sample count density, Yd loading of cycles 

Test depth (ft) (N.) •• (pct) (CSR) (ru=100%) 

7T 22 4 81.7 0.250 22 

7M 22.5 4 80.9 0.327 

7B 23 4 79.3 0.220 12 

9T 26 3 82.5 0.177 105 

llT 31 83.2 0.247 8 

As has been frequently observed in cohesionless soils, 
the onset of substantial cyclic straining (greater than 5-
percent axial strain) roughly coincided with initialliquefac
tion. The values of CSR versus the number of cycles to ini
tialliquefaction are plotted for the five tests in Figure 4. 

CONCLUSIONS 

The laboratory testing performed on the samples of allu
vial silt during the current study generally confirmed the 
results of the simplified empirical procedure based on SPT 
blowcount data. Despite the low percentage of sand-sized 
particles, these materials are prone to liquefaction when 
subjected to moderate cyclic loading. Due to the lack of co-
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CYCLIC TRIAXIAL TEST RESULTS FOR 
SLIGHTLY SANDY SILT 
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Figure 4. Cycles to initial liquefaction for slightly sandy 
silt. 

hesive fines in the material, and low SPT values indicating 
a very loose structure, it is likely that the samples retrieved 
from the field were at least slightly disturbed during the 
sampling process. This disturbance would be expected to 
densify the material and, as a result, increase the liquefac
tion resistance of the specimens tested in the lab; therefore, 
the data plotted in Figure 4 are suspected of representing 
levels of liquefaction resistance that are greater than those 
available in equivalent deposits in situ. 

In light of the difficulties in evaluating the degree of dis
turbance and the magnitude of its possible effects, it seems 
unreasonable to attempt to quantify them and subsequently 
"correct" for these effects. The cyclic and static test results 
can probably best be considered as "upper bound" values on 
the liquefaction resistance and post-liquefaction strengths, 
respectively, of the rather low-density silt deposit from 
which the specimens were obtained. 
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Wang to head DOGAMI earthquake 
hazard reduction efforts 

Yumei (Mei Mei) Wang has been appointed to lead the 
earthquake hazard activities for the Oregon Department of 
Geology and Mineral Industries (DOGAMI). 

Wang, an earthquake engineer with DOGAMI since 
1994, will lead a team of geologists and scientists who spe
cialize in studying earthquake hazards in Oregon. She will 
also work with local, state, and national earthquake groups 
in forming partnerships for mitigation efforts to reduce loss 
of life and property. 

Wang recently authored the earthquake hazard maps for 
the Salem area (DOGAMI Geological Map Series 
GMS-105, 1996). She and other scientists are now working 
on similar maps for the Eugene-Springfield area. 

The hazard maps are part of a larger project to protect 
Oregonians from earthquake damage. Through Wang and 
other earthquake professionals, DOGAMI is increasing its 
efforts to promote earthquake awareness and preparedness. 

Wang earned her master's degree in civil engineering 
with a geotechnical emphasis from the University of Cali
fornia at Berkeley in 1988. Before coming to DOG AMI, she 
had her own geotechnical engineering consulting firm in 
Oakland, California. She is an officer for the American So
ciety of Civil Engineers and a member of the Earthquake 
Engineering Research Institute, the Association of Women 
Geoscientists, and the Association of Engineering Geolo
gists (AEG). She is chairperson for the AEG's 1997 earth
quake symposium. 

Wang replaces Matthew Mabey, who left DOGAMI this 
summer to accept a teaching position at Brigham Young 
University. 0 
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The expected financial losses due to building damage caused by 
severe earthquakes in Oregon 
by Robert M. Whelan], Mineral Economist, and Matthew A. Mabel, Earthquake Specialist, Oregon Department of Geology 
and Mineral Industries 

INTRODUCTION 
The Oregon Department of Geology and Mineral Indus

tries (DOGAMI) has estimated the direct financial losses 
from buildings damaged by severe earthquakes in Oregon 
over the next 55 years. The analysis shows that, over that 
period, the average annual loss would be $108.6 million. 
This conclusion is based on a county-level study of building 
stocks, construction outlooks, and earthquake recurrence 
rates. 

A severe earthquake is defined here simply as one that 
causes ground shaking of 0.3 times the acceleration of grav
ity (0.3 g) or more. Three types of earthquakes can produce 
such violent motion: subduction-zone interface, subduction
zone intraplate, and large crustal earthquakes. 

The subduction-zone interface earthquakes that affect 
Oregon occur along the margins where the continental and 
oceanic plates meet. This zone is found deep below the 
ocean floor off the Oregon coast. Subduction-zone earth
quakes in Oregon are powerful yet infrequent events. They 
are often characterized by long periods of shaking that oc
cur over extensive areas. A subduction-zone interface earth
quake off the northern Oregon coast could produce shaking 
of 0.3 g as far away as the Portland metropolitan area. 

Subduction-zone intraplate earthquakes occur as the 
downgoing, or subducted, oceanic plate breaks beneath 
North America. The memorable and fatal earthquakes oc
curring in the Puget Sound region in 1949 and 1965 were 
of this type. 

Crustal earthquakes are more common. They are more 
localized events, but they can also be quite destructive near 
their source. Crustal earthquakes are caused by sudden 
movements between different sections of bedrock. These 
movements occur along faults that are typically near the 
surface. Ground shaking of 0.3 g or more is not uncommon 
in crustal earthquakes of magnitude 6 or 7 (Geomatrix, 
1995). 

RECURRENCE RATE 

How often are there earthquakes that cause 0.3 g of 
ground shaking or more? The power and frequency of 
crustal earthquakes largely depends on local geological 
conditions. For subduction zone earthquakes, distance from 
the epicenter is a crucial factor in determining how much 
ground shaking occurs in an area. 

1 Current address: ECONorthwest, Pioneer Tower, Suite 1460, 888 SW Fifth 
Avenue, Portland, OR 97204-2028. 

2 Current address: Geology Department, Brigham Young University, PO. 
Box 25111, Provo, UT 84602-5111 

By examining the geologic record, it is possible to esti
mate the historical frequency of earthquakes in different 
parts of the state. For this analysis, estimates of the frequen
cies of large crustal and the subduction-zone earthquakes 
were used. These estimates were derived from the seismic 
design mapping project of the Oregon Department of 
Transportation (Geomatrix, 1995). The frequencies of 
earthquake occurrence were used to calculate how often 
these seismic events resulted in ground shaking of 0.3 g or 
more. This was done for the main population center of each 
county. As a necessary simplification, it is assumed that the 
frequency of 0.3 g ground shaking is the same in all parts 
of a given county. The results are shown on Table 1. 

The probabilities on Table 1 are expressed in recurrence 
rates. For instance, for Benton County, the recurrence rate 
is calculated for Corvallis. It is the main population center 
for the county. In Corvallis, seismic events that cause at 
least 0.3 g of ground shaking happen about once every 
1,750 years. The chance that such an event will occur in 
anyone year is 1:1,750, or a little less than 0.06 percent. 
This probability is applied to all parts of Benton County. 

BUILDING STOCK DATA AND DAMAGE RATES 

The building stock is the total square footage of build
ings in place. To compute the expected future losses from 
seismic events, a forecast of the building stock of every 
county was needed. With the exception of the Census of 
Housing, building stock data are not collected. The con
struction statistics firm of F W Dodge, however, estimates 
the building stock of each county as part of its regular pro
gram of monitoring construction contracts and permits. 
This is the most reliable source of building stock data. 

FW Dodge provided 1995 county building stock esti
mates for 15 categories of structures. These included categories 
such as retail buildings, schools, and offices. The 1995 data 
were used as a base for the building stock forecast. 

In connection with a study of aggregate demand, 
DOGAMI built construction forecasting models for each 
county (Whelan, 1995). The models forecast the number of 
square feet for over a dozen categories of buildings on an 
annual basis through the year 2050. 

The forecasts were consolidated into categories common 
to both FW Dodge and the county aggregate models. This 
yielded a projection of additions to the building stock for 
different types of structures. It was then assumed that a cer
tain percentage of buildings are removed each year from the 
building stock. Removals happen because of demolition, 
abandonment, and obsolescence. A removal rate of 0.0111 
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Table 1. The probability of a seismic event causing at 
least 0.3 g of ground shaking in a county 

Population Recurrence rate 
County center (years) 

Baker Baker City 4,250 

Benton Corvallis 1,750 

Clackamas Portland area 1,250 

Clatsop Astoria 500 

Columbia St. Helens 1,250 

Coos Coos Bay 350 

Crook Prineville 7,250 

Curry Gold Beach 125 

Deschutes Bend 4,500 

Douglas Roseburg 1,500 

Gilliam Condon 5,000 

Grant John Day 7,500 

Harney Burns 25,000 

Hood River Hood River 3,125 

Jackson Medford 1,250 

Jefferson Madras 7,250 

Josephine Grants Pass 1,000 

Klamath Klamath Falls 1,500 

Lake Lakeview 1,500 

Lane Eugene 1,750 

Lincoln Newport 300 

Linn Albany 1,750 

Malheur Ontario 3,500 

Marion Salem 1,500 

Morrow Boardman 5,000 

Multnomah Portland 1,250 

Polk Dallas 1,075 

Sherman Moro 5,000 

Tillamook Tillamook 400 

Umatilla Pendelton 5,000 

Union La Grande 4,250 

Wallowa Enterprise 4,250 

Wasco The Dalles 5,000 

Washington Portland area 1,250 

Wheeler Mitchell 25,000 

Yamhill McMinnville 825 

was used for school buildings. A rate of 0.0167 was used for 
all other nonresidential buildings. For housing, a slightly 
different approach was used. 

Housing data for this analysis came directly from the ag
gregate models. The total square footage of single and mul
tifamily housing in 1995 came from F.W Dodge. For man
ufactured homes, which are not reported in construction 
statistics, an estimate was made for the total square footage 
in 1995 by multiplying the number of units by 1,300. The 
forecasts of additions and removals are part of the aggre
gate models, and these were used in the forecasts of build
ing stocks. 

The square footage of buildings by type was converted 
into dollar values. The interest here is in the replacement 
cost of structures. In other words, if a retail building is de
stroyed in an earthquake, how much would it cost to rebuild 
it? The concern here is not the market or assessed value, but 
rather replacement cost. 

Construction cost estimates were made with data used in 
the development of the aggregate models. F. W Dodge pro
vided construction cost and square footage statistics for 
1978 to 1993. These figures exclude the costs of land and 
of some of the site improvements. They are a fair represen
tation of what it would cost to rebuild a structure after an 
earthquake. DOGAMI used the F.W Dodge data to ca1cu1ate 
costs per square foot for each major building category. For 
manufactured homes, which F. W Dodge does not report, it 
was assumed that replacement costs equal 60 percent of the 
replacement cost of single-family site-built houses. 

Construction costs tend to be higher in the three counties 
that make up the Portland metropolitan area. For all build
ing types, construction costs per square foot in Clackamas, 
Multnomah, and Washington Counties were 4.3 percent 
higher than the 1978-1992 state average. One reason for 
this is the prevalence of high-rise multifamily housing in 
and around Portland. High-rise units historically cost 29 
percent more per square foot to build than low-rise units. 
Approximately 87 percent of the high-rise multifamily con
struction done in Oregon from 1978 to 1992 took place in 
the three Portland area counties. Those counties accounted 
for only 51 percent of the total square footage of building 
construction during that period. For the other 33 counties 
in Oregon, average construction costs were 4.6 percent less 
than the state average. 

Construction costs were converted into 1996 dollars, us
ing an index of building costs (Kiley and Moselle, 1993). 
The average 1996 cost per square foot was calculated for 
the 1978-1993 period for each building type. The replace
ment value of the building stock was then estimated by mul
tiplying the square footage for each year in the forecast by 
the 1996 cost per square foot. 

The value for the whole state for 1996 was estimated at 
$144.3 billion. The forecast shows the value of the building 
stock rising as the state's population and income level 
grows. In 2050, the building stock reaches a value of$275.6 
billion (1996 dollars). This is equivalent to a 1.2-percent 
compound annual growth rate over the forecast period. 

Damage rates in the analysis are measured as a percent
age of the replacement value of buildings. These damage 
rates, shown in Table 2, come from a preliminary analysis 
for Multnomah County in the case where buildings are sub
jected to an approximately 0.3-g seismic event (for pur
poses of this paper, from here on simply referred to as "0.3-g 
event"). Direct losses to buildings equal 15.43 percent of 
the replacement value of the building stock. Related losses, 
which include building contents, lost wages, and business 
interruptions, are 44.55 percent of the building stock's 
value. Seismic events resulting in weaker ground shaking 
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Table 2. Direct economic losses due to bUilding damage 
jrom 0.3-g seismic events expressed as a percentage oj 
building replacement value 

Type ofloss 

Damage to buildings: 

Building support structure 

Other building features 

Total building damage 

Losses related to building damage: 

Building contents 

Inventory losses 

Relocation costs 

Lost wages and business income 

Rental income loss 

Total losses related to building damage 

Total direct economic loss 

Percent of value 

3.83 

11.60 

15.43 

10.47 

0.25 

5.95 

27.46 

1.42 

45.55 

60.98 

would obviously result in lower losses; likewise, stronger 
ground shaking would cause higher losses. 

EXPECTED VALUE OF LOSSES 

The expected value of losses due to buildings damaged 
in 0.3-g seismic events equals $75.4 million in 1996. It 
rises over time as the building stock increases. The ex
pected value of losses in 2050 is forecast at $143.8 million 
(in 1996 dollars). The average expected value for the 55-
year period is $108.6 million. 

Expected value is a probability-weighted estimate. It 
measures the average annual loss due to 0.3-g earthquakes. 
That average combines the zero loss years when no destruc
tive earthquakes occur with the infrequent, yet catastrophic 
losses from years when large earthquakes hit. For example, 
if an earthquake would cause $100 million in losses, but has 
a probability of occurring only once every 50 years, the ex
pected value of losses would be $100 million divided by 50 
years or $2 million a year. 

The expected values of losses were calculated for each 
county. These are shown in Table 3. The losses are higher 
in urbanized and coastal counties and lower in eastern Ore
gon counties. The actual loss in a year will range from zero 
to several hundred or thousand times the expected value. 

The expected value was calculated for each year for each 
county. The value of the building stock was multiplied by 
the damage rates shown on Table 2. The result was then 
divided by the recurrence rate shown on Table l. 

WHAT DOES THIS ALL MEAN? 

We noted that if we factor in all our expectations about the 
frequency, destructiveness, and locations of 0.3 -g earthquakes 
and combine th~m with a forecast for Oregon's building 
stock, we find that losses from damaged buildings will av
erage $108.6 million a year. At first blUSh, that may seem like 
a manageable loss. Is it, then, really worth spending much 

Table 3. Expected value oj losses due to building dam
age from 0.3-g seismic events jor the period 1996-2050 (in 
millions oj 1996 dollars per year) 

Average expected 
County value oflosses (millions of $) 

Baker 125 

Benton 1,396 

Clackamas ll,421 

Clatsop 2,297 

Columbia 1,149 

Coos 6,021 

Crook 82 

Curry 7,744 

Deschutes 1,080 

Douglas 1.952 

Gilliam 35 

Grant 30 

Harney 8 

Hood River 207 

Jackson 4,921 

Jefferson 88 

Josephine 2,426 

Klamath 1,363 

Lake 145 

Lane 6,756 

Lincoln 5,784 

Linn 2,053 

Malheur 245 

Marion 6,542 

Morrow 59 

Multnomah 21,532 

Polk 1,750 

Sherman 17 

Tillamook 2,538 

Umatilla 386 

Union 170 

Wallowa 58 

Wasco 163 

Washington 14,484 

Wheeler 4 

Yamhill 3,534 

State total 108,565 

money to mitigate building damage from potential earth
quakes? It depends, in part, on the remaining life of a building. 

The expected value of losses is an annual figure. However, 
most of the work done to a building and its contents to make 
them more resistant to earthquake damage will last for the 
lifetime of the structure. The cost of these efforts must be mea
sured against the losses we expect for the life of the building. 

A typical building today has a remaining life of about 55 
years. The expected value of losses for the next 55 years in 
Oregon totals $5,97l.2 million. About $1,510.7 million of 
that amount will be damage to the buildings themselves. 
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The remaining $4,460.5 million will come from lost in
comes, building contents, and other items. 

From our analysis, we estimate that in any given year 
losses equal 0.0522 percent of the value of buildings in the 
state. A building with a remaining life of 55 years can ex
pect a loss of 2.S7 percent of its current value. If an earth
quake mitigation plan could reduce expected losses by 50 
percent, then one might expect a building owner to be will
ing to pay up to 1.44 percent of the building's value for 
mitigation work. 

For the purposes ofthis paper we used an example that 
is oversimplified. One should consider the characteristics of 
buildings and their locations. Also, the data here represent 
an average for the whole state. Some parts of Oregon are 
very unlikely to suffer a major earthquake, while others are 
quite vulnerable. For example, if we consider similar build
ings in Burns and Portland, much greater expenditure on 
mitigation would be justified in Portland because the an
nual loss would be greater there, since earthquakes occur 
more frequently than in Burns. We also did not factor in 
loss of life, insurance tradeoffs, and the time value of 
money. For example, depending on the value placed on a 
life, the cost of the earthquakes considered here could in
crease as much as ten times the value of the damage consid
ered in this study. 

Perhaps most importantly, we showed the economic 
costs ofO.3-g earthquakes only. We neglected the losses due 
to weaker ground shaking events, as well as the potential 
for far greater loss rates than those used here that comes 
with ground shaking stronger than 0.3 g. 

A similar analysis based on 0.2-g crustal earthquakes 
gave us very high loss figures. For some counties, the ex
pected value of losses from 0.2-g earthquakes is greater 
than for 0.3-g earthquakes. While these smaller quakes 
cause far less damage, they occur at a much greater fre
quency. In some places, the frequency is so high that build
ings are more likely to suffer losses from 0.2-g events than 
from 0.3-g earthquakes. 

Much more work needs to be done so that the expected 
losses from earthquakes can be fully assessed. This prelimi
nary analysis helps place an order of magnitude to the risks 
to property and commerce from seismic events. Further re
search will allow us to consider the full spectrum of seismic 
events and their impact on different building types. This 
analysis can also be used to place a financial value on miti
gation efforts and earthquake insurance. 

REFERENCES CITED 
Geomatrix Consultants, Inc., 1995, Seismic design mapping, 

State of Oregon: Unpublished final report to Oregon Depart
. ment of Transportation, Project no. 2442, var. pag. 

KIley, M.D., and Moselle, W.M., eds., 1993, 1994 national con
struction estimator: Carlsbad, Calif., Craftsman Book Com
pany, 588 p. 

Whelan, R.M., 1995, An economic analysis of construction aggre
gate markets and the results of a long-term forecasting model 
for Oregon: Oregon Department of Geology and Mineral In
dustries Special Paper 27, 123 p. D 

DOGAMI PUBLICATIONS 

Released October 8, 1996: 

Relative Earthquake Hazard Maps oj the Salem East 
and Salem West Quadrangles, by Yumei Wang and 
William 1. Leonard. Geological Map Series map GMS-105, 
scale 1:24,000, 4 full-color maps and 10 p. text, $12. 

The four maps include three maps showing liquefaction 
susceptibility, ground motion amplification susceptibility, 
and landslide susceptibility. The fourth, relative hazard 
map, combines the results of those three to determine the 
relative earthquake hazards. 

In preparation for the Salem maps, engineering studies 
were made of the local soil and rock to determine how they 
would respond to an earthquake, and that information was 
used to develop the relative hazard maps. 

Released November 7,1996: 

Geologic Map oJ the Steelhead Falls Quadrangle, De
schutes and Jefferson Counties, Oregon, by Mark L. 
Ferns, Donald A. Stensland, and Gary A. Smith. Geologi
cal Map Series map GMS-101. Scale 1:24,000, full-color 
map and 13 p. text, $7. 

The Steel head Falls quadrangle covers an area of about 
53 square miles in northern Deschutes and southern Jeffer
son Counties, where the Crooked and Deschutes Rivers 
have carved SOO-foot-deep canyons into a volcanic basin 
that is 6 million years old. 

The full-color map and lO-page text provide information 
on the geologic history and resources of this highly scenic 
part of central Oregon. The map gives both technical and 
nontechnical people information on how the geology influ
ences groundwater and surface water flow. 

Released November 12, 1996: 

Earthquake Hazard MapsJor Oregon, by Ian P. Madin 
and Matthew A. Mabey. Geological Map Series map 
GMS-I00. Four full-color maps on one sheet, $S. 

GMS-lOO provides the most up-to-date and complete in
formation on earthquake hazards in Oregon currently avail
able. It allows users to compare hazards in one part of the 
state to another and to evaluate the likelihood of damaging 
earthquake shaking at a particular locale. 

The new map was based on data from a report Seismic 
Design Mapping, State of Oregon, prepared by Geomatrix 
Consultants, Inc., for the Oregon Department of Trans
portation, and on a 1993 VO dissertation, Active Faults and 
Earthquake Ground Motions in Oregon by Silvio K. Pez
zopane . 

These DOGAMI publications are now available over the 
counter, by mail, FAX, or phone from the Nature of the 
Northwest Information Center and the DOGAMI field of
fices in Baker City and Grants Pass. Addresses are on page 
130 ofthis issue. Orders may be charged to Visa or Master
card. Orders under $50 require prepayment. 0 
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GMS-52 Shady Cove 7W quadrangle, Jackson County. 1992 6.0o __ 
GMS-53 Owyhee Ridge 7V,' quadrangle, Malheur County. 1988 5.0o __ 
GMS-54 Graveyard Point 7'1,' quad, Malheur/Owyhee Counties. 1988 5.0o __ 
GMS-55 Owyhee Dam 7W quadrangle, Malheur County. 1989 5.00 __ 
GMS-56 Adrian 7W quadrangle, Malheur County. 1989 5.00 
GMS-57 Grassy Mountain 7W quadrangle, Malheur County. 1989 5.0o __ 
GMS-58 Double Mountain 7'1,' quadrangle, Malheur County. 1989 5.0o __ 
GMS-59 Lake Oswego 7W quad., Clackam., Multn., Wash. Counties. 1989 __ 7.00 __ 
GMS-60* Damascus 7W quad., Clackam., Multn. Counties. 1994 8.00 
GMS-61 Mitchell Butte 7W quadrangle, Malheur County. 1990 5.0o __ 
GMS-62* The Elbow 7W quadrangle, Malheur County. 1993 8.0o __ 
GMS-63 Vines Hill 7W quadrangle, Malheur County. 1991 5.0o __ 
GMS-64 Sheaville 7V,' quadrangle, Malheur County. 1990 5.0o __ 
GMS-65 Mahogany Gap 7'1,' quadrangle, Malheur County. 1990 5.0o __ 
GMS-66 Jonesboro 7'1,' quadrangle, Malheur County. 1992 6.0o __ 
GMS-67 South Mountain 7W quadrangle, Malheur County. 1990 6.0o __ 
GMS-68 Reston 7W quadrangle, Douglas County. 1990 6.0o __ 
GMS-69 Harper 7W quadrangle, Malheur County. 1992 5.00 __ 
GMS-70 Boswell Mountain 7W quadrangle, Jackson County. 1992 7.00 __ 
GMS-71 Westfall 7W quadrangle, Malheur County. 1992 5.00 
GMS-72 Little Valley 7V,' quadrangle, Malheur County. 1992 5.0o __ 
GMS-73* Cleveland Ridge 7W quadrangle, Jackson County. 1993 5.0o __ 

Price0 
GMS-7 4 Namorf 7W quadrangle, Malheur County. 1992 5.00 __ 
GMS-75 Portland 7W quadrangle, Multn., Wash., Clark Counties. 1991 ____ 7.00 
GMS-76 Camas Valley 7W quadrangle, Douglas and Coos Counties 1993 ___ 6.00 __ 
GMS-77 Vale 30x60 minute quadrangle, Malheur County. 1993 10.00 
GMS-78 Mahogany Mountain 30x60 nunute quadrangle, Malheur C. 1993 __ 10 00 __ 
GMS-79* Earthquake hazards, Portland 7W quad., Multnomah C 1993 20.0o __ 
GMS-80* McLeod 7W quadrangle, Jackson County. 1993 5.0o __ 
GMS-81* Turnalo Dam 7'1,' quadrangle, Deschutes County. 1994 6.0o __ 
GMS-82* Limber Jim Creek 7W quadrangle, Uruon County. 1994 5.00 
GMS-83* Kenyon Mountain 7W quadrangle, Douglas/Coos Countres 1994 __ 6.00 __ 
GMS-84* Remote 7V,' quadrangle, Coos County. 1994 600 __ 
GMS-85* Mount Gurney 7W quadrangle, Douglas/Coos Countres 1994 ___ 6.0o __ 
GMS-86* Tenmile 7W quadrangle, Douglas County. 1994 6.00 __ 
GMS-87* Three Creek Butte 7W quadrangle, Deschutes County. 1996 ____ 6.00 __ 
GMS-88* Lakecreek 7W quadrangle, Jackson County. 1995 8.0o __ 
GMS-89* Earthquake hazards, Mt Tabor 7W quad., Multnomah C. 1995 10.00 __ 
GMS-90* Earthquake hazards, Beaverton 7W quad., 1995 10.00 __ 
GMS-91* Earthquake hazards, Lake Oswego 7W quad., 1995 10.00 __ 
GMS-92* Earthquake hazards, Gladstone 7V,' quad., 1995 10.00 __ 
GMS-93* Earthquake hazards, Siletz Bay area, Lincoln County, 1995 ____ 20.0o __ 
GMS-94* Charleston 7W quadrangle, Coos County. 1995 8.00 
GMS-97* Coos Bay 7W quadrangle, Coos County. 1995 6.00 __ 
GMS-98* Dora and Sitkurn 7'1,' quadrangles, Coos County. 1995 6.0o __ 
GMS-99* Tsunami hazard map, Siletz Bay area, Lincoln County. 1996 ____ 6.0o __ 
GMS-IOO' Earthquake hazard maps for Oregon. 1996 8.00 __ 
GMS-I0l* Steelhead Falls 7V,' quad., Deschutes/Jefferson Co. 1996 7.00 
GMS-105' Earthquake hazards, Salem EastlWest 7W quads 1996 12.00 __ 

SPECIAL PAPERS 
2 Field geology, SW Broken Top quadrangle. 1978 5.00 
3 Rock material resources, Clackam., Columb .. Multn., Wash. C. 1978 ____ 8.00 __ 
4 Heat flow of Oregon. 1978 __________________ 400 __ 

5 Analysis and forecasts of demand for rock materials. 1979 4.00 __ 
6 Geology ofthe La Grande area. 1980 6.0o __ 
7 Pluvial Fort Rock Lake. Lake County. 1979 5.00 __ 
8 Geology and geochemistry of the Mount Hood volcano. 1980 4.0o __ 
9 Geology of the Breitenbush Hot Springs quadrangle. 1980 5.0o __ 
10 Tectonic rotation of the Oregon Western Cascades. 1980 4.0o __ 
II Bibliography and index of theses and dissertations, 1899-1982. 1982 ____ 7.00 __ 
12 Geologic linears, northern part of Cascade Range, Oregon. 1980 4.00 
13 Faults and lineaments of southern Cascades, Oregon. 1981 500 
14 Geology and geothermal resources, Mount Hood area. 1982 8 00 __ 
IS Geology and geothermal resources, central Cascades. 1983 13.00 __ 
16 Index to Ore Bin (1939-78) and Oregon Geology (1979-82). 1983 5.0o __ 
17 Bibliography of Oregon paleontology, 1792-1983. 1984 7.0o __ 
18 Investigations of talc in Oregon. 1988 8.0o __ 
19 Limestone deposits in Oregon. 1989 9.00 __ 
20 Bentonite in Oregon. 1989 7.0o __ 
21 Field geology, NWY. Broken Top IS' quadrangle, Deschutes C 1987 ____ 6.0o __ 
22 Silica in Oregon. 1990 8.00 __ 
23 Forum on Geology ofIndustrial Minerals, 25th, 1989. ProceedIngs. 1990 __ 1000 __ 
24 Index to Forums on the Geology ofIndustrial Minerals, 1965-1989 1990 __ 7.00 __ 
25 Pumice in Oregon. 1992 9.00 __ 
26 Onshore-offshore geo!. cross section, N. Coast Range to conI. slope. 1992 __ 11.00 __ 
27 Economic analysis, construction aggregate markets and forecast 1995 15.00 __ 

OIL AND GAS INVESTIGATIONS 
3 Foraminifera, General Petroleum Long Bell #1 well 1973 4.00 
4 Foraminifera, E.M Warren Coos County 1-7 weI!. 1973 4.00 
5 Prospects for natural gas, upper Nehalem River Basin. 1976 6.0o __ 
6 Prospects for oil and gas, Coos Basin. 1980 10.00 
7 Correlation of Cenozoic stratigraphic units, W OregonlWashington. 1983 __ 9.00 
8 Subsurface stratigraphy of the Ochoco Basin, Oregon 1984 8.0o __ 
9 Subsurface biostratigraphy of the east Nehalem Basin. 1983 7.0o __ 
10 Mist Gas Field: Exploration/development, 1979-1984. 1985 5.00 __ 
11 Biostratigraphy of exploratory wells, W Coos, Douglas, Lane Co. 1984 ___ 7.00 __ 
12 Biostratigraphy. exploratory wells, N. Willamette Basin. 1984 7.00 
13 Biostratigraphy, exploratory wells, S. Willamette Basm 1985 7.0o __ 
14 Oil and gas investigation of the Astoria Basin. 1985 8.00 
15 Hydrocarbon exploration and occurrences in Oregon. 1989 8.00 __ 
16 Available well records and samples, onshore/offshore. 1987 600 __ 
17 Onshore-offshore cross section, Mist Gas Field to conI. shelf/slope. 1990 10.00 __ 
18 Schematic fence diagram, S. Tyee basin, Oregon Coast Range. 1993 ____ 9.00 
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Second Class Matter 
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AVAILABLE DEPARTMENT PUBLICATIONS (continued) 

BULLETINS Price 0 
33 Bibliography, geoL & min. res. of Oregon (1st suppl. 1936-45). 1947 ____ 4.0o __ 
36 Papers on Tertiary Foraminifera (v. 2 [parts VII-VIII] only). 1949 4.0o __ 
44 Bibliography (2nd supplement, 1946-50). 1953 4.00 __ 
46 Ferruginous bauxIte, Salem Hills, Marion County. 1956 4.0o __ 
53 Bibliography (3rd supplement, 1951-55). 1962 4.0o __ 
65 Proceedmgs of the Andesite Conference. 1969 __________ 11.0o __ 
67 Bibliography (4th supplement, 1956-60). 1970 4.0o __ 
71 Geology oflava tubes, Bend area, Deschutes County. 1971 6.0o __ 
78 Bibliography (5th supplement, 1961-70). 1973 4.0o __ 
82 Geologic hazards of Bull Run Watershed, Multn.lClackarn. C. 1974 8.0o __ 
87 Environmental geology, western CoosIDouglas Counties. 1975 10.0o __ 
88 Geology/min. res, upper Chetco R. drainage, Curry/Josephine C. 1975 5.0o __ 
89 Geology and mineral resources of Deschutes County 1976 8.00 
90 Land use geology of western Curry County. 1976 10.0o __ 
91 GeologIC hazards, parts ofN. Hood River, Wasco, Sherman C. 1977 ____ 9.00 
92 Fossils m Oregon. Collection of reprints from the are Bin. 1977 5.0o __ 
93 Geology. mineral resources, and rock material, Curry County. 1977 8.00 __ 
94 Land use geology. central Jackson County. 1977 10.00 __ 
95 North American ophiolites (IGCPproject). 1977 8.0o __ 
96 Magma genesis. AGU Chapman Conf. on Partial Melting. 1977 15.0o __ 
97 Bibliography (6th supplement. 1971-75). 1978 4.0o __ 
98 Geologic hazards. eastern Benton County. 1979 __________ 100o __ 

99 Geologic hazards of northwestern Clackamas County. 1979 11.00 __ 
101 Geologic field trips in W Oregon and SW Washington. 1980 10.00 __ 
102 Bibliography (7th supplement, 1976-79). 1981 5.00 
103 Bibliography (8th supplement, 1980-84) 1987 8.0o __ 

MISCELLANEOUS PAPERS 
5 Oregon's gold placers. 1954________________ 2.00 __ 
11 Articles on meteorites (repnnts from the are Bin). 1968 _______ 4.00 __ 
15 Quicksilver deposits in Oregon. 1971 4.0o __ 
19 Geothermal exploration studies in Oregon, 1976. 1977 4.0o __ 
20 Investigations of nickel in Oregon. 1978 6.0o __ 

Price 0 
SHORT PAPERS 
25 Petrography of Rattlesnake Formation at type area. 1976. _______ 4.0o __ 
27 Rock material resources of Benton County. 1978 5.00 __ 

MISCELLANEOUS PUBLICATIONS 
Relative earthquake hazard map, Portland quadrangle (DOGAMIlMetro), 
1993, with scenario report (add $3.00 for mailing) 10.00 
Geology of Oregon, 4th ed., E.L. and WN. Orr and E.M. BaldwIn, 1991, 
published by KendalllHunt (add $3.00 for mailing) 29.95 
Geologic map of Oregon, G.W Walker and N.S. MacLeod, 1991. 
published by USGS (add $3.00 for mailing) 11.50 
Geological highway map, Pacific Northwest region, Oregon, Washington, and 
part of Idaho (published by AAPG). 1973 8.00 __ 
Oregon Landsat mosaic map (published by ERSAL. OSU). 1983 11.00 
Mist Gas Field map, rev. 1995, with 1993-94 production figs. (OFR 0-95-1 ) __ 8 00 __ 
Digital form of map (CAD formats DGN, DWG. DXF), 3V,-in. diskette ___ 25.00 __ 
Mist Gas Field production figures 1979 through 1992 (OFR 0-94-6) 5.0o __ 
Northwest Oregon, Correlation Sec. 24. Bruer & others, 1984 (AAPG) 6.00 __ 
Oregon rocks and minerals, a description. 1988 (OFR 0-88-6) 6.0o __ 
Mineral information layer for Oregon by county (MILOC), 1993 update 
(OFR 0-93-8), 2 diskettes (5V.-in .• high-density, MS-DOS) 2500 __ 
Directory of mineral producers, 1993 update, 56 p. (OFR 0-93-9) 8.00 
Geothermal resources of Oregon (published by NOAA). 1982 4.0o __ 
Mining claims (State laws governing quartz and placer claims) Free 
Back issues of Oregon Geology ________________ 3.00 __ 
Color postcard with Oregon State Rock and State Gemstone 1 00 __ 

Separate price lists for open-file reports, tour guides, recreational gold mining 
information, and non-Departmental maps and reports will be mailed upon request. 

GMS maps marked with an asterisk (*)are available in digital form on diskette 
(geological information only). 

The Department also sells Oregon topographic maps published by the U.S. Geo
logical Survey. 

ORDER AND RENEWAL FORM 
Check desired pUblications in list above or indicate how many copies and enter total amount below. Send order to The Nature of the Northwest Infonna
tion Center, Suite 177, 800 NE Oregon Street, Portland, OR 97232-2162, or to FAX (503) 731-4066. lfyou wish to order by phone, have your credit 
card ready and call (503) 872-2750. Payment must accompany orders ofless than $50. Payment in U.S. dollars only. PUblications are sent postpaid. All sales 
are final. Subscription price for Oregon Geology: $10 for 1 year, $22 for 3 years. 

Renewal_ I new subscription_ to Oregon Geology: 1 year ($10) or 3 years ($22) $ _________ _ 
Total amount for publications marked above: $ _________ _ 
Total payment enclosed or to be charged to credit card as indicated below: $ _________ _ 

Name ______________________________________________ _ 
Address ___________________________________________________________ _ 
City/State/Zip _____________________________ _ 

Please charge to Visa_I Mastercard_, account number: ________________ _ 
Expiration date: __________________________________________ _ 

Cardholder's signature _______________________________________________ _ 
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