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1. INTRODUCTION

Geothermal resource assessment activities durlng 1979 have included temperature-
gradient and heat-flow investigations, geochemical investigation of mineral and ther—
mal springs, geologic mapping, a reslstivity survey, regional gravity measurements,
and preparation of geothermal resource maps for Washington.

The State of Washington thus far has received very little attention from prospec-—.
tive geothermal developers. Consequently, the geologic, geochemical, and geophysical
data base with-respect to geothermal has been either scattered or nonexistent. Our
assesgment efforts have, therefore, been primarily directed toward synthesizing and
interpreting existing data, and providing regiomal geophysical and geochemical data
bases where none have previously existed. Attention was focused on the southwestern
Cascades of Washington during 1979.

The work was carried out by both subcontractors and in-house geclogists. The
findings of each of the project investigators working on the geothermal assessment
program are presented as separate chapters in this report. Some of the individual
projects are more complete than others and therefore appear as more detailed
presentations.

At the end of each chapter report, the principle investigators, J. Eric
Schuster and Michael A. Korosec, have added further information, including comments
on project status, how it relates to other projects, usefulness, work yvet to be
completed, future directions, and interpretations of the data. The interpretations
are occasionally made with little data or background information and may not repre-
sent tﬁe belilefs of the project investigator, but are presented anyway so as to help

shape future investigations in the areas affected.

Temperature—Gradient and Heat—Flow Investigations

Shallow drilling and measurements of temperature gradients in existing wells were
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accomplished iIn the following areas: (1) the Cowlitz River valley between Interstate 5
on the west and White Pass on the east, (2) tha Mount St. Helens area, énd (3) the
Camas area, located in Clark County east of Vancouver, Washington.

In the Cowlitz River valley, usable temperature gradients were measured in about
22 water wells located in the western portion of the valley, generally between
Interstate 5 on the west and the City of Morton on the east. Temperature gradlents
in these wells are generally 30°C/km or less.

Two gradients measured in existing wells located to the east of the City of
Morton and gradients measured In five of the sixz 500-foot—deep gfadient wells drilled
during 197% between the town of Randle and White Pass (both to the east from Morton)
are 46°C/km and higher. This suggests that the transition between "Puget Lowland
type" temperature gradients of about 30-40°C/km or less (with assoclated heat flow
values of less than 40 mWatts/mz) and "High Cas;ade type" gradlents of about 45°C/km
or more (with associated heat flow values of 60 to 80 mWatts/m2 or higher) occurs
between the City of Morton and the town of Randle. The transition appears to be
falrly sharp (perhaps 8 kilometers or less in width) and seems to occur closer to
Morton than to Randle.

In the Mount St. Helens area, there are no existing wells except for three holes
drilled during 1972 by the Division. The temperature gradient from St. Helens No. 1
drill hele, to the north—northwest of Mount St. Helens, is very low at 19°C/km, and
appears to be affected by local hydrologic conditicns. In St. Helens No. 2 drill
hole, to the west of Mount St. Helens, the gradient i1s 38°C/km. : The third drill
hole, to the east-southeast of Mount St. Helens, is isothermal.

In the Camas area, several gradients measured in existing water wells located to
the west of 122°20'W. (about the longitude of the City of Camas) yielded temperature
gradients of less than 40°C/km, but two water wells located to the east of 122°10'W.
produced gradients of about 53° and 69°C/km. Two gradient wells drilled by the
Division near Camas produced gradients of 31.5°C/km and 37°C/km. The former well
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was drilled in Tertiary volcanics and sediments and the latter entirely in late(?)
Tertiary sediments. All heat flow values calculated for the Camas area fall in the

range of 40 to 60 mWattS/m2.

Geochemistry of Thermal and Mineral Springs

During the 1979 field season, 46 springs, representing 15 different spring
systems located in the Cascade and Olympic Mountains, were surveyed for temperature,
flow, conductivity, and pH. Of these springs, 38 were sampled and analyzed by the
Division of Geology and Earth Resocurces. Chemical species measﬁred include specific
conductivity, pH, Na, K, Ca, Mg, L1, Si0p, alkalinity, Cl, €Oy, Br, and I.

Tables 4.1 through 4.5 preseﬁt‘a listing of the springs, their temperatures,
specific conductivities, and reservoir temperatures as predieted by the Si0Oy—-Quartz
and Na-K-Ca geothermometers. Detailed descriptions, analyses, and discussions of

observed chemistry -for these springs are presented in Chapter 1V.

Geologic Mapping

Geoff Clayton, from the University of Washington, mapped the volcanic geology
of the Tumac Mountain—White Pass area, locéted to the sou;h and east of Mount Rainier
National Park. Field studies have‘been‘completed and é geologlc map has been
prepared. |

L

o

Resistivity

A resistivity study was conducted in the Camas area by F..A. Rigby of Science
Applications, Inc., and R. B. McEuen of Exploration Geothermics. Two regions of
relatively low resistivity were found, and drill sites were recommended to test these
two areas. The two Camas drill holes were located at or within a short distance of

the drill sites recommended by Rigby and McEuen.

Gravity

During 1979, Z. F. Danes of the University of Puget Sound measured gravity at
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743 stations in the south Cascades. The area covered extends from 121°W. on the
east to 122°30'W. on the west, and from the Columbla River on the south to the
Cowlitz River valley on the north. Computations have continued well into 1980.

It is expected that a south Cascades gravity map and report will be ready for
distribution by early 1981. Dr. Danes has also produced relatively detailed gravity
maps for the Camas and North Bonneville areas, located near the Columbia River in

southwestern Washington.

Geothermal Resource Maps

Data acquisition, reduction, and plotting for public and scientific geothermal
resource maps of Washington were a large part of the 1979-~1980 program. This work
was carried out with the assistance and cooperation of personnel from Oregon
Institute of Technology, National Oceanic and Atmospheric Administration, and
University of Utah Research Institute. Information compiled for the two maps inclu-
des well watef temperatures, temperature gradients, heat filow, thermal and mineral
springs, water geochemistfy, faults, Quaternary vﬁlcanic‘rocka and volcanle centers,
National Parks, wilderﬁess areas, federal reservations, Indian reservations, lease

status, and current and potential geothérmal uses,



I1. GEOTHERMAL PROGRAM PUBLICATIONS

The 1979 Geothermal Assessment Program led to the release of the following
publications by the Division of Geology and Earth Resources. Portions of this report

are taken directly from these publications.
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II11. HEAT FLOW AND GEQTHERMAL GRADIENT MEASUREMENTS IN WASHINGTON THROUGH 1979

Introduction

This chapter presents a summary of all published and unpublished heat flow and
geothermal gradient measurements made in the State of Washington prior te 1979, and
held in the files of the Geothermal Laboratory at Southern Methodist University, and
a preliminary list of temperature gradient information collected 1in 1979, The data
in the files inélude,ﬁublished heat flow values and tempefature*depth data with
accompanying pertinent information from the publications of Roy (1963), Roy and
others (1968), Blackwell (1969, 1974), Sass and others.(1971), Steele (1975) and
Schuster and others (1978). Also included are temperature data from Spicer (1964)
and Sass and Monroe (1974). A few unpublished temperature logs made by the U.S.
Geological Survey Water Resources Division in Tacoma, Washington, and by the U.S.
Gecloglcal Survey Geothermal Group in Menlo Park, California, are also included.

This chapter is divided into two sections: 1in the first section, a summary of
the geothermal gradient data and well locations is presented in tabular form and
plottgd on alﬁap. In.phe gsecond section of the report (Appendix D), listings for
individual drill hoies of temperature versus depth for all wells available in
Washington are inclu&eda In some cases, more than one temperature logging is
avallable. Each temperature-depth log has been plotted on a graph accompanying the
temperature listings.

The history of geothermal measurements in Washington began in the 1930's when
U.8. Geological Survey personnel directed by VanOstrand made temperature measure-—
ments 1n several oll wells in the State of Washington. These data became avallable
on cpen file in 1964 (Spicer, 1964)., Temperature data from two of these wells
(208/12W-8 and 11N/26E-20CC) are included in the data set in this report and esti-
mated heat flow values have been calculated for these two holes based upon thermal
conductivity values estimated from the lithologic units encounteréd in the holes.
Following these studies there was a long hiatus until the early 1960°'s, when R. F. Roy
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made heat flow measurements in the Metaline'mining district in northeastern
Washington and measured temperatures in a deep oil well drilled in the Columbia
Plateau (Development Assoclates Basalt Explorer No. 1, 21IN/31E-10CB). The heat flow
values in the Metaline district were published in 1963 (Roy, 1963; Roy and others,
1968). 1In the mid-1960's investigations were started by the aﬁthor of this chapter.
The first results of these studies were pﬁblished in 1969 (Blackwell, 1969).
Continued investigations were supported by NSF Grant No. GAl1351. The preliminary
results were published in 1974 (Blackwell, 1974).  The most up~to-date summary of
heat flow and geothermal gradient from a state-wide point of view is the 1974 report.
In that paper several preliminary heat flow valqés were discussed..‘The final heat
flow values for those sites are includéd in this report. In the 1960's, measurements
were made at several localities in‘the state by the U.S5. Geological Survey Geothermal
Group in Menlo Park, California. These results were published by Sass and others
(1971).

All pertinent facts dealing with the measurements made in the 1960f3'(Roy and
others, 1968; Blackwell, 1969; and Séss and others, 1971) are listed in Sass and
Monroe {(1974). Temperature—depth'dété, individual thermal counductivity measurements,
and terraln correction informatiom for each hole are included here. The temperature
data have been abstracted from Sass and Monrée for inclﬁsion in this report.

Subsequent to these studies, detalled studies of more localized areas were made
in the Turtle Lake quadrangle ‘of noftheastern Washington (Steele, 1975) and in the
Indian Heaven area in the southern Washingtpn Cascade Range (Schuster and others,
1978), Im 1978 a reconnaissance study of the southern Columbia Plateau was carried
out to investigate the regional heat flow. Preliminary water chemistry studies indi-
cated the possibllity of anomalous heat flow values in the area, (C. A. Swanberé, per—
sonal communication, 1977). The studies were part of a regional geothermal analysis
of the Pacific Northwest supported by NSF Grant Nq. AER-76-00108 (see Blackwell, 1978).
In the 1970's, a few temperature logs were made by the U.S5. Geological Survey Geothermal
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Group at Menle Park {holes 3IN/5E~4CAB and 3IN/5E-4BDCl, John Sass, personal
communication, 1977). These data are included in this report. In addition
miscellaneous data, mostly temperaﬁure data from holes for which no ﬁeat flow
determinations were made, either because of lack of thermal conductivity
information or poor quality gradients are included for completenesgs.

In additien to the data included in this veport, there are two extensive sets of
temperature logs available for the Columbia Plateau region. One set was cbtained by
investigators from the U.5. Geoclogical Survey Water Resources Division in Tacoma,
Washington énd one sebt by khe Washington State University Hydrologic Program at
Pullman, Washington. These data are now on file at the Washington-Department of Natural

i

Resources and are in the process of being prepared for release.

Data Format

Geothermal gradient information from the State of Washington is summarized in
tables 3.1, 3.2, and 3.3. Included in table 3.1 are location, hole name, elevation,
geothermal gradient, depth ihterval, thermal conductivity (where avallable), heat
flow (where available), a summary of the rocks encountered in the drill‘hole, and a
quality indicator for all holes. These data have been taken from ﬁhe pgblications
discussed above, and from the files of the Geothermal Laboratory at Sou;ﬁern
Methodist Univérsity. More recentlétudies (1979) by Soutﬁérn Methodist University
and the State of Washington supported by the U.S. Department of Energy, are reported
in preliminary form in table 3.3. The individual holes are located by latitude and
longitude to the nearest 0.1' if possible. The holes are élso located by township
and range. Location within the seceion is by a letter code where A = NE, B = NW,
C = 8W, D = SE. The first letter represents the quarter—section, the second thé
quarter-quarter—-section, and the third (1f listed) reﬁresents the quarger-quarter~
quarter—section. The deslignation 16 N 22 E 13 ABD, for example, represents a well
in the southeast quarter of the northwest quarter of the northeast qﬁarter of
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RANGE
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37N/32E~

IINSILE-

AN/ 20—

36N/20E-

36N/ 208~

34N/ 1E-

SECTION

681
682
683

B4

6BDC
2ACD
2ZNBEB1
2DRB2
208B3
350
35D
2BDB
2CAR
2CBA
2CBE
2CBD
BDBC
33AAC
3481
342
3487
19488
L9ADC
19048

1CBB

Table 3.1 Pre-1979 Geothermal Gradients and Heat Flow in Washingron State.

Geothermal data for the State of Washingten available up to 1979, T C

1s thermal conductivity in watls per meter per °K (wnlk=1). Uncorrected
and (lerrain) corrected gradient and Lerraln corrected hesat f£low are shown.
Significance of heat flow guality number 18 explained in textL. Llocalious
of dala taken from the literature are llsted at Lhe end of Lhe Lable.

H.LAT.  W.LONG. HOLE MO. MEASURED BOTTOM DEPTH  AVG. T.C. NO. UNCORR.  COHR. CORR. HaFa
(Deg.—Min) (Deg.—Min) DATE TEMP . LNTERVAL (W~ lk=ly T oc GRAD . GRAD . H.F. QUALTTY
&Py (melers) . (°C/Km)  ("CfKm) (mWw2)
48-59.8 119-29.4  DDH-A TATITL 4Rl 50.0 30.2 5
140.0 .7
48-59.9 119~29.3  DDH-C 717471 13.91 45.0 21.3 5
210.0 .1
Best
48-3%.9 119-29.6  DDH-E 1T 15061 155.0 23.6 5 Value
225.0 .2 70
48-59.8 119-29.5  DDH FITLIL 14,96 60.0 25.5 . 5
20G.-0 Wl
48-59.7 119-29.2  DBH-K~5  7/17/71  15.31 60.0 3.16 25.2 22.3 70, 1)
180.0 .08 19 .1
48-59.7 118-35.9  DDH-702  Y/15/71 10.82 75.0 3,17 25,2 22.7 j2. 1]
20%.0 W13 22 6
48-59.6 118-36.1  DDH-70l2 7/15/71 9.39 100,0 26.5 10
150.0 -3 Best
~ Value
48-59.6 118.36.0 DDH-7013 7/22/71 9.38 130.0 25.8 5 72
155.0 -3
48-59.7 118.36.0 DDH-7O0LL 7/72/7%  10.78 80.0 1,15 25.0 L)
215.0 .13 20 3
48-55.0 117-20.0  METL-CS2  8/24/61 17.91 350.0 5.15 25.9 22.4 1154 [
396.0 i4 BeslL
Value
48-55.0 117-26.0  METL-GS9  B/29/6l 165.82 320.0 4,81 22.0 20.0 G6. 6 106
366.0 5
48-55.0 117-35.7  DDH-3 6/16/65  12.37 100.¢ 5.98 23.9 21.0 126 6
240.0 .04 16 .1
48-54.9 117-35.8  DDH-2 6/17/65  13.34 290.0 6.02 22.0 20.4 123. [
340.0 .04 16 1 Best
f Reglon
48-54.9 117-36.0  DDH-4 6/16/65 9.56 120.0 14,1 20 Value
200.0 8 B4
h8-34.9 117-36.1  DDH-5 8/16/65 9.92 120.0 17,2 20
1480.0 .6
48-56.8 117-36.0  DDi-1 6/15/65  1D.81 130.0 8.3 20
220.¢ 7
48-43.0 119-35.5  DBH-1 7424771 16,48 1565.0 3.50 19.4 21,3 75. 1
435.0 13 26 )
48400 118-46.4  DDH~3 7/21/70 14.239 150.0 2.41 30.9 31.1 76. 1
250.0 04 17 .2
48-39.5 118-45.7  DDH-A 21770 Ll.44 100.0 1.8 1o
195.0 .2
4B-39.8 118~45.7  DDH-B 731770 9.13 50,0 24.5 20
5.0 .3
4R-39.8 1LB-45.7 DL -G TN Y. 4b . 10
48-36.8 120-23.3  DDH-LD13 B/ 8/71  Il.e# 745.0 23.7 23.2 5
170.0
Best
48-36.5 120-23.1 DDH-LD1ID 8/ 8/71 14.41 140.0 Z.88 28.3 2647 7. 1 value
275.0 .08 15 .2 75
48-36.3 120-23.1  DDH-LD7 B/ 8/71L  14.9% 240.0 3.19 24.0 23.0 73. i
360.0 .29 4 .1
48-27.5 122-38.0  DDH-1 B/ 2471 1l.61 80.0 2,96 12.7 12.6 17, 1
220.0 04 25 1

11



TOWNSHIP SECTION N.LAT. W.LONG. HOLE KO . MEASURED BOTTOM
RANGE (Dep.-Min) (Deg.-Min) DATE TEMP .

o)
33M/31E- 14ACR 48-21.8 118-52.3  DDH-3 8/ 7/70 1l.44
J3N/IE-  14BDA 48-21 .8 118-52.6  DDH-2 6/20/70 9.86
33N/31E~ 14BDC 48-21.6 118-52.8  DDH-2 6/20/70 9.135
31N/15E- 45-11.9 120-58.6  DODH~141 9/ 2/70 4.81
31N/15E— 48-11.9 120-58.%  DDH-2 9/ 2/70 4.06
30N/ 16E- 48~ 6.1 120-49.8  DDA-1 8/ 5/70  14.04
30N/33E~ 3LBDD 48—~ 3.5 118-42.4  DDH-A 8/11/66 9.49
I0N/I3E-  3LCAB 48~ 3.3 119-42 .4  DDH-B 8/23/66 9.82
30N/33E-  31CAC 48- 3.2 11B-42.4  DDH-C 8/16/67  14.79
29M/37E~  36D0D 47-58.5 118- 4.0  DBH-2 10715472 16.87
28N/37E-  9DBD 47-56.6 1i8- 9.2 §-9 8/11/70  13.80
2IN/37E- 2BBB 47-52.4 118- 7.4 WW-EAST  B8/10/72  14.89
27R/37E- 3AAA 47-52.4 118~ 7.4  WW-WEST  #/i0/72 12.22
27M/3BE~ 28RBS 47-49.0 I8~ 1.5 5-28 8/10/72  13.58
258/ 9E~ 4AAD 47411 121-38.9  DDH-11 L1/ 1/72 2.98
258/ 9E- 4ADA 47-41.0 12(-38.9  DOM-12 L1/ 1/72 3.36
2IN/LLE-  IC 47-30.5 121-21.2  DOR-) 6/25/63 6.79
23N/1LE-  INDCA 47-29.5 121-24.1  DOH-2 /24465 18.88
22N/20E~  26CBB 47-22.1 120-18.0  NORCO-1 8/ 4/70  35.68
ZIN/SLE-  l0CH 47-20.0 118-535.0  DABE-1 8/31/61  57.54
20N/12u- 8 47-14.1 124-11.5 ¥0-MO 1 0/ 0/30  35.56
2008/ 156~ 180DD 47-13.2 121- .5 DDH-E /14772 11.61
LN/ 12W- 24BAD 46-51.0 [24- 6.0 TW-1 8/ &/ 14.29
16/ 4E— l4CD 46-51.9 122-16.3  Ww-l4P1 12/ 8/71  10.23
LaN/ISE—  22CDA 46=51.4 118-24.5  BAUMNIWW 2/ 8/78 15,33
13N/ 198~ 24aM 4h=36.7 120-23.1  GJR-wW /13772 19.93
PINERE~ 2% 467190 LEg-31.0 -l LA13/00 21 .6y

12

DEPTH
INTERVAL
{meters)

120.0
145.0

80.0
130.0

86.6
251.0

310.0
900.0

61.0
1250.0

304.8
1066.8

5.0
200.0

60,0
155.0

120.0
225.0

571.0
183.0

AVG. T.C.
(Wm"lK‘l)

3.1
208

3.36
«13

3.36
.13

3.81
4,15
21

3.76
.17

2,98
W21

3.13
3,00
04

3.31
-04

3.26

2.54

3.03
3.93
«21

31.03
-08

2.18
+21

1.67
.21

1.48

.04

1.59

1.5%

.71
-1

NG.  UNCORR.  CORR. CORR. H.¥.
TC GRAD « GRAD . H.F. QUALLTY
(°C/km)  (°C/Km) {mWw=?)
20-4 22,4 69. 1
4 3
16.6 2044 69. 5
17 1.0
16.8 19.5 66. 1
18 .3
30
21.6 30
.3
49.0 20
5.5
14.6 19.7 . 75. 1
2 .
11.6 17.9 74. 1
1 W1
13.5 18.6 68, 1
28 3.5
174 23,2 59, 1
8 1.4
284 7.0 85, 1
25 3
26.0 25.1 76, [
4 .1
24.8 26.7 87. [
6
26.5 27.8 9. [
6
13.8 33.0 84. 6
2
30
i0.5 20.0 6l. 16
z .1
16.2 14.7 54, 16
k] .3
29.2 18.0 56. 14
24 1.0 '
26.8 28 .4 62. 1
18 .2
42.0 42.0 70, 6
2.5
274 27 .4 36, 6
1.7
20,8 20
3.5
25.5 20,5 5. 1
22 2
12.4 30
.8
23.0 23.0 36. 26
264 W
-6
37.2 7.2 (T8 1
13 ]

BeslL

Valug

48

Best

Value

71

BestL
Value
89

Best
Value
57




TOWNSHIP
RANGE

12N/ [W-

128/ LW~

128/ 1W-

120/ 1w~

12N/ W

12N/ 1W-

12N/ i~

12N/ 1W-

12N/ 40E-

12N/ 408~

L1N/24E-

118/ 245~

LIN/268~

11N/458~

118/46E~

LIN/4HE~

108/ BE-

100/ 6L~

SECTION

TAAN

BCAB

accc

BDAA

BDAD

9cct

174DA

178AD

14DAD

17ADA

oce

Az2nAB

1988

324CA

ShoA

18BDB

N.LAT.

(Deg.-Min) {(Deg.-Min}

46-32.7

46-32.3

46-31.9

46-32.1

46-32.2

46~32.0

46-31.6

46-31.8
46-31.2
46=-31.6
46-26.0
46-26.0
46-25.2
46-23.3
46-25.4
46-23.5

46-21.6

46-21.1

W.LONG .

122-50.8

122-50.2

122-50.5

122-49.5

122-49.5

122-48.7

122-50.1

122-49.5

L17-45.6

117-49.3

L19-47.0

L19-47.0

119-35.4

L17-11.5

117- 5.9

LI7- 4.5

122~ 4.5

122- 6.4

HOLE NO. MHEASURED

DATE
Riil-SU8 (WA F
Si-14 6/13/67

RDH-8U37  1/12/72

§-12 1412772
sU-11 6/12/67
SU-4 6/12767
5U-902 /19473

S1-10 3/19/73
SCOTT-WW  7/29/78
DODGEJCT  2/27/78
RS-1 6/ 1/67
RS$-2 1/14/69
YO-80C 1 0/ 0/30
S11.COTWW 2f19/7e
PTWLMAWW 1/17/78
WWPC7-1W 2/15/78

DDH-% 10/25/72

pRY-1 10/31/71

BOTTOM
TEMP .
Lo

2h.

25.55

24.66

25,72

21.31

28.78

3t.21

19.83
13.54
14471
96.,2%
13.7£
13.72
17.50
12163
26.17

6.51

10.56

DEPTH
IETERVAL
_fmeters)

Mty
96%5.0

90.0
360.0

173.0
565.0

100.0

40040 ¢

45.0
150.0

150.0
395.0

395.0
540.0

110.0
3I65.0

260.0
978.0

100.0
340.0

100.0
380.0

710.0
760.0

90.0
340.0

340.0
6%0.0

690.0
847.0

90.0
34B.0

15.0
62.5

.0
20.0

900.0

2500.0

13

58.0
119.0

30.5
670.6

10.0
isz.0

150
403.0

500
135.0

80.0
270.0

120.0
270.9

205.0
210.0

A¥G. T.C.
(Wm—lk-1l)

1.09
04

1.09
204

1.09
.04

L7
.01

1.59
1.59
.13

1.72
04

.59

1.59

3.68
A7

3.85
.13

NO .

TEC

59

59

14

UNGURR.
GRAD .

9.0
W2

3.2
.2
25.2
.ol

33.8
W1

27.7
-4

33.5
.1

4.6
.1

J27.3
-3

21.5
3

34.6
.2

1z.8
o3

19.4
N

22.2
4.8
]

33.9
o4
41.0

4.8

35.6

14.4
-3

2.0

GURR.
GRAD «
_ LC/Em) | (CC/Km)  (mwerZy

33.8

40.0

41.7

37.1

33.2

35.86

32,0

8.5

18.0

GORR.
H.F,

6.

6.

66,

58,

57.

51.

68.

69.

Holis
QUALLTY

o

16

26

30

0

20

16

15

. =
]

Beal
Value
316

dest
Value
S8

BesL
Value
69



TOWNSHIE
RANGE

10M/28E-

1ON/39E~
10N/41E-
SN/32E-

BH/33E-

BN/36E~
8N/ 44 6=
M/ BE-
7N/ BE-
N/ 9E-
IN/IIE—
7H/34E~
TN/35E~
7N/ 35E~
7N/I3E-
TN/36E
7&/365»
7H/IbE

INS46E-
TN abE-
6N/ 7E-
BN/ FH-

6H/33E-

6N/33E-
BN/ VB~

BN/ AL

SECTTON NuLAT . W.LONG . HOLE NO.
(Deg.~Min) (Deg.~Min)

14ACC 46=23.1 119-16.2  DH-3-WW
3044 46194 117-58-6  WARNEHRWW
306D G6~22 .4 117-39.5  REIBLEWW
1384 46-16.0 118-45.2  POWER-WW
21D 46~ 9.3 118-41.0  GLUCK-WW
3084 4B= §.0 118-21.4 VANAUSWY
ZAAD 4g-12.3 1L7=-15.0 REEVESWW
2RCD 46 7.5 121-46.2  DUGER—4
16C 46~ 2.9 121-45.0  DGER-7
1744 46— 5.9 121-42.0 DGER-3
2400 46- 4.0 118-3744 NI
ISCAD 46~ 2.3 118-30.3  STILERWW
258AC 46~ 3.7 118-22.2  ARTIDBHW
254BA 46~ 3.8 118-22.3  GUG-WW
350 46 2.9 11B-22.3  WUCOLLWW
17CAD 46— 5.4 118-20.3  WNGC-WW
1981 Aiv— N4 11H~21.9 VJTKFF-“WW
EEETY 46— 2.9 PIR-19.3  Wi-7

ZAA 46— 8.0 116-55.1 DOOD-WW
1384 46— 9.7 116-53,5  HELBAR
2IBAC  45-59.9 12§-53.6  DGER-5
I5ACC 45-58.5 121-37.4  DUER-2
IDBD 46~ 1.5 118-37.7  BRNAMWW
HAD 46— 1.0 118-40.6 GARDNAWW
LCA aph~ 1.5 1|H~26.? HILERDWWY
[P 46~ L IREENTIN ] PR ~WW

MEASURED

DATE

8/12/70

2/10/78
8/ 3/78
2/10/78

2/ 3/18

/13778
2/28/18
9/14/75
9/14/76
9/13/76
316172
2/ 8/78
1130/73
1/36/78
1/30/78
8/ 8/78
115472
3/14/7?
2/18/78
3/ W78
/14776
9/13/76

2/ 2/78

2 2118
1A/ 78

ARy

AVG. T.C. NC.
imik-l) T C

BOTTOM CEPTH
TEMP INTERVAL
(°C) (meters)
47.78 174.0 i.65
608.0 .07
608.0 1.52
1079.0 .03
174.0 1.59
107%.0
11.86
11.35 0.0 1.59
50.0
22,20 135.0 1.59
: 210.0
24.05 15.0
50.0
506.0 1.59
200.0 .
10.98
10.93 10.¢
50.0
9.10 85.0 1.25
150.0 .03
3.55 15.0 1.17
25.0
12.98 115.0 1.24
150.0 L1l
17.01 200.0 1.59
235.4.
13.39 10.0 1.00
32.5
19.70 85.0 1.59
260.0
12.72 £5.0
70.0
20.54 100.0
16%.6
20,94 100.0 1.5%
225.0
20,58 1.0
250.0
2804 .0 1.59
425.0
15.31 160.0 1.59
275.0
13.01 15.0 i.59
85.0
11.50 100.0 1.23
150.0 06
12.19 100.0 1.42
156.0 =03
31.78 10.0
60.0
60.0 1.G5
305.0
16.39 20.0 1.05
a5.0
1484 5.0 L1l
5748

1.0t

14

(*C/Em)

UICORR.  CORR. CORR. H.F,
(RAD.,  GRAD. H.F.  QUALTTY
("C/Em)  (mww~2)
25.1 1
.3
4.6 1
.3
30.0 30.0 47, 1
30
22.1 27.2 43. 16
.6
34.8 34.8 55. 6
.6
58.6 56,6 6
1.6
37.7 37.7 60. 3
1.0
10
19.4 20
.8
48.5 54.5 56. 1
5 -
70.0 58,0 67. 16
58.5 53.4 6bH. 1
2.5
17.0' 17.0 27, 26
3 )
55.4 5544 56. 14
3.2
34,0 3%.0 54, 16
33.7 30
9.8
27.4 30
4
35.4 15.4 56. 6
.5
23.1 0
3.
33.1 31,3 53. 16
7.6 36.1 57. 16
.7
53.0 40.8 65. 16
1.0
51.0 43.8 61 - 1
o
53.8 52.7 75. 1
-
78.9 78.9 10
4,8
69.0 §9.7 73. 6
8.0
104.1 106.8 f12. 16
5.0
Al .4 H 9. 1o

3]



TOWNSILP  SECTION N+LAT. W. LONG . HOLE NU.  MEASURED  80TTuM NEFTH AVe. T G, Nu. UNCORR. CORR. CORR, H.F,

RANGIL (bog.-¥in) (Deg.—Min) LATE © TEME. INTERVAL (oo 'Ry 1 ¢ GRAD.  GRAD.  NLF. QWAL LTY
e ‘ - o) (melers) S 07 LY B 7L.C VI €1 )
AN/ BE—  Z2AKC 444 LK 121468 DUER-6 /LAt 2.7 15.4 1.0 2.0 30
by W21
AN/ BE— AACA B5=hE 4 122-1 1.6 45-21 LAY N I E 25.0 P 2010 Tha ﬂ
05,0
3N/ SE~ 4ACS 45-46.5 122~-11.8  83-23 9/15/76  11.35 15.0 16.7 10
150.0 W2
150.0 24,6 10
245.0 o2
3N/ 5E- &BCA 45-46.5 122-12.1  §S-18 9/15/76 13,19 30.0 ' 20.3 10
140.0 .2
N/ 3E- 4BDA 45-46.5 122-11.9  $5-8 10/ 9/75 9.42 20.0 20.0 56 - Y
70.0
3N/ SE—  4BDB 45-46.5 122-12.1  85-20 §9/15/76  13.52 35.0 20.0 56, 5
300.0 Besl
r ¥alue
IN/ S5E-  4BDCI 45-46.5 122-12.0  85-4 /14475 9.26 30.5 15.5 5 56
: 152.4 .2
N/ SE- 4BDCZ 45-46 .4 122-13.0 §85-22 9/16/76 11.51 30.0 23.2 5
220.0 WA
3N/ SE- 4CAB 4546 .3 122-12.0  58-3 9716776 14.20 205.0 264 10
350.0 .2
. .
3N/ 5E- 4CAC 45-46,2 122-12.0  85-6 9/16/76  11.52 15.0 : 20.0 56 . 5
120.0
120.0
215.0 - 5
IN/ZLE~ 19BAB 45-44 .1 120-13,6  RB-1 10/30/74 19.03 30.0 - 1.59 54.13 53.8 B5. &
70.0 . 2.9
2N/ 7E- 22ABC 45--38.8 121-55.7  DH-1083 10/2B/75  11.35 ' ' ’ 14
2§/ JE- 22BBAl  45-38.9 121-36,1  DH-1201 10/28/75  12.45 40.0 40,5 10
82.0 1.2
2N/ TJE- 22BBA2  45-38.9 121-36.1  DH-1203 10/28/75. 12.29 45.0 34.5 20
’ 0.0 2.1
N/ 7E~  22BBA3 43-38.9 121-56.1 DH-1204 7 10/28/75 11.72 40.0 ) 24,6 30
0.0 I.
2N/ 7E~-  22BBA4 45-38.9 121-56.1 DH—-1209 10/28/75 11.98 50.0 19.0 30
. ’ 60.0 2.5
2N/ 7E- 22BBAS  45-38.9 121-56.0  DH-1210 10/28/75 12,77 ) 0
2N/ TE- 22BHAG 45-38.9 121-56.1 DH-1029  10/28/75 13.05 . an
2N/ JE- 22BHAT  45-38.9 L21~56.1  USCELA40 4712777 12.62 20.0 Ui 4 20
85.0 ol :
50.0 42.4 20
84,5 Z.8
2N/ FE-  22BBAR  45-3B.9 121-56.1  USCE13I29  4/12/77 12.47 25.0 .3 19
75.0 2.7
2N/ JE- 20BBCL  45-38.8 121-56.3  USCE 462 4712/77 11.4) : . il
M/ TE-  22BBC? 45-38.8 121-56.3 USCEL465 4712777 11.99 . 30
2N/ JE~ 22BBG3  45-38.8 121-56.3  USCE1378 4712737  12.11 45.0 6.7 20
75.0 1.1
2N/ JE—~ Q22BRC4  45-38.8 121-56.3  USCEL455 4/12/77  12.2% 30
PN/ FE-  2ZEBCS  45-38.8 121-56.2  USCELITL  4[12/77  12.11 ) 30
ZNf 7E- 22BADL 45-38.8 121-36.2  USCELIBYS 4/12/77 13.m2 25.0 34.2 1
75.0 2.7
28/ 7E-  22BBDZ 45-38.8 121-536.1 USCEL4TS  4/12/77 12.40 40.0 36.8 20
3B.0 .8

15



TABLE 3.1 cont.

Sources of published temperature-depth and heat flow data

Hole Reference
Location '
40N/43E-35D1 Roy, 1963; Roy et al, 1968; Sass and Munroe, 1974
40N/ 43E-35D2 " ! " "
39N/41E-2BDB Blackwell, 1969

39N/41E-2CAB "
39N/41E~2CBA "
39N/ 41E-2CBB "
39N/4]1E-2CBD "

30N/33E-31BDD - Blackwell, 1969 - Recorrected for this report
30N/33E-31CAB " | "

30N/33E-31CAC " ) | "

29N/37E—36DDD Steele, 1975

28N/37E-9DBD ‘ g
27N/37E-2BBB "

27N/37E-3AAA N

27N/38E-28BBB v

23N/11E-1C Blackwell, 1969 - Reéorrected for this report
23N/11E-10DCA " o .

21N/31E-10CB R. F. Roy, personal communication, 1964
20N/12W-8 Splcer, 1964

16N/ 12W-24DAD Also logged by U.5.G.S. W.R.D., Tacoma
13N/26E-25 : Sass et al., 1971; Sasé and Munroe, 1974

12N/ 1W-8CAB " ’ " "

12N/1W-3DAD " " .

12N/1W-9CCC | " ' " "
11N/24E~15 1 " oo "
11N/248E-15 2 . - S
11N/ 26E=20CC Spicer, 1964 '

10N/ 28E~14ACC Sass et al, 1971

16



Township, Range
Section

W. Latitude

W. Longitude

4ON/27E
4ON/33E
40N/43E

S 39N/41E

37N/26E

37N/32E

36N/20E

34N/0IE
33N/31E
30N/33E
29N/37E
28N/37E
27N/37E
27N/38E
25N/09E
23N/11E
22N/20E
21N/31E
20N/12W
16N/12W
13N/26E
128/01W

12N/40E

6B

2D

35D

2C
8D
334
194
1C
144
31C
36D
9D
3A
288
"
1c
26C

10¢C

24D
25
09C

14D

48°59.8"
48°59.6"
48°55.0"
48°54.9"
48°43.0"
48°40.0"
48°36.5"
48°27.5"

48°21.8"

- 48°03.3"

47°58.5"
47°56.§-
47°52 4"
47°49.0"
47°41.0°
47°30.5°
47°22.1"
47°20.,0"
47°14.3"

46°51.0°

46°35.0!

46°32.0"

46°31,21

119°29.47
118°36.0"
117°20.07
117°35.9°
119°35.5°
118°46.4"
126°23.1°
122°38.0"
118°52.6"
118f42.4'
118°04.0'
l118°09m2'
118°07.4"
118°01.5"
121°38.9!
121°21.2°
120°18.0°
118°55.0"
124°11.5"
124°06.0"
119°31.0"
122°48.7°

[17°45.6"

17

TABLE 3.2 Washington Heat Flow (Pre-1979)

No. of Holes

Best Heat Flow
Value
nWm-2

70
72
106
84
75
76
75
37
68
71
85
76
89
84
61
57
62
70
36
39
64
36

64



Township,

Section

12N/408
11N/24E
11N/26E
11N/45E
1IN/46E
10N/06E
10N/28E
10N/41E
09N/32E
08N/33E
078/08E
07N/ O8E
07N/ 09E
07N/33E
078/34E
078/35E
078/36E
07N/ 36E
07N/ 46E
07N/ 46E
O6N/OTE
06N/09E
06N/33E
06N/33E

06N/ 368

03N/05E
03N/21E

Range

17A
15

20C
32D
328
188
14A
3D

13B
21D
2B

36C
174
24D
36C
25A
17¢C
33B
2A

138
238
25A
1D

104
4C

4A

19B

TABLE 3.2 cont.

W; Latitude

46°31.6"
46°26.0"
46°25.2"
46°23.3"
46°23.5"
46°21.1"
46°21.1°
46°22.4"
46°16.0"
46°09.3"

46°07.5"
46°02.9"

46°05.9"
46°04.0"
46°02.3"
46°03.7"
46°05.4"
46°02.9"
46°08.0"
46°09.7"
45°59.9"
45°58.6"
46°01.5"
46°01.0"
46°01.5"
45°46.5"
45°44 .1

Washington Heat Flow (Pre-1979)

W. Longitude

117°49.3"
119°47.0°
119°35.4"
117°11.5°
117°04.5"
122°06.4"
119°16.2"
117°39.5"
118°45.2!
118°41.07

121%46.2"

i21°45.0!
121°42.07
118°37.4°
118°30.3"
118°22.2"
118°20.3"
£18°19.3"
116°55.1"
116°55.5"
121°53.6"
121°37.4"
118°37.3"

118°40.6"

118°20.7!

122°11.8"
120°13.6"
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No.. of Holes

Best Heat Flow

Value
__mWm-2

66
58
56
51
56
69
47
43
55
60
56
67
66
27
56
54
56
53
57
65
61
75
i3
112
93
56
85
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Table 3.3 1979 Geothermal Gradients and Heat Flow in Washington State.

NORTH WEST HOLE COLLAR DEPTH UNCORRECTED CORRECTED CORRECTED
TOWNSHIP/RANGE  LATITUDE LONGITUDE NUMBER & FLEVATION INTERVALS GRADIENT GRADIENT HEAT FLOW
SECTION {Deg.-Min) (Deg.-Min) DATE (Meters) (Meters) {°C/Km) (°C/Km) oW /m?
18§/ 3E- 47- 3.5 122-21.8 BETHL HS 140
12DED | 8/21/79
18N/ 5E- 47- 4.2 122-13.2 BENJAMIN 167 30.0 10.9 21 .4
6CDA 8/22/79 68.0 : .6
17N/ 2E~ 46-59,2 122-22.8 MILLER 144 62.5 21 .4 21.4
2DAA "8/20/79 97.5 b
140.0 25.4 25.4
177.0 3
16N/ 4E- 46-51.8 122-17.4 DN SMITH 262
22BAR 8/19/79
16N/ 4E- 46-51.0 122-15.4 ANDERSON 432 25.0 9.0
23DDD : 8/19/79 86.5 .5
15N/ 1w- ' RDH-1 75
21BB3 8/ 9/79
15N/ &4E- 46-46.8 122-15.3 B LINDSEY 566 100.0 14.6
14DDA 8/19/79 122.0 A
15N/ 6E- 46-46.5 122- 1.8 ASHFRD-1 965 ' 30.0 137.0
22ABD . 7/17/79 - 68.0 5.0
14N/ 2w- 46=44 .0 122-56,2 THOMAS 85 90.0 20.8
4ABD 6/15/79 150.5 4
14N/ 1W~ 46-40.8 122-45.6 AGNEW 135
23DDA 6/14/79
14N/ 1W- 46-40.2 122-46.3 REYNOLDS 125 75.0 199.0 e
26CAA 6/15/79 92.3 8.0 V4
14N/ 5E- 46=-43 .4 122-11.0 MOUNCE 451

4CAD1 6/ 6/79



0¢

14N/ 5E-
4CAD?2

14N/ 8E
6BCC

14N/10E~
8DCB

13N/ 44~
7ABA

13N/ 3W-
35BAB

13N/ 2uW-

235AAA

13N/ 1W-
17ADA

138/ 1~

18CBEB

138/ 1w-
i9DCD

13N/ 1wW-
29DCC

13N/ 2E-
17BBA

138/ SE-
18ABD

13N/ 9E-
16BCA

46-43.4

46-43.8

46-42.9

46~38.0
46-34.5
46-35.3
46~-36.9
46—36.7
46-35.4
46-34.6
46-36.9

46-37.0

46-37 .2

122-10.8

121-51.1

121-34.7

123-13.6
123- 1.5
122—52.0
122=-49.4
122-51.8
122-51.1
122-50.0
122-35.5

122-13.6

121-41.6

PENNGTON

6/12/79
RDH-LONG
8/14/79

RDH—OHNP
8/27/79

ARNOLD -
9/ 1/79

MOHORIC
8/31/79

DRUCKMAN
7/ 5/79

ANDERSON
5/25/79

OLSON
5/26/79

-SUNDWN 1

6/ 7/79

WULZ
6/ 8/79

STANSELL
5/26/79

ROM 1
6/15/79

RDH-PKWD
9/ 4/79

449

720

490

85

i70

91

92

85

93

102

232

358

359

10.0
99.5

75.0
115.0

103.0
116.0

110.0
128.5

120.0
135.0

16.0
30.0

65.0
91.0

40.0
225.0

[V, I =g
¢ « « @
oo Do o O oo

*

N O ~J OO O

in o LN -
ko O
(] L)

—
L

28.0

46.1
1.8

49.8
82

20.6
»5

28.4
«2

182.0
4-0

11.5
.7

21.3
o7

27.

—

]
= N
L]

+ =~
— N =1
L L T
(W, %] @ U L)

20.6

182.0

11.5

23.0

43.5



L2

138/11E-
2DC

12N/ 1E-
12DCB

12N/ 2E-
5DCD

12N/ 2E-
9DAD

12N/ 2E-
11AAD

12N/ 2E-
16ADC

12K/ 2E~
16AAA

128/ 2E-
20cCC

128/ 3E-
7CDB

12N/ 3E-
17DCB

128/ 3E-
19BC

12N/ 3E-
19CBD

12N/ 3E-
19CCA

46-38.3
46-32.1
46-32.9
46-32.1
46-32.7
46-31.5
46-31.9
46-30.2
46-32.1

46-31.3

46-30.4

46-30.3

121-23.5

122-37.4

122-34.7

122-33.2

122-30.8

122-33.4

122-33.3

122-35.6

122-29.0

122-27.5

122-29.2

122-29.2

RDH-WTPS
8/27/79

TALBOTT
6/ 4/79

PLANT
6/16/79

LCMPK 3
6/23/79

HADDALER
5/24/79

LCMPK 2
6/ 1/79

LKSDCM 1
6/23/79

MFPKFS 1
5/22/79

GOODWIN
5/24/79

AUST
7/ 4/79

MOSSRK-3
8/ 3/79

MOSSRK~-1
8/ 1/79

MOSSRK-2
8/ 1/79

1365

i71

284

146

i84

149

136

85

210

226

348

390

10.0
148.5

30.0
125.0

125.0
155.0

60.0
205.0

70.0
106.0

20.0
57.0

40.0
86.0

30.0
50.0

30.0
137.5

90.0
138.5

65.0
232.5

40.0
135.0

135.0
156.5

w
— 2
-
—

-

o]
—t
L)

o

22.7

23.0
l8

21.0

25.4

19.1

27.0



2e

12N/ 3E-
23DCC

12N/ 3B~
25CAB

12N/ 4E-
3BCD

12N/ 4E-
4DAB

128/ 7E~
16CC

12N/ 7E~
27CAB

12N/ 8E~
3DCD

11N/ 2wW-
26BDC

98/ 2W-
1ADB

9N/ 5E~
18BB

46-30.3
46-29.9

46-33.3

46-33.2

46_31 04

46-30.0

46-33.2

46-24.7

46_'17u7

46-16.0

122-23.8

122-22.9

122-18.0

122-18.4

121-56.4

121-55.1

121-47.1

122-54.0

122-52.1

122-14.2

MARCHANT
6/ 9/79

CHURCH-2
8/29/79

WARK
6/ 8/79

BISHOP
6/ 8/79

RDH~-RAND
11/13/79

POL~RAN!
9/ 7/79

RDH-DVSM
9/ 6/79

WALLACE
8/14/79

MOCK
8/ 3/79

RDH-STH1
11/14/79

253
420

316

287

274

281

24

196

78

15.0
42.5

35.0
122.0

35.0
90.0

90.0
129.0

15.0

34.3

50.0
146.0

40.0
147.0

15.0
190.0

19¢.0
261.5

20.0
135.0

30.0
80.0

30.0
122.5

13.6
«5

8.6
.5

13.5

17.8
3

20.2
1.3
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8N/ 4F-
140D

5N/ 1E-
5CDC

5N/ 1E-
23CBA

5N/ 2B-

24DDA

5N/ 2E-
25DBC

5N/ 3E-

28CCC

5N/14E-
22BCB

4N/ 1E-
21ACD

4N/ 3E-
18CCB

4N/ 3E-
20ADD

3N/ 3E-
21DAB

3N/ 3B
21DBD

46"'10-4

45-56.4

45-54.1

45-53.9

45-53.2

45-53.0

45-54.5

45-49.0

45-49.6

45-49.1

45-43.8

45-34.6

122-16.1

122-42.9
122-39.3
122-29.5
122-30.1
122-34.5
121~ 2.9
122-41.2

122-29.5

122-28.7
122-26.2

122-26.4

RDH-STH2
11/14/79

EPPERSON
8/16/79

GRIMM
8/ 1/79

WALLAM
8/ 1/79

HAGEDORN'V

7/31/79

DREW’
8/ 1/7%

URBAN
9/12/79

KING
8/ 2/79

HOARSH
6/24/79

WINSTON
7/28/79

ZINTZ
7/ 9/79

BOTTMLLR
7/ 5779

1066

94

158

243
201
603
585

-79

131

210
250

219

50.0
150.0

i12.0
150.0

100.0
177.5

126.0
246.0

35.0
104.0

70.0 -

158.0

70.0
97.5

40.0

137.5

i55.0
236.0

50.0
109.0

37.5

107.5 .

85.0

| 107.5

135.0
220.0

30.0
103.0

30.0
188.0

21.5

20.4

31.2

24.7
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122-24.0
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7/31/79

NIX
9/ 8/79
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9/14/79

BRADLEY
9/13/79
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9/13/79
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1/ 2/80
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9/ 7/79

GROSS
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79
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30.0
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section 13, township 16 N. and range 22 E., Willamette Meridian. Thermal conductivity
values are from measurements on c¢ore or cuttings samples or estimated based on
lithology (values in parentheses). The heat flow values are generally given lo two
decimal places. Note, however, that the errors of the values are discussed belowa
The quality 1indicators are as follows: a quality number of 1, 6, or 16 implies a
heat flow value with an estimated errvor of approximately +5 percent, +10 percent and
+25 percent, respectively. A quality value of 30 indicates that no reliable heat
flow or geothermal gradient can be calculated from the data because of some problem
in the meagurements. Usually the poor quality 1s due to intradrill-hole water flow
in holes which were used as water wells and thus are uncased and ungrouted. A
quality indicator of 5, 10, or 20 indicates a hole for which the geothermal gradient
shown has an estimated error of +5 percent, +10 percent, or +25 percent,
respectively. Heat flow values have not beaen caleulated for these holes, either
because they are in an area where heat flow data are already available, or because
there is no thermal conductivity information available.

The data are summarized in figure 3.1. Shown on this map are locations of
holas for which data are available, as listed in table 3.1. 1In some cases, sevaeval
holes in very close proximity to one another have heen included as a single symbol on
a maps. Also shown on the map are heat flow values for holes of 1, 6, or 16
quality. Again multiple holes may have been Included on this map as a single
locality. |

The ecquipment which has bsen used for almost all of these wm2asurewents is
described by Roy and others (1968) and by Sass and others (1971). The only exception
is the measurements ohtalned by VanOstrand. These wevre measureneats made with
maxiown reading thermometers. In genceral, the precision of the instruments is

approximately + .02°C and the accuracy is approximately + 0.2°C.
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Biscussion

The results of these studies have been discussed 1in preliminary form by Blackwell
(1974) from a state-wide point of view. These early data have been supplemented
beginning in 1978 and 1979 by.extensive new information, with the 1979 data shown
on the included map (figure 3.1), in table 3.3, and listed in Appendix D. Brief
descriptions of the data and results will be found in Blackwell (1978) and Sass and
others (1980). The 1979 data together with the earlier data, will be discussed by

Blackwell and others in technlecal reports to be issued in the near future.
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Additions and Comments

By Michael A. Korosec

Statewide Regional Heat Flow

Informaton gathered during the 1979 geothermal project (table 3.2 and Appendix A),
together with pre-1979 data (table 3.1), have begun to delineate wide regions within
the state which demonstrate simllar temperature gradient and heat flow charac-—
teristics. Since these areas roughly correspond to the physiographic provinces, a
variation of these standard provinces will be used here to discuss the density of
coverage and our present state of knowledge for regional heat flow. Figure 3.2 is a
preliminary stateﬁide heat flow map, based on only scattered data. On this map, the
state has been divided into five "heat flow regions”; !) the Western Washington
region, which includes the physlographie provinces of the Puget Lowland, Willapa
Hills, and Olympic Peninsula, 2) the North Central region which includes the north
and central Cascades, 3)lthe'N0rtheast region, which includes Okanogan, Ferry,
Stevens, and Pend Oreille Counfies in the Okanogan Highlands, 4) thelSoutheast
region, which extends from the southern Cascades, through the Columbia Basin, to the
Idaho bhorder, and 5) the South Central region, which includes the south Cascades
(from roughly Snoqualmie Pass sputh to the Columbia River) and the Simcoe Mountains.

For the most part, the boundaries between these heat flow reglons are only
poorly defined. For 1aék of better evidence, many of these boundaries have been
sketched in to correspond to the physiographic province boundary. This is not to
imply that heat flow tranmsitions occur at these boundaries. In fact, a few heat
flow transition zones have been shown to ocecur many I0's of miles offset from
physiographic province boundaries, as discussed later.

1) Western Washington: The highest number of temperature gradients and heat flow
values have been obtained from within this heat flow region, but vast areas are
still poorly defined, especially the Willapa Hills and central Olympic¢ Peninsula,

where virtually no data exist. Because there are only a few pre—existing wells in

30



22 i R i o i T
49 — R
S i\ T 2270 23,72 (a.adt 1 21008
W H A T ¢ ) S
3 , \ + \\\ -
O e -l
e %@q\ \! Mlh 2l,75 3',76 1 PEND
CJE Ng} \ Central o ¢ A N |OREILLE
&2 37 g “Region ‘ FERRY |
1sLan t p 20,68 STEVENSE
- | N\~ | (North Cascades) Northeast Region Ww'
my . \\ : {Okanogan Highland)
) : ] I ol - -*_237l
LA SNOIHOMISH ";u ~ 25,76 +2785
' : < 427,89 |
Penmnsu!o TR e -
E FE AR s onN _"_'1_'__*;26;& fousias 33.84
Western T, } N C O L N SPOXANE
“Washington 4 R S -
;: GF::aglon L& “JL / +42,7o
—d ALY -
.*-27.35 ® & " A ! G R AN T
,/ &
i HARBOR PIE!IFICE A D A WH L TM™ AN
N WTHU Ps‘:lrg ' | (>33n>23)
26,38 _T‘l‘ Lo qun s) South J ___ Southegst Region
Willapa Genirgl / 7 64> (Columblo Busm )"
PncmcHIllS) E w | f‘ Region !/ "*‘\F RANKLIN
{33,25),36 37,58
IWAHKIAKUM ' _“SOU”'G Y Ao \l M : A + $6,59 UOLUMQf A*‘ B
[¥aee Cascades) \ 3047& 35,55 2
\\J cowLiTz | 4.5 \ ' ~— 60 14 4
» KEY KaM Ahsg 68 !
+34,56

gradient{°c/km) , heat flow(mw/mZ)

' senTON 172 &g bsa)bss)
53 75 T . 107,n2

70 ekl oar /L/‘”/rk_/ 7073 %

20 86 i

" o o 20 ¥

scale 1:250Q00000

ey

FIGURE 3.2.—Preliminary heat-flow region map of Washington



these areas, it is not likely that data will be available in the near future. (It
is suspected that temperature gradients and heat flows are low in these areas, and
thus the state geothermal program includes no plans to drill heat flow holes in
these provinces. In addition, most of the Olympic Peninsula is part of the Olympic
National Park and therefore closed to exploration.) Within the Western Washingtop
region, heat flow values range from 20 to 45 mWatts/mz, and temperature gradients
are usually 15 to 35° C/km.

2) Worth Central: There are only two data points within this reglon, and both are
located in King County, at the far southern end of the region. It 1s suspected that
the increased heat flow associated with the Cascade mountains of Oregon and southern
Washington also exists within the éentral and northern Cascades. The existence of
the Quaternary volecanic centers Mount Baker and Glacler Peak further suggests that
this province should have at least moderate heat flow, with values higher than those
of western Washington. Vélues are -suspected to range from 50 to 80 mWatts/mz, with
possibly higher an;malous values assoclated with the two voicanoes.

3) Northeast Washington: This region corresponds to the Okanogan Highland and has a
good scattering of well locations which provide consisient data. While temperature
gradients are low or normal, from 20 to 30° C/km, the heat flow has been determined
to be a moderately high 70 to 105 mWatts/m2 because of the high conductivity of the
rocks in the region.

4) Southeast region: This relatively large section of the state may actually
contain many smaller "sub-~regions”, each with its own characteristic heat flow
values. A tremendous number of well logs are avallable for the Columbia Basia,
because of the large number of moderately deep irrigation wells drilled since the
early 19200's, but only a few of these have calculated heat flows. Many wells are
poorly cased, partlally cased, or completely uncased, and water flow up and down the
drill heles produces stair—step temperature vs. depth plots. The straight-line

segments of these gradients are most likely meaningless. For these holes, only the
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bottom hole temperature can be reliably reported. The heat flowrvalues that have
been reported for "well behaved” holes fall mostly in the range of 535 to 70
mWatts/mz, but some values range as high as 93 and 112 mWath/mz, especlally around
the Walla Walla area. Gradients from these wells range from 35 to 45° C/km, with
values of 70, 82, and 107° C/km for the aqomalous holes near Walla Walla.

If the data sets reported in Appendix A are used, especially the well log
information from Washington State University, a number of wells are found to have
relatively high bottom hole temperatures. Roughly 300 wells have bottom hole
temperatures greater than 20° C, But water flow within these wells ﬁrevents the
direct measurement of temperature gradients. However, assuming a value for the mean
annual surface tempgrature, a temperature gradient can be calculated using the two
temperature end points and the known depth of the well. Throughout the Columbia
Basin, the mean annual sprface temperature is known to range'primarily.between 1o®
and 14° C; controlied by elevation, slope angle, slope orientation; and vegetative
cover. For simplicity, the average vélue of 12° ¢ was chosen as a standard for
gradient calculations. (This might have introduged a large error for many wells,
especially the shallow or low bottom—hole—tgmperature wells. This was kept in mind
when examining specific wells.) Most calculated gradients fell in the range of 35°
to 45° C/km, with many as high as 65° C/km or higher. Some of the “"anomalous wells"
are scattered throughout the Columbia Basin, but most are clustered in specific
areas. Using the calculated gradients from all wells, including cold deep wells,
two types of anomalous areas (moderate potential and high potential) have been
identified on the map of figure 3.3. These areas correspond to the anomalies
identified on the Washington State Geothermal Resource Map (Korosec and others,
1981). (The light gray areas of the resource map are the moderate potential
anomalies of figure 3.3, and the dark gray resource map areas correspond to the high
potential areas of figure 3.3.) Moderate potential areas are defined as regions

where several wells have calculated temperature gradients higher than 45° C/km,
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FIGURE 3.3.—Anomalous temperature gradient areas of Washington.

Dark Cray Areas. in the Cascade Range, the dark gray shaded areas at the
five major Quaternary stratovolcanoes indicate high potential for low- to high-
temperature geotherma! resources. Favorable indicators are young igneous rocks,
hot sprinés, and fumaroles,

In southeastern Washington, dark gresy shaded areas depict regions which
have a significant number of wells with calculated temperature gradients greater
than 50°C/km. Warm water is likely to be encountered at relatively shatlow
depths, although there are cotd wells within the dark gray areas.
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Hachured Areas. in the Cascade Range province, the areas depict regions of
volcanic activity during the past ! million years, Low- to moderate- and perhaps
even high-temperature resources may underlie these areas. Typical temperature
gradients are in the range of 45° to 55°C/km.

In secutheastern Washington, hachured areas indicate regions where severa!l
wells have cazlcuiated temperature éradients higher than 45°C/km, although there
are also coider wells within these areas. Low- to moderate-temperature resources
may underiie large portions of these regions. Further exploration is needed to

delineate the resources.
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although colder wells are often found within these regions. The high potential
areas are defined as regions which have a significant number of wells with
calculated temperature gradients greater than 50° C/km, with relatively fewer or no
colder wells in the surrounding area. The boundaries of these different anomalous
areas are indefinite, especilally where the density of wells is low.
It 1s suspected that the heat flow within these areas is also relatively higher
than the regional heat flow for the Columbia Basin (greater than 50 to 70
mWatts/mz), but not enough information 1is avallable to detérmine qualitativé heat
flow values.
5) South Central Washington: The Geothermal Drilling Projects of 1975 (Indian
Heaven area, Schusfer and others, 1978) and 1979, by the Division of Geology
and Earth Resources (see table 3.4), have begun to characterize the regional heat
flow regime of the South Cascades (see figure 3.4). Heat flow values range from 60
to 90 mWatts/mz, with temperature gradients of 45° to 55° C/km. Lérge regions within
this province have no wells or drill holes, such as the Central Cascades extending
from the Cowlitz River north to the North Central region (Smoqualmiz Pass, Snoqualmie
Batholith area), including the Mount Rainier region. The.Tumac Plateau to Bumping
Lake area, the Mount Adams area, and thg Cascade Mountains south of the hasalt fields
of Indian Heaven ére also without heat flow or temperature gradient determinations.
The western boundary oflthe South Central region is defined by a relatively
sharp heat flow transition (closely spaced contours on the mép in figure 3.4). Heat
flow increases from less than 40 mWatts/m2 to greater than 60 mWatts/m2 from west to
east over a distance of less than 12 km, roughly along a north-socuth line between
Washougal and Skamania on the south, through Mount St. Helens, continulng north
between the towns of Morton and Randle, and extending further north somewhere
between the Eatonville and Mount Rainier-Longmire area.
The eastern boundary of the South Central heat flow repion 1Is very poorly known,
but may correspond to the topographic change moving from the Quaternary volcaniecs of

the south Cascades to the Miccene Yakima Basalt plains further east (Columbia River
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Table 3.4 RESULTS OF HEAT-FLOW DRILLING, 1979, SOUTHWEST CASCADES, WASHINGTON

Location USGS Spud Completion Elevation Depth Bottom—hole Gradient,
Well Name N. Latitude f W. Longitude Quadrangle Date Date M M Temp.,°C °C/Knm
Longnire 46° 43 48" 121° 51' 05" Randle 15°' 7/25/79 7/31/79 710 100 8.5 6977
Ohanapecosh 46° 427 54" 121° 34% 39" Packwood 15° 8/2/79 8/31/79 488 115 11.1 46.5
WhiterPésS 46° 38° 17" 121° 23' 27" White Pass 15° 8/16/79 8/22/79 1365 150 11.5 49
Packwood 46° 38" 15"  121° 41° 35" Packwood 15"  8/23/79  8/25/79 366 152 14.0 46
Davis Mtn. 46° 33' 10" 121° 47% 07" Randle 15' 8/29/79 8/31/79 610 147 7.9 4
Randle  46° 31" 22" 121° 56' 22" Randle 15'  9/5/79  9/10/79 274 129 14.1 46
Mt. St. Helens #1 46° 15' 57" 122° 14 13" Spirit Lk. 15' 9/13/79 9/20/79 780 125 9.9 19
Mt. St. Helens #2 46° 10' 22" 122° 16' 06" Cougar 15' 11/1/79 11/7/79 1067 154 8.2 38 K
Mt. St. Helens #3 46° 07' 37" 122° 09f 09" Mt. St. |

Helens 15° 11/8/79 11/15/79 805 131 4.2 2

Camas No. 1 . 45° 357" 55" 122° 23' 53" Camas 717’ C12/11/79  12/14/79 67 152 14.4 | 31.5
Camas No. 2 45° 38" 20" 122° 267 25"  Lacamas |

Creek 717! 11/28/79 12/7/79 .19 72 11.7 37




Basalts). To the south, the preliminary heat flow contours indicated in figure 3.4
line wup with contours drawn for the Oregon Cascades ble.D° Blackwell and others in
earlier rgports.

Because of the existeunce of a large number of Quaternary volcanic centers In the
south Cascades, including the three large stratovolcanoces Mi. Rainier, Mount Adams,
and Mount St. Helens, it is not unreasonable to suspect that heat flow anomalies may
be associated with a few of these volcanic systems. Unfortunately, no anomalies have
thus far been detected, but nor have fhese speclfic areas been adequately examined.

Asgessment of Heat Flow Projects

The heat flow drilling which will be carried out.under the 1980-1981 geothermal
assessment project will provide two new heat flow values for the North Central
region (Scenic,_near'Stevens Pass, and Snodualmie Summit on Snoqualmie Pass). The
project will alsc add one drill hole north of Mount Rainier, two to four drill holes
along the Wind River near the Coluﬁbia Gofge, and three holes between White Pass and
the Naches areé, all of which are part of the South Central heat flow region. The
three holes east of White Pass will better define the transition zone between the
South Central and the Southeast regions. The drill holes along the Wind River,
together with holes planned near North Bonneville, by the U.5. Department of Energy
Region X Commercialization Program, may identify heat flow anomalies, (a suspicion
based on the exlstence of a relatively iarge number of warm and hot springs in the
area). At the very least the project will provide regional information for a
previously unexamined portion of the south Cascades. 1In addition, teﬁperature
measuremnents in wells throughout the Columbia Basin during the 19%80-81 assessment
project will help further delineate the anomalous areas in the southeast section of
the state, and may lead to the establishment of new anomalous areas.

Beyond the 1980-8! geothermal assessment effort, a lot of work will be needed in
the North Central, Southeastern, and South Central regions. Future work will better

define the transition boundaries and the potential for anomalies within the regions.
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For the North Central region, where no deep wells exist, except for a few
mineral exploration holes, any heat flow drill holes will greatly add to the present
poor understanding we now have for this area. Large portions of this area cannot he
studied in the near future, due to exploration closures because of land status or
lack of road access. These areas include the North Cascades National Park, the
Pagsayten Wilderness Area, Mount Shuksan area, Glacier Peak Wilderness Area, and the
Alpine Lakes Wildermess Area. Areas needing heat flow exploration which are
accessible and are of geothermal interest 1include the Mount Baker area, the regilon
wegt of Glacier Peak Wilderness Area, and the Skykomish and Snoqualmie River
valleys, especlally near the Garland Warm Springs om the North Fork of the Skykomish
‘River, and the Skykomish River valley between Index and Scenic where a few mineral
springs have been reported.

In the Southeast region, ﬁhere shopld be a continuing effort to measure
temperature gradients im -all available wells, but especially within or around
the anomalous areas which have already begn preliminarily identified. Actual heat
flow caleculations for these anomalies will not be possible, unless the wells are
cased, geophysically logged, and/or materials have been collected from depth for
thermal conductivity wmeasurements. Until such a hole is drilled, we will be forced
to rely on calculated temperature gradients from the deep irrigation wells.

A more concerted effort to accuratelyrdetermine the actual mean annual surface
temperature for each of these holes will lead to more accurate temperature gradient
calculations, and will give more credence to the temperature gradient anomalies.

In the Sguth Central region (the south Cascades), large areas will remain
unexamined after the 1980-81 project. One such area is the Goat Rocks Wilderness
Area south through the Mount Adams Wilderness Area,; and continulng southeast through
the Simcoe Mountains. The land status of the Goat Rocks and Mount Adams Wilderness
Areas will prevent heat flow drilling in the future. The far eastern portion of this
region i1s part of the Yakima Indian Reservation. Any drilling in this region would
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have to be done in cooperation with the Yakima Indian Nation, and it is doubtful that
the Division of Geclogy and Earth Resources will conduct such a venture in the near
future.

The region between Goat Rocks and Mount Adams 1is part of the Gifford Pinchot
National Forest and 1is easily accessible by logging rcads. A large number of very
young Quaternary volcanic centers occur in this area, and because of the relatively
close proximity to the Quaternary stratovolcano Mount Adams and the Goat Rocks
Miocene to Quaternary volcanic complex, this region should be a prime target for heat
flow drilling in the near future.

Another large unexamined area extends to the south from the Cowlitz River Valley
between the longitudes of Mount St. Helens and Mount Adams to the existing heat flow
drill holes in the Steamboat Mountain-Lemei Rock area. NEarly all of this land is
part of the Gifford Pinchot Natlonal Forest. Heat flow anomalies may lie within this
area, but except for a few scattered Quaternary volcanic centers, there 1s presently
little evidence available‘fo suggest that heat flow exceeds 80 to 90 mWatt/mz.

Other blanks within the South Central heat flow region include the area between
Bumping Lake and White Pass, the western side of the Cascades between the Snoqualmie
River and Greenwater Rivers (which includes the Lester Hot Springs area in the Grsen
River Valley), the Big Lava Bed area between Wind River and White Salmon River, and
the Simcoe Mountains south of the Yakima Indian Reservation.and north of the
Klickitat and Little Klickitat Rivers. In the foreseeable future, the Division will
most likely consider drilling heat flow holes in a number of these areas {including
the Klickitat, Trout Lake, Walupt Lake, the Bumping Lake-Tumac Plaieau areas), but no
definite plans have been made to date.

Additional specific heat flow drilling targets of interest which should be
considered by others engaging in heat flow studies for geothermal exploration include
Government Mineral Springs on the Wind River (where the Division of Geolegy hopes to
drill a hole in Spring, 1981), Ahtanum Creek west of Tampico (including the Ahtanum
Soda Springs area), the Klickitat River valley east of Mount Adams (part of the
Yakima Indian Reservation), and the Lookout Mountaln area south of the East Fork of

the Lewls River and north of the Bonneville—Stevenson area.
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IV. THERMAL AND MINERAL SPRING INVESTIGATIONS

(Surveys and Analyses, 1978-1979)

by
Michael A. Korosec

Division of Geology and Earth Resources
Olympia, Washington
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IV. THERMAL AND MINERAL SPRING INVESTIGATICNS

{Surveys and Analyses 1978-1979)
by
Michael A. Korosec

Division of Geology and Earth Resources

The locations, temperatures, and conductivities of all known thermal and mineral
springs in the State of Washingtonm are found in table 4.1. The information comes from
a variety of sources, 1ncluding Washington Division of Geclogy and Earth Resources
files, Washington Division of Water Resources Water Supply Bulletims, U.S5. Geological
Survey Open—File Reports, and U.S. Geologiéal Survey Topographic Maps.

During the 1978 and 1979 field seasons, 20 spring systems were wvisited and
sampled for chemical analysis. Many of these springs have never been analyzed
bafore, and the existenée of a few are reporte§ here for the first time.

Of these spring sysﬁéms, 13 hava been survejéd in greater detail, including
examinations of several individual spriﬁgs ﬁithin-each s?stem. Separate reports on

each of these systems are found in the section following Results.

Methods

At most springs, a set of three water samples were collected: unfiltered,
filtered, and filtered acidified. Filtered samples were collected by taking up
spring water In a 50 ml plastic syringe and passing it through a 0.4 micron Nuclepore
filter, held in a 47 mm Swin-Lok membrane holder, into a 1 liter collapsible plastic
container (Cubi—tainer).‘ The acidified samples were tpeated by adding about 3 ml of
concentrated nitric acid to about 1 liter of filtered water.

Temperature, conductivity, chloride, and pH were measured in the field.

Temperatures were measured with a portable digital Markson 701, which was found to be
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aceurate to 0.05°C over the range of 5° to 90°C. Conductivity was measured with a
Hach Mini Conductivity Meter model 17250, with built-in temperature compensator.
Chloride concentrations were estimated using the Hach Chloride Test Kit 7-P which
enploys a drop-titration wethod. Thé pH was detected with ColorpHast Indicator
Sticks. In many cases, the chloride and pH were not measured in the field.
Battelle Northwest Laboratories analyzed all samples collected daring the 1978

field season. The following methods were used:

Cl™ AgNOj3 Titration

HCO3™, 003*2 Alkalinity Titration

F Ion Chromatography

5109 ‘ Molybdosilicate Colorimetric

304_2 Turbldimetric

All other cations Induetively Coupled Argon Plasma Emission
Spectroscopy

Samples collected during the 1979 field season were analyzed at the Division's

water chemistry laboratory. The following methods were used:

cl, Br , I Specific Ion Eléctrodes and Orion Specific

Ion Meter 901
Alk Hach Model AL-DT Digital Titration
50472 Hach Model SF-1 Tubimetric Test Kit
5104 - Molybdosilicate Colorimetric with Sulfite
Reduction; Bausch.and Lomb Spectromic 710
All other catiocns Varian AA575 ABQ Atomic Absorption Spectro-
photometer

Results

Spring chemistry data have been divided into two tables, reflecting the two
different laboratories which analyzed the waters. Table 4.2 coutains analyses for
springs collected by the aunthor during the 1979 field season, and analyzed by the
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author at the Division of Geology and Earth Resources lab facilities. Table 4.3
contains analyses for springs collected during the 1978 field season by Division per-~
sotimnel and analyzed by Battelle Northwest Laboratories. Table 4.5 summarizes the
location, temperature, conductivity, and geothermometric information on many of the

springs.
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Table 4.1 - Thermal and Mineral Springs of Washington State

Estimated
Location Temperature Flow Conductivity
SPRING NAME T R 1/& 1/4  Sec °C 1/min umhos/cm
{- = less than)
(+ = greater than)
COUNTY
Chelan
1. Little Wenatchee Soda Spring 278 15E. . NW 10 - 20°
2. Medicine Spring 26N 18E SE 13 - 20°
Clallam
3. Olympic Hot Springs 29N au NW 28 48° 500 320
4. Piedmont Sulfur Spring 30N 9w 11 - 20°
5. Sol Duc Hot Springs | 298 9w NW 32 50° 560 350
Cowlitz
56. Green River Soda Springs 10N 4E "~ NE 2 25-30°
57. Pigeon Springs 7N IE NE AW 36 - 20°

Grays Harbor

6. HNewskah Mineral Springs 16N oW : 9 19° 400 400

King
7. Diamond Mineral Spring 21N 6E SW 21 11°

8. TFlaming Geyser Springs 21N 6E SE 27 13°



]

COUNTY

10.
11.
12.
13.

14,

Kitsap

15.

Kittitas

16.

Klickitat
17.
18.
19.

64 .

SPRING NAME

Goldmeyer Hot Springs
Lester Hot Springs

Money Creek Soda Springs
Ravenna Park Sulfur Spring
Scenic Hot Springs

Skykomish Soda Springs

Bremerton Sulphur Spring

Medicine Creek Mineral Spring

Blockhouse Mineral Springs
Fish Hatch Warm Spring
Klickitat Mineral Springs

Klickitat Soda Springs

I

23N
20N
26N
25N
26N

26N

24N

21N

4N
6N
4N

5N

R

118

10E

11E

4E

13E

11E

18

I7E

15E

13E

13E

Estimated

Location Temperature Flow Conductivity
1/4 1/4 Sec °c - 1/min umhos/cm

NW 14. 53°

21 49° 200 520
SE 30 - 20°
9 ~ 20°

NE 32 50° 110 2350
NW 27 ~ 20°
SE  NE 3 - 20°

SE  SW 22 9o 6 300
SW 9 - 20°

SE NE 4 24° 15 1660
23, 24 27°
SE NE 25 15-17°

13E



Estimated

Location Temperature Flow Conductivity
SPRING NAME T R 1/4 1/4 Sec °C 1/min umhos/cm
couNTy
Lewis
20. Alpha Mineral Spring . 13N 2E 5 - 20°
21, Ohanapecosh Hot Springs 14N 10E NW 4 50° 110 4650
22. Packwood Hot Spring | 13N 9E 32 38°
23. Packwood Mineral Well(Spring) 138 10E NW 6 - 20°
24. Summit Creek Soda Springs " 14N 11E NE SW i8 12° 100 8500
25. Vance Mineral Spring 12N 7E NW  SW 22 - 20°
Okanogan
26. Hot Lake _ 40N  27E NE 18 40-50°
27. | Poison Lake 39N 27E SE 5 40-30°
Pierce
28. Longmire Mineral Springs 5N 8E SE 29 25° 250 6500
59. Mt. Rainier Fumaroles 16N 8E 23 52-72°
29. St. Andrews Soda Spring 15N 7E S| - 20°
Skamania
35. Bouneville Hot Springs 2N 7E Sw 16 36° 80 . 800

31. Collins Hot Springs 3N 9E SW 31 40-50°



8Y

COUNTY

Skamania
32.
33.
34,
61.
36,
37.
38.

3%.

Snohomish
40,
41,
42,
58,

43.

Walla Walla

45,

SPRING NAME

Government Minerél Springs
Little Soda Spring

Little Wind River Mineral Seep
Mt. S5t. Helens Fumérbles

Orr Creek Warm Springs

Rock Creek Hot Springs
Shiperds Hot Springs

St. Martin Hot Springs

Gamma Hot Springs

Garland Mineral Springs
Kennedy Hot Springs
Suiattle River Mineral Seep

Sulphur Creek Hot Springs

Warm Springs Canyon Warm Spring

fr

5N
4N
IN
8N
108
3N
3N

3N

31N
28N
30N
31N

32N

6N

Estimated

Location Temparature Flow Conductivity

R 1/4 1/4 Sec °C 1/min umhos/cm
7E 31 10°

7E SE 5 8°

8E SW - 2 - 20°

SE 4 88°

10E NE 19 22° 100 180

7E NE 27 + 20°

8E SE 21 45-50°

8E SE 21 49°

13E SE 24 .60° 15 2800
11E W25 29° 100

12E NE 1 38° 60 3400
15E NE i8 10° 8 2350
13E NE 19l 37° 10 500
32E SE 2 22°



7

COUNTY

Whatcom

Yakima

LY
63.

62.

49.
51.
52.
53.
54.
55.
46.
60.
47 .

48.

SPRING NAME

Baker Hot Springs
Dorr Fumarole Field

Sherman Crater Fumartroles

Ahtanum Soda Spfings

Bumping River Soda Springs
Goose Egg Soda Spring

Indian Mineral Springs
Klickitat Meadow Soda Springs
Littie Rattlesnake Soda Springs

McCormick Meadow Soda Springs

‘Mt. Adams Fumaroles

Simcoe Soda Springs

Soda 5Spring Creek Soda Spring

38N

38N

38N

12N

17N

14N

15N

11N

15K

11N

8N

11N

9N

Estimated

Location Temperature Flow Conductivity

R 1/4 1/4 Sec °C 1/min umhos /em
9E SW 20 42° 820
8E  NW NW 17 90°
8E SW NE 19 90-130°
15E s 8 - 20°
13E - NW 34 - 20°
14E SW 33 10° 80 2700
12E NE NE 10 - 20°

- 13E NW SE 4 14° 25 440
14E Wi 34 - 20°
12E NE . SW 24 10° 8 1500
10E i + 50°
15E w9 + 20°
12E NW NE 35 - 20°
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Table 4.2 ~ THERMAL AND MINERAL SPRING CHEMISTRY (Analyses by Division of Geology

I1.D. T Cond pH €l
BVA-2 36.2 805 8.2 196
BVB-2 29.2 790 - -
GEA-1 9.5 2700 6.0 192
LSA-1 48.4 520 - 215
LSE-1 45 - - 200
LSF-1 45 - - 200
LMA-1 22.0 5400 6.0 876
LMB-1 13.3 600 5.2 63
LMC-1 25,1 6550 6.2 1204
LMD~1 11.2 1920 5.8 112
LME-1 11 - - 324
LMF-1 19.1 6000 6.6 915
LMG~1 22 - 946
MCA_l 8-7 300 7:4
NSA-1 17.5 380 -

NSB-1 19 390 -~

OHA-1 39.5 4400 - 1010
QHB-1 45.0 4500 -~ 1000
OHC-1 43.6 - - 987
OHD-1 50.1 4650 - 1030
OHG~1 47.8 - - 1050
OHH~1 30.6 - - 978
0CA-1 21.7 175 - 28
SMA-1 32 2350 - 756

504

8
78

4

30

175

i65
175

5109
50
50

100
67
67
66

112
31

141

82

98
128
102

37

51
52

i06
107
108
107
106

98

29

57

and Earth Resources lab)

Na K Ca Mg Li Br I
160 1 31 0.5 0.1 1.2 C.01
146 28 0.5 0.1 - -
269 10 171 92 0.06 2.4 0.04
104 3 7 0.1 0.35 - -
98 2 12 0.1 0.33 - -
112 3 8 0.2 0.33 - -
508 43 460 150 1.9 5.3 0.05
50 4 43 15.3 0.1 (0 0.01
645 51 382 = 2.4 6.2 0.04
72 10 210 42 0.3 0.7 0.01
184 ig 262 63 0.8 1.8 0.02
568 44 520 153 2.1 5.4 0.04
555 43 500 - 2.1 5.4 0.03
70 3 0.3 0.3 - -
76 4 0.6 0.01 - -
82 5 1.7 0.01 - -
895 47 68 " 5.1 "2.81 - -
889 47 - 65 4.9 2.83 - -
825 44 64 4.9 2 .82 - -
895 50 64 4.9 2.82 - -
895 48 58 4.7 2.80 - -
870 46 69 5.5 2.75 - -
29 9 3 0.1 0.01 - -
360 6 73 0.5 0.3 4.5 0.02
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Table 4.2 — THERMAL AND MINERAL SPRING CHEMISTRY (Analyses by Division of Geology
and Earth Resocurces lab) (GCont.)

1.D. T Cond  pH Cl S04  5i0p Na K Ca Mg Li  Br 1
SDA"I 34 355 9-2 20 64 1 3 Ool 001 002 O-Ol
SDB-1 50 342 9.2 18 65 1 1 0.1 0.1 0.2 0.01
SbC-1 40 345 9.2 19 ' 64 1 1 0.1 0.1 0.2 0.01
SDD-1 46 305 9.2 18 58 1 2 0.1 0.1 0.2 0.01
SBA-1 5.3 110 - 47 17 8 2.8 - - -
SBE-1 8.1 120 - 28 9 5 2.4 - - -
SCA-1 11.6 8500 - 1620 2 104 1684 73 240 100 5.52 - -
5CB-1 9.7 2000 - 253 1 30 235 12 14 13 0.80 - -
CSA-1 18.3 - - 88 5 56 88 9 9 0.9 0.03 0.5 0.01
YMA-1 22.2 - - 87 - 66 101 9 6 0.3 g.01 0.6 0.01
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Table 4.3 - THERMAL AND MINERAL SPRING CHEMISTRY (by Battelle Northwest Lab)

I.D. T Cond pH Cl
BKA-1 42 820 7.93 109
BKB-1 780 7.96 99
KNB~1 - - 622
KNC-1 700 8.30 -
FND-1 3200 8§.17 626
LMB 13 600 6.89 69
OLM-1 320 8.95 i0
OLB-1 - - 10
SD 1 380 7.93 20
5D 2 360 8.43 18
SFA-1 480 7.62 54
SRA~1 2350 6.93 709

HCO3 CO3 804 5107
157 0] 95 125
124 0 90 S0
- - - 180
291 4] 2 -
1143 0 2 180
247 0 5 -
85 19 37 80
137 3 34 80
129 - 35 -
102 0 60 100
63 0 30 23

Na K Ca_
179 11.8 5.8
154 10.5 5.9
728 128 184
741 132 187
47 15.5 58
60 - 1.2
62 2.4 1.0
75 2.2 1.3
74 2.6 1.1
102 2.8 1.6
292 79 222

Mg
0.2
0.3

60

62

- Li F B
0.4 3.0 3.1
0.3 3.0 2.7
G4 - 9.5
- 1-0
4.8 1.0 9.7
0.1 3.0 0.2
»03 1.0 0.8
0-03 - 018
0.1 1.0 1.3
0.1 1.0 1.3
0.1 3.0 0.6
1.2 1.0 3.0



0 |
GE
0C
5C
LS
cs
. YM
NS
MC
LM
BV
SB
SD
SM
BK
KN
oL
SF

SR

Table 4.4 - Water Identifier Codes

Ohanapecosh Hot Springs
Goose Egg Soda Springs

Orr Creek Warm Springs
Summit Creek Soda Springs
Lester Hot Springs

Corbett Station Warm Springs
YMCA Warm Well

Newskah Warm Springs
Medicine Creek Mineral Springs
Longmire Mineral Springs
Bonneville Hot Springs
Studebaker Mineral Springs
Sel Duc Hot Springs

5t. Martin Hot Springs”
Baker Hot Springs

Kennedy ﬁot Springs

Olympic Hot Springs

Sulfur Hot Springs

Suiattle River Mineral Seeps
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TABLE 4.5 - THERMAL AND MINERAL SPRING DATA

Location T Specific Geothermometers

Name County (T/R-Y4 sec) (°c)  Conductivity Si-Quartz Na-K-Ca
Baker Hot Springs A Whatcom 38/9E-8W 20 42 820 150 170
" ' B " " — 780 132 169
Bonnevilie Hot Sprs. A Skamania 2/7E~8W 16 36.2 805 102 65
" " B ” " 29.2 790 102 ~—-
Goose Egg Soda Sp. A Yakima 14/14E-5W 33 9.5 2700 137 124
Kennedy Hot Sprs. B Snohomish 30/12E-KE 1 35 - 173 220
" D " " 38 3200 173 222
Lester Hot Sprs. A King 20/10E-21 48.4 520 116 123
" " B " " 44,5 — ——- -—=
"o c " " 48.4 —- - —-
" " D " " 45 —_— —= —
" " E " " 45 500 116 104
" " F " " 45 500 116 119
Longmire Mineral Sprs. A Pierce 15/8E~SE 29 22 5400 144 164
" " B " " ' 13.3. 600 81 144
" " - C " " 25.1 6550 157 170
" " D " “ 11.2 1920 127 162
" " E " " il - 136 16l
" " F " N 19.1 6000 152 160
" " G " " 24 - 138 161
Medicine Cr. Min. Spr. A Kittitas 21/17E-SW 22 8.7 300 87 -—
Newskah Warm Sprs. A Grays Hbr. 16/9W-NW 9 17.5 380 103 ~——
" " B " " 19 390 104 _—
" " C " " 18.5 600 — -

D

18.8
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Location T Specific Geothermometers

Name County (T/R-Y4 sec) (°c)  Conductivity Si-Quartz Na-K—Ca
Ohanapecosh Hot Sprs. A Lewis 14/10-8W 4 39.5 4400 141 165
" " B " " 45 4500 141 166
" " c " " . 43.6 - 142 165
" " D " " 50.1 4650 141 169
.o E - " 37.1 -— _— —
" F . " 44.3 —- - —
! " G " " 47.8 - 141 168
" " H . . 30.6 -— 136 165
Olympic Hot Sprs. A Clallam 29/8W-NW 28 48 320 125 -
noe B " . 48 — -— 142
Orr Cr. Warm Sprs. A  Skamania 10/10E-NE 19 21.7 175 78 231
Sol Duc Hot Sprs. A Clallam 29/9W-NW 32 34 355 114 93
- " B " " 50 342 114 99
S C " . 40 345 114 98
' " D - ! 46 305 109 97
St. Martin Hot Sprs. A Skamania 3/8E-SE 21 32 2350 108 102
Sulattle R. Min. Seep A Snohomish 31/15E-NE 18 10 2350 69 227
Sulphur Cr. Hot Sprs. A .Snohomish 32/13E~SE 18 37 480 137 131
Summit Cr. Soda Spr. A Lewis i&/llE—SW 18 l1+6 8500 140 155
" B " " 9.7 2000 80 155



Individual Spring System Investigations

This section contains 12 reports on individual spring systems. Each report has
been divided into four sections: an Introduction, which describes directions to
reach the area; Geothermal Featurss, where spring statistics, chemistry and geother-
mometers are discussed; Geology, where avallable geologic information such as m#pped
bedrock units, proximity of Quatérnary volecanic and Tertiary intrusive rocks, and
heat-flow Information are presented; and Comments, in which the author examines the
available information and presents conjectures and interpretations.

A three letter and one mumber identification system has been contrived and is
used in the tables. The first two letters are an abbreviation of the spring name.
The third letter refers to a specific spring within a family of springs (A, B, C, 2.»
etc.), and the number keys to the time during which the sample was collected (see
Table 4.4).

Several springs are described in greater detail than others. This is a result of
the availability of published information and the relative time spent In the vicinity
of the spring systems.

A few springs were visited just long encugh to collect water samples. Individual
reports have not been written for these springs, but the results of chemical analyses
are presented in the tables. They include Kennedy Hot Springs (KN), Suiattle River
Mineral Seep (SR), Saint Martin Hot Springs (SM), Newskah Warm Springs {NS) and

Olympic Hot Springs (OL).
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Baker Hot Springs

Whatcom County
T. 38 N., R. 9 E., SWl/4 Sec. 20
Mt. Shuksan 1953, 15' USGS Quad.

Baker Hot Springs, alsc known as Morovitz Hot Springs, are located on a hillside
in the Swift Creek Valley, near Morovitz Creek, within the Mount Baker Recreation area
They are found by following a trail 17 mile from a parking area on Forest Road 3816,
which 1is reached by following State Route 20 east from Sedro Woolley to Forest Road
385 (Baker Lake Road). Use of a Mount Baker—S5noqualmie Natiomnal Forest Map 1is

recommended.

Geothermal Features

One main spring and several smaller seeps issue from a heavily vegetated hillside
with a total flow of 8 to 10 gpm. The immediate afea has been cleared and picnic
facilities have been consﬁructed. A wooden tub which once collected waters from the
main spring was removed by the Natlonal Forest Sefvice in September 1978.

Waters collected from thg main pool (BAK-1) and from a smaller spring (BKB~1) in
August 1978 Were-analyzed by Battelle Northwest Laboratory. Results of the analyses
are presgsented in table 4.3.

Both waters had high 510;, Li, F, and B concentrations, low Ca and Mg
concentrations, and a relatively high ¥/Na ratioc. Chiofide and bicarbonate are the
dominant anions, but a significant amount of SO4= is present. The main spring has
about 10 percent to 20 percent higher concentrations for most species measured,

except for Ca and Mg, which are slightly higher for the smaller spring.

When geothermometers are applied, predicted reservoir temperatdres are about 150°C
for the Si-Quartz geothermometer and 171°C with the Na-K-Ca geothermometer. The
difference may be due to mixing with ground water near the surface, or loss of S510p
due to prec¢ipitation and re—equilibration within the'system, as suggested by the slow

flow of water observed at the surface.
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Geology

Baker Hot Springs is located just east of the flanks of Mount Baker, 7 miles from
the summit. Mount Baker is a Quaternary andesitic stratovolcanoc which continues to
show signs of activity in the form of extensive steamiﬁg fumaroles in Sherman
Crater and within the Dorr Fumérole Field on the northeast slope.

Geologic reports on Mount Baker include Coombsl(1939), and Stavert (1971), and a
summary 1is provided by Bloomgquist (1979). Hazards have been studied by Crandell and
others (1973), Hyde and Crandell (1975, 1978), and eruptive sequences are reported by
Easterbrook (1975, 1976}, and Swan (1978). Thermal activity has been examined by
McLane and others (1976), Sato and others (1976), Frank and others (1975, 1977),
Malone (1976), and Kiver (1978).

There is very little published geologic mapping that covers the far east flanks
of Mount Baker and the Swift Creek wvalley between Mount Shuksan and Mount Baker.

From unpublished sketch maps, it appears the hot springs flow from glacial drift.
Somewhere below the unconsolidated material, a Quaternary volcanic flow from the west
terminates against Carbonifercus—Permian wvolcanics and sediments. The older unit,
which is extensively exposed east of Swift Creek, is thought to underlie a signifi-
cant portien of the stratovolcanc.

No heat—flow data or temperature gradient information 1Is available for the imme-

diate area or for this region of the North Cascades.
Comments

Because of the proximity of Baker Hot Spriﬁgs to the stratovolcano and the
chemical composition of its waters, there is little doubt that this spring is
directly related to the volcanic system. The predicted reservolir temperature is
high, at least 150° to 170°C, and may be higher if mixing is occurring. A mixing
model has been constructed which assumes the chemical concentrations and temperature

of the ground water (10 to 20 ppm 5107, 2 to 20 ppm Na, 0 to 3 ppm K, and 5 to & ppm
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Ca, at 10° to 12°C). This ﬁndel predicts mixing of about 2/3 thermal and 1/3 ground
water. The reservolr temperature is predicted to have been about 170° to 175°C, but
cools through conductive or coavective heat loss to about 60°C before it mixes with
the ground water.

Another hot spring is reported to flow from the creek bed of Swift Creek, 3 to 4
miles north of Baker Hot Springs, between the elevations of 1,800 to 2,200 feet. The
spring may be partially within the creek, completely covered during ;imes of high

water.
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Bonneville Hot Springs—Moffett's Hot Springs

Skamania County :
T« 2 NI, Re 7 Ev, Sec- 16, SwlIZ{.
Bonneville Dam 1957, 15' USGS Quad.
This privately owned resort, formerly known as Moffett's Hot Springs, 1s located
northeast of the town of North Bonneville, along Greenleaf Creek. Two drilled wells

supply water for a swimming pool and tubs within the waln recreation building. Other

facilities include an office, rental cabins, and camper—-trailer parking areas.

Geothermal Features

In‘l971; both wells were in use, The main well,.reportedly 251feet deép, flowing
90°F (32°C), was uséd tq supply the swimming pool. The well was pumped for greater
yield, but the owners reported it would flow:artesian. The second well was.used to
supply minefal baths and dfinking water for the cabins. Its:réported tempe?ature was
82°F (28°C) and was definite1y not a;tesian.;

In 1979, only the main well was being‘u;ed. Artesian flow was producing about 20
gpm of 36°C water. Waters wgrersampled from a spigot near the well head (sample
BVA-). ﬁesults of the ﬁnalyses are prgsented in table 4.2. The waters are very
basic, have high C1™ relative to alkalinity, low K/Na, and low Li/Na. The variOus

geothermometers produce the following reservoir temperature estimates:

NA-K-Ca - B = 1/3 T = 62.6°C
Na-K-Ca. B = 4/3 T = 27.9
5109 : Quartz T = 102.1
8105 Alpha Cristobalite T = 51.7
5107 Amorphous T=-13.9

Results suggest the reservoir temperatures may not be too much higher than the
observed well head temperature, unless chemical re-equilibration 1is taking place.
The spring waters are flowing through unconsolidated landslide debris at a rela-
tively slow rate. Several fresh—water cold springs are found throughout the area,

and near surface mixing may consequently be occurring.
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About 50 meters north of the well heads at Bonneville Hot Springs, a gas line runs
underground, roughly NE-SW through a cleared corridor. By following this line up
the hill (SW), a warm spring is found, forming a warm water dralnage flowing across
the clearing. The spring céﬁes out along the hillside on the north side of the
clearing, just 10 to 15 meters from the old resort road which leads to a cold spring
eistern (11.5°C). The warm spring, referred to as Pipéline Warm Spring or BVB,
varlies flow from 0 to 10 gpm. It appears to be associated with a cold water spring,
where it breaks through alluvium. The spring temperature ranges from 17°C to 31.6°C
over a 5-minute time interval. By digging around and diver;ing'the cold water
flow from the warm water flow, the cold spring was found to be 12.0°C at its
coldest, but it fluctuated by about 4°C, suggesting separation was not complete.
Warm water flow was accompanled by periodic bubbling, possibly COp gas. The total
conductivity and chemical compesition of this water is very simllar to that of the
main hot well and probably represents a similar éource Qﬁich has been éiluted
slightly more than the hot well wﬁtera

Several other warm o hot spriﬁgs'have been reported in the'area, including
Hapilton Creek Warm Spring and Bass Lake Hot Springs. The bullding of the new State
Hwy. 14 bridge over Hamllton Creek covered ﬁp a spring'feported to flow 25° to 30°C
water at 10 to 20 gpm on the east bank of thé creek. No trace of this spring was
found in Avgust 1979. At that time, the creek waters and air temperature were warm
at 20°C and would have masked any thermal ﬁatefs coming up within the creek bed.

Bass Lake Hot éprings, (SElY45EL, sec. 16, T. 2 N., R. 7 E.) may still exist, but
the entire area around 1ts reported site has been disturbed by the cemstruction of
the second powerhouse aﬁ Bonneville Dam, and tharsubsequent rercuting of the
railrvoad. The springs, which are reportedly as warm as the springs at the Bonneville
resort, form pools on the north side of Bass Lake on property once owned by

Mr. Ziegler of North Bonneville. The springs may occur on the north end of a small
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clearing, reached by following the railroad tracks east to the point where the
clearing and slough meet and the old lake basin ends.
Warm springs are also reported te occur throughout the area within a mile, morth

and east of Bomneville resort.

Geology

The entire area 1s covered by a-large recent landslide. The material is
primarily Yakima Basalt and Eagle Creek Formation (Mioceﬁe volcanics, conglomerates,
and sediments) which overlie heavily zeolitized Ohanapecosh Formation (Eocene
voleanies). Waters {1973) provides a geologic map of the slide and surrounding area,
and presents a simple mechanism to explain the slide, involving failure along the
Ohanapeﬁosﬁ—Eagle Creek contact due to saprolite clay. |

Within a mile due north of the hot wells at Bonneville,_Wéters (1973) has mapped
twe Quaternary intrusions of olivine basalt into the Yakima Basalt very near the head
of the slide (NEl4 sec. 17 and SELl4 sec. 8, T. 2 N., Re 7 E.). Two other Quaternary
intrusions are mapped 3 miles due north of the resort abeve the Red Bluffs scarp
(SEL@ sec. 32, T. 3 N., R. 7 E.). These features'arelnot discussed within the text.

Heat-flow studies in the area include the temperature logging of test holes
drilled as part of the Bonneville Dam powerhouse project. Temperature gradieﬁts
range from 25° to 70°C/km for holes 50 to 85 meters deep which have been drilled pri-
marily through sedimeuntary units (uncousolidated landslide debris and slide blocks),

but bottom in bedrock. Most gradients are 40° to 50°C/km.

Comments:

Thermal waters throughout the area may represent a single thermal scurce flowing
below the slide and mixing with ground water within the slide. The mixed waters are
surfacing along contacts or weaknesses within the slide block. The ultimate thermal

sources may be related to the source for Rock Creek Hot Spring to the north and the
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various hot springs along the Wind River to the northeast, but this cannot be stated
with ahy degree of certainty due to the lack of chemical information on many of the

springs. Bass Lake, Rock Creek; and Shiperds Hot Springs will be eéxamined in 1980,
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Collins Hot Springs

Skamania County w
T. 3 N., Rs 9 E., Sec. 31
Hood River 1957, 15' USGS Quad.

Locaﬁed near the junction of Coilins Créek with the Columbia River along State
Hwy. l4, about 8 milés east of Stevenson. -

A natural hot spring was cased off for a resort hotel in 1860. The two-story
building and a single storylbathhouse were torn down in 1916. The site has since
been flooded by waters of the Columﬁia Rivar behind Bonneville Dam. The spring is
reportedly cappea and valved in a square steel housing which is 3 feet by 3 feet at
the top and 5 feet by 5 feet at the base. fhe structure stands 1in about 12 feet of
water, about 30 feet from tﬁe shore.

The acreage along this portion of the Columbia River and Collins Creek Qas
privately owned, as of 1971_(Mer1e‘Burgess Family, Tacoma, WA), but the Gifford

Pinchot National Forest Map of 1975 shows this area as National Fofeste

Geothermal Features

No specific temperature or chemical data are avallable on the hot spring.
Earlier reports seem to indicate that the artesian preséure'was sufficient to create
spouting to 6 meters through a restricted valve. The temperature is thought to have

been between 40°C and 50°C.

Geology

The area is located ou the lower portion of the Wind River Landslide. The debris
is probably Yakima Basalt (Miocene). There are séveral:Tertiary lntrusives in the
immediate vicinity, and the Trout Creek Hill Quaternary basalt flow extends down the
Wind River wvalley 2 miles to the east (Wise, 1970). Several Quaternary Volcanic
Centers are mapped 5> to 8 miles northeast of thé area (Hammond, P. E., unpublished
map ) «

No heat-flow data are available for the area.
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Comments:

This thermal feature is very likely related to the thermal systems working to
produce hot springs along the Wind River, including St. Martin and Shiperds Hot
Springs. Since this spring 18 in or near a slide, the thermal waters may be 1ssuing

from some source heneath the slide, as was suggested for Bonneville Hot Springs.
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Goose Egg Soda Spring

Yakima County , .
T. 14 N., R. 14 E., SWls, swl/s Sec. 33
Tieton Basin, 1967, 71/2' USGS Quad.

The spring is located along Forest Road 1430 in the Tieton Ranger District of the
Wenatchee'National Forest. IIt is reached by taking the White Pass Highway {State
Route 12) to Tieton River Road, ébout 112 miles east of Rimrock Village. The road is
followed south, along Milk Creek for ibh miles, whére a gféﬁéi fdad takes off to the
southeast. The left fork of the graﬁel road turns nor;heast'énd passes east of the
spriné-shélter; i/4 mile up the road. The éfea:is used as a‘cow pasture,rand is either

a private in*holding or is leased from the National Fofest.

Geothermal Features

Under the shelter, a single spring flows 15 to 20 gpm cold COp charged water from
an iron—stainedrconcrete_cistern} During a survey and sampling trip in June 1979,
the water had a téﬁperature of 9.5°C, 2,700 unhos/em conductivity, and aij of 6.0.
‘Results of chemical analyses are presented in table 4.2 (see GEA-1).

The spring water has a high alkalinity and C1 content, with very little SO4=,
and shows a significant Br concentration. Catlons are dominated by Na and Ca, with
a high Ca/Na ratid_and only a moderate K/Na ratio. Both the 5107 and Mg con- |
centrations are relatively high, but only_a trace of Li was detected.

The Quartz-Silica geothermometer prédicts a reservoir témpgrature of 137°C,
while the Na~K-Ca geothermometer gives 124°C. The Mg cofrection to the Na“g—Ca tem—

perature is dly, = 75°C, producing a predicted reservoir temperéture of 49°C.

Geology
The reglonal geology around Goose Egg Soda Spring has been mapped by Becraft
(1950) and Swanson (1964, 1966, 1978). The Tileton basin is covered by a large recent

landslide, still active in some areas. Blocks of upper Miocene Yakima Basalt are

gliding northwest from Divide Ridge over clayey till and bentonites of the Spencer

66



Greak and Wildcat Creek Formations (Oligocene“ﬁiocene) (Swaﬁéon,'1964); It is
believed that the slide'has changed the course eof the Tieton River, which may have
once flowed between Goosé Egg Mountain and Klcochman Rock, along what 1s now Milk
Creek.

Several andesite intrusives protrude above the landsiide debris, including Goose
Egg Mountain, Chimney Péaks, and Kloochman Rock. Theyrare middle Miocene in age, and
of augite—hypersthene composition {(Swanson, 1978).

Abvout 172 mile due north of the spring, a Pleistocene olivine bhasalt hés been
mapped by Swanson. Several others are found througheout the area, including two areas
north of the Tieton River. These rocks are most likely remnaq;s_of flows originating
on the Cascade Ridge to the west (Swanson, 1964). |

No heat flow or teﬁperature gradient information is available for the immediate
area. The Washington Division of Geology and Earth Resources Geothermal Assessment
Project will drill several héat—flow holes along the White Pass highway between the
‘Cascade Crest and Yakima Valley during fall 1980. This will probably include a

site within a few miles of Goose Egg Soda Spring, near Goose Egg Mountain. -

Comments:

A very old report by F. G. Plummer, 1900, {USGS 2lst Amnual Report, pt. 5) men—
tions a hot spring in this region. The spring, whose temperature was reported to be
about 100°F, was located south of the iieton River, in sec. 34, T..14 N., R. 14 E.
Forest Rangers familiar with the region report they have never found any thermal
springs in the vicinity. |

There are several cold-water soda springsrthroughout the southeast and central
Cascades, many in close proximity to areas of Quatermary volcanies. Interpretation
of these spring systems will be difficult until further Information 1Is pathered on
each of them. Their origin may or may not be tied to thermal systems at depth, and
the springs could haﬁe a greater potential than their discouraging surface tem-

peratures suggest.
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Lester Hot Springs

King County . ‘
T. 20 N., R. 10 E., Sec. 21
Greenwater 1956, 15' USGS Quad.

The springs are located along Green River Road (Road Number 212) about 25 miles
east of Palmef Jﬁncﬁion, 2 miles west of Lester, and about 13 miles west of Stampede
Pass. The springs flow from the hillside above the river (north side), just below
the road. In 1900, the Green River Hot Springs Hotel and sanitarium were built on
the flat field which lies between the railrcad tracks and the river bank, opposite

the hot springs. This grew into a prominent resort, but was abandoned and destroyed

sometime before 1935. The land is presently part of the City of Taccma Watershed.

Geothermal Features

A survey and sampling trip to Lester Hot Springs was co;ducted in Aﬁgﬁst 1979.
Results of analyses are presented in table 4.2. The main spring (LSA) flows at about
20 gpm, 48.4°C, from a cave which-ruﬁs-back 3 to 4 meters intc the hillside. The
cave is about 1172 meters high énd'contains water about 3/4 meters deep, dammed by a
pile of rocks and a sheet of plastic -just beyond the mouth of thé cave. The water
flows from a hole roughly 8 ¢m in diameter mnear the back corner of the cave's roof,
forming a small waterfall. The roof of the cave is covered by white crystalline
saits and several 2 to 5 ¢m stalactites. The water was very clear, with a coanduc—
tivity of 520 umhos/cm and pH of 7.6 (see analysis for sample LSA-1).

About 6 meters along the trall immediately west of the cave, a smaller spring
{L5B) flows at about 4 to 5 gpm. Its temperature was measured at 44.5°C in August
1979. |

Spring LS5SC is located immediately east of the_cave, about 3 meters off the trail
and slightly downslope. A moderate‘sized orifice with several smaller seeps produce
a flow of about 5 to 10 gpm of 48.4°C water. The water flows directly downslope to

the river, about 10 vertical meters below.
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LSD encompasses many small areas of seeps with temperatures ranging up to 45°C
with a combined flow of about 5 gpm. The area is located at about the same level on
the hillside as the cave, and extends for about 6 meters east of the cave.

LSE has several hot springs flowing directly out of the bedrock fractures on a
steep slope about 3 meteré above the river. These springs lie west of the main
area, on the far side of é creek drainage, and are easily found by walking along the
river at low water. The total flow was estimated to Be about 10 gpm, with the
highest temperature.reachiné 45°C (see analysis for LSE-1). | | |

Following'the creek drainagg upslope from area E, another spring 1s found about
2/3 of the way to the road. The path‘from the road passes very close to this
location, and game tralls leéd directly to the spring. Water flows at about 5 gpm
from uader a large boulder in the drainage at 45°C (see analysis for LSF-1).

Residents from the town of Lester have indicated that several areas in the meadow
across the river from the main -springs (éf the site of the old resort) rvemain snow
free in the winter. Thesg afeas are rumored to be buried hot springs. The most
prominent area 1s located on the extreme east end of the meadow.

Lester Hot Springs waters are relatively low in total dissolved solids {as
determined by cbnductivity), with C17 dominating the anions, and relatively low alka-

linity and SOA(—z)

» The K/Na ratio is fairly low, as are the concentrations of Ca
and Mg. A significant Li concentration was detected, resulting in a relatively high
Li/Na ratio.

The Si-Quartz and Na—-K-Ca geothermometers predict only moderate reservolr

temperatures, but do demonstrate failrly good agreement.

Sample §10p-Quartz Temperature(°C) Na~-K~Ca Temperature(®C)
LSA-1 116 123

" L3E-] 116 ‘ 104
LSF-1 116 119
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Geology

P. E. Hammond (1963) provides a geologic map for this region in the west-central
Cascades. The alluvial-filled valley cuts the Huckleberry Mountain Formation of the
Keechelus Volcanic Group (Ohanapecosh Formation) (Oligocene). The hot springs are
located on the contact of a Tertiary intrusive which forms the mountain to the north.
The material is hornblende dacite porphyry of late Miocene or Pliocene age. About
mile west, on the eorth side of the river, a smaller intrusive has been mapped by
Hammond, consisting‘of pyroxene—hofnblende andesite believed to be early Mioccene.

The closest exposed Quaternary volcanlcs are found about 10 miles south of the area,
on Dalle Ridge. No heat flow or measured temperature gradlents are avallable for the

area or the region.

Comments:

The good agreement between S5i~Quartz and Na-K-Ca geotherdometere suggests these
values represent the actual reservoir temperature, with heat lossrdoe to conduction
and minimal mixing with ground ﬁater. However, it has also been suggested by other
geologists working in the area that the spring waters are re—equilibrating with the
bedrock and/or surficial debris and observed chenistry wmay not represent actual
teseyvolr equilibrium chemistry (Dan Vice, Burlington Northern, personal

communication, 1979).
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Longmire Mineral Springs

Pierce County
T. 15 N., R. 8 E., SEl/4 Sec. 29
Mt. Rainier West, 1971, 7.5' USGS Quad.

Longmire Mineral Springs are scattered throughout a meadow southwest of Mount
Rainier within the Naticgnal Park. The area is reached by followlng State Highway 706
from Elbe, 6 miles beyond the Longmire. The‘meadow is north of the road, across from
the National Park.HEadquarters, a hotel, store, and gas station. Parklservice per=
sonnel conduct guided walks ﬁhrough the meadow, with an emphasis on biological
aspects of the area. ‘ |

The springs were discovered in 1883 by Jémes Longmire. By the 1890;3,.a hotel
and several bathhouses were a popular attractiom, owing to the proclaimed medicinal

value of the mineral waters. The Park Service has restored the area to a natural

state, aﬁd very few éigns of this development can be detected today.

Geothermal Features

On a surveying and éampling trip in‘July 1879, the numercous thermal and mineral
springs at Longmire were observed using Harry M. Majors® "Springs of Lassen and Mt.
Rainier National Parks” (1964, unpublished) as a.guide. ﬁsing a numbering éystem set
up in 1919, an attempt was made to locate each of the 50 liéted springs. This goal
was soon abandoned because much of the marsh has been inundated over the last two
decades by increased beaver activity. The entire upper marsh Is now covered by
ponds. Gas bubbling and irom staining continues in these areas but water sampling is
extremely difficult.

Many of the springs in the southeast corner of the meadow are small pools which
bubble, but do not seem to be flowing. Some are completely dried up, but commence to

flow again in the late fall, according to park rangers.
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Springs 1, la, and 2 are filled iﬁ. The area around springs 3 through 11 has
several small bubbling springs with temperatures ranging from 21.5°C to 25°. (The
air temperature was 27°C, on a partly cloudy day).

Springs 13, 14, and 15 form small pools with temperatures around 25.1°C, pH of
6.2, and conductivify of 6550 umhos/em. A sample was collected at spring 153, called
Marsh Spring or Rim Spring (see analysis for LMC in table 4.2).

Springs 16 through 18 had temperatures from 22°C to 26°C, with a conductivity of
5070 umhos/cm to 5400 umhos/;m. Spring 16, called Post Spring, was sampled at 22.0°C
with a conductivity of 5,400 umhos/em (see analysis fof LMA in table 4.2).

Spring 19, called Soda Spring, bubbles and flows from a stone basin at the edge
of the meadow. Its temperature and conductivity are significantly lower than other
springs, at 13.3°C and 600 umhos/cm, and the pH was measured to be 5.2 (see analysis
for LUM in tables-4f2 and 4.3).

Spring 46 flows from a stone cistern near am old log cabin (homestéad cabin).

The springiknown as Iron Mike, flows iron-stained water a few‘gallons per minute at
11.2°C witﬁ‘a pH of 5.8 and conductivity of 1,920 umhos/cm. (see analysis for sample
LMb in table 4.2).

A smaller iron-soda spring was found below the path across from the cabin flowing
from near the base of a large fir tree. Spring 47, knowﬁ as Little Iron Mike, flows
at a rate of 1 or 2 gpm. Temperature and conductivity information for this spring
were lost, but ;he values were very similar to those of Iron Mike spring. A partial
analysis is found in table 4.2 under LME.

Several small warm springs with moderate flows are found around the Iron Terrace,
a tufa platform in the northwest corner of the meadow. They flow from algae filled
pools which form holes in the terrace. Various temperatures measured in these pools
were 24.1°, 26.7°, 28.3°, and 29.2°C. Ledge Spring, No. 26, on the eastern edge of the
terrace, flowed at 23.1° to 26.2°C. Sample LMG waé collected in the area, and a par-

tial analysis is presented in table 4.2.
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Sand Spring, the spring which. previously had been measured to be the warmest at
Longmire, reportedly 4° to 5°C warmer than springs in the southeast corner of the
marsh, was located on the northeast side of the iron Terrace in the 1960's. ©On this
latest trip, the spring could not be discerned, probébly becauge of flooding due to
beaver activity.

At trall marker Ne. 16, springs 29 and 30 were found along with several newer
springs flowing 5 to 8 gpm at 19.1°C, and building up a new iron~stained tufa
terrace. FPronounced bubbiing occurs in the main pool next‘to the boardwalk. This
spring, called Medicine Spring, had a conductivity of 6,000 umhos/qm and a pH of 6.6.
An analysis of these waters is found in table 4.2 as LMF.

Analyses of waters collected at Longmire show large vafiations between the
various springs in the area. Par; of the wvariation can be explained by the degree of

mixing with colder ground water.

The following table summarizes some of the geochemlcal information on the

springs sampled in 1979. A more complete analysis of these waters 15 presented in

table 4.2.
: Geothermometers
Specific
T(°C) Conductivity S1-Quariz Na~K-Ca
LMA-1 22 5400 144 164
LME-1 13.3 - 600 -8l 144
LMC-1 C25.1 6500 157 170
LMD~1 11.2 ' i920 127 162
LME~1 11 | - _ 136 161
LMF~1 19.1 6000 152 160
LMG-1 24 - | 138 161
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Geology

The springs at Longmire are located only 8 miles from the crest of the
stratovoléano Mount Rainier, and about-2 mlles from the base. A detailed study of
the geology of the park area 1s provided by Fiske and others (1963).

Longmire Meadow is a large alluvial flat situated in a slightly elevated portion
of the glaciatéd valley of the Nisqually River. The bedrock is Eocene volcanlcs of
the Ohanapecosh Formation. Rampart Ridgerimmediately north and west of the neadow
repfesents a Quatérnary hypersthene—augite andesite flow from Mounthainier (Fiske
and others, 1963). |

Several intrusives invade the rocks of the'Ohanapeéosh and Stevens Ridge
Formations in this area of fhé patk. Three sills of diabase and basalt outcrop imme—
diately north of the meadow. Seveéalrlarger sills aré found about 1 mile east to
southeast of the area. These sills”éfe considered to be pre-Tatoosh intrusive rocks,
Oligocene to Miocenelin agé. (Fiske and others, 1963).

In the same area north ﬁf these sills, several diorite and quartz diorite iniru-
sives associated with the Tatoosh Plutdn‘a;e mapped by Fiske and others, 1963. These
rocks are of Miocene to Pliocene age-. |

The closest Quaternary ﬁolcanic centers are the craters énd plugs atop Mount
Rainier. |

During the summer of 1979, a heat flow hole was drilled south of the Nisqually
River, about 21/4 miles southwest of Longmire. The 100-meter—deep hole had a bottom
hole temperature of only 8.53°C, but the'temperature change measured ovef the bottom
20 meters indicated a temperature pgradient of 69°C/km, well above the reglonal
gradients which range from 45° to 55°C/km, but this might not be a true equilibrium

gradient.
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Comments:

The springs at Longmire piobably represept hot, high salinity waters leaking from
arhydrothermal system associated with Mount Rainier's voleanic system, which are
mixing with cold ground water near the surface. The reservoir temperatures might be
guite high. The relatively high councentrations of‘calcium and magnesium complicate
this interpretation. | o

Because Longmire 1s (within) a National Park, any further investigations will

have to be considered as academic studies rather than direct commercial explorations.
Reference

Tabor, R. W.; Waite, R. B., Jr.; Frizzell, V. A., Jr.; Swanson, D. A.;
Byerly, G. R., 1977, Preliminary map of‘Wenatchee 1:100,000 gquadrangle,

Washington: U.S. Geological Survey Open~File Report 77-531.



Medicine Creek Mineral Spring

Kittitas County
T. 21 N., R. 17 E., SEl4SWl/y Sec. 22
Liberty 1961, 15" USGS Quad.

This cold mineral spfing is reached by taking State Route 97 from Cle Elum north
to Mineral Springs Resort, located along Swauk Creek, a few miles south of Blewett
and Swauk Passes. The spring 1s found along a short dirt path which follows Mineral

Creek west from the campground. The area is part of the Ellensburg Ranger District

of the Wenatchee National Forest.

Geothermal Features

This spring has a very cold, feeble flow of mineral water, emitting about 1
to 2 gpm from a packed dirt bank on the north side of the creek. There is a slight
HoS odor present, and white filamentous bacteria grow alongside the small pool formed
by the spring. A small concrete cistern was dug out from around the spring in 1979.
During a sampling trip in September 1979, the water was measured at 8.7°C with a
conductivity of 300 umhos/cm énd pH of 7.4. A partial analysis of these waters 1s

found in table 4.2, under MCA,

Geolegy

The sbring is located in an area underlain by the Swauk Formation, a lower Eocene
continental unit comprising thin to thickly bedded zeolitic, micaceous, lithofelds-
pathic sandstone (Tabor and other, 1977). The closest volcanics are the lower to wmiddle
Eocene Teaunaway Basalt, found in a broad band 3 miles west of the sp;ing. The
basalts are cut by rhyolitic dikes of middle to upper Eocene age. The entire area 1is
underlain by the Jurassiec Ingalls complex, which includes ulﬁramafics, foliated
massive serpentinites, and serpentinized peridotite, and siiica carbonates and magne-

slum carbonates derived from alteration of serpemtinites (Tabor and others, 1977).
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Comments: ’ L

Not enough information is available to apply geothermometers. Further chemical

analysls is needed to better understand this s}stem, but the very low flow, cold

temperatures, low conductivity {consequent low total dissolved solids) and the local

and regional geology virtually remove this area from geothermal consideration.

Reference

.r

Tabor, R. W.; Walte, R. B., Jr.; Frizzell, V. A., Jr.; Swanson, D. A.; Byerly,
1977, Preliminary map of Wenatchee 1:100,000 quadrangle, Washington: U.S.

i

Gealogical Survey Opan-File Report 77-331.
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Ohanapecosh Hot Springs

Lewis County
T. 14 N., R. 10 E., NWl/4 Sec. 4
Packwood 1962, 15" USGS Quad.

Ohanapecosh Hot Springs are locatéd within the southeaét section of Mount Rainier
National Park along the Ohanapecosh River. The campground is locaﬁed about 12 miles
north of Packwood, 4 miles north of U.5. Route 12 oﬁ State Route 123, and about 1.5
miles befond the park boundary. A small health resort was.operating in this area in
the 1926'5. By the 1940's it had grown ;o include a lodg=, bathhouse, and 30 cabias,
but the resort closed down in 1961. The National Park Service has restoréd the area

to a natural state, except for a‘self—guided nature trail which cirecles the hot

springs area.

Geothermal Features _ ' v

Ohanapecosh is a complei system of warm to hot springs, with a total flow
estimated to be 100 to 120 liters per minute. The springs are. scattered over an
area of about 40 acres between the Ohanapecosh River on the west and a ridge to the
east. The vegetative cover throughout thé region 1s very thick and may conceal
additional springs.

During two trips in July and‘August 1979, the followiﬁg information-and wvater
samples were cbllected. By following the established nature trail loop counterclock-
wise (opposite of the recommended route in the trail pamphlet), the first group of
springs was found just east of the path, part way up a slope, {Area A). Several
small orvifices, producing a total flow of 5 to 10 gpm of 39.5°C water, have built up
a terrace of iron—stalned tufa. A moderate ﬁzs odor was detected, and the water was
measured to have a conductivity of 4,400 umhos/cm. Sample OHA was collected at this

point.
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Immedlately north aleng the path, a second group of springs was flowing with a
total production of about 566 gpm with an average conductivity of 4,500 umhos/em,
(area B). Within the pool formed by the springs, measuring roughly 2 to 3 meters
across, three separate springs were bubbling away, about 3/4 meters apart, with
temperatures of 45.6° and 45.2°C {(from west to east). Sample OHE was collected
from above the warmest spring.

Next to area B, to the mnorth, a pool with a diameter of about 1 meter was filled
with algae and surrcunded by tree roots (area C). No bubbling wﬁs observed but a
flow of 3 gpm was draining the pool. Sample OHC was collected directly from the
pool, where a temperature of 43.6°C was measured.

About 8 meters farthef nofth, the main springs fofm-a seriés‘of pbols, pro&ucing
a total flow of 15 to 20 gpm. Bubbling oceurred at several points along the sand}
bottom of the pool, and a moderately strong H9S odor was detected. The maximum
temperature recorded was 50.1°C, but a reliable conductivity could not be measured
because of: the temperature limitatiqns of the portable conductivity meter.

Area E was found several meters farther up the trail jusﬁ east of the path.‘ Warm
iron—-stained water was slowly seeping out from two small seeps in a shallow erosion
channel, draining into a small creek formed by a nearby pold spring. The two warm
seeps had temperatures of 36.2°C and 37.1°C. The flow in July 1979 was about 1A gpnt,
but had been reduced to a trickle by August.

Area F is west of the main spring area, where the trail loops around back towards
the camping area. A large. tufa terrace has been built up, over which flows hot water
from the main springs of areas A, B, € and D. The cascading waters fall a vertical
distance of about 4 to 5 meters, then spread out Into a marshy area below. In
addition, several small springs flow directly out of the tufa terrace, the warmest
measuring 44.3°C.

Near the top of the large tufa tetrace, 47.8°C water was flowing out of a crusted

over plpe at about 5 to 8 gpm. Sample OHG was collected directly from the pipe.
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On the far northwest corner of the campground, about l/4 km from the other springs,
a small warm spring was found, which measured about /7 meter in diameter. The pool
had a maximum temperature of 30.6°C near its northern side, where bubbles were
periodically produced. Sample OHH was collected from the pool. Several old tufas
sarround the area, éuggesting that sﬁring-activity iﬁ the area was at one time much
greater.

The table below summarizes some of the data collected for the Ohanapecosh Hot

Springs and the results of geothermometers applied.

‘Geothermometers
T°C Cond. $107Quartz - | Na—-K-Ca

OHA | 39.5 4400 o 141 165
OHB T 4500 B 141 166
OHC 43,6 - - SRTY) 165
oup 50.1 | 4650 | o 169
OHE 37.1 - | - , -
OHF 443 - | - -
OKG 44,8 - | 141 168
OHH 30.6 - 136 165

Besides the relatively high silica and potassium cohtent, the waters were rich

in lithium, producing a high lithium/sodium ratio.

Geoglogy

A detailed s;udy of the geology of Mount Rainier National Park 1s provided by
Fiske and others (1963). The springs flow from Oligocene-Eocene volcanics of the
Ohanapecosh formation. Several diorite sills and dikes of the Miocene-Pliocene
Tatoosh pluton outcrop within a few miles surrounding the springs. The Quaternary

vents at the crest of Mount Rainler are about 12 miles away, but andesite flows from
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- these vents extend to within 5 miles of the area. No significant structural features
have been mapped in the Iimmediate vicinity of the springs, but this may be due to the

heavy vegetative cover.

4 heat flow hole was drilled in 1979 within the Ohanapecosh.River valley; just
south of the park boundaryrand about 1.5lmi%es south-scuthwest from the springs.
The hole, completed to a depth of 115 meters, had a bottom hole temperature of 11.1°C
and a gradient of 46.5°C/km. lThis is thought to represent the regional temperature

gradient and therefore showed no anomalous conditions.

Comments :

Because of its proximity to Mount Rainier, high lithium content, and high
geothermometer results, it 1is suspected that Ohanapecosh Hot Springs are directly
related to the thermal sysfem of the stratovoléano. The wide range in temperatures
and salinities observed from spring to spring within the spfing system suggests that
mixing with cold water is_taking place, probaBly very close to the surface. The
values do not fall alang a s;mgle mixing line when temperature is plotted against the
various chemical species, suggesting that there may be slignificant conductive heat

loss and/or the mixing 18 very complex.
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Orr Creek Warm Springs

Skamania County
T. 10 N., R. 10 E., NElj4 Sec. 19
Green Mountain 1970, 712' USGS Quad.

About 11 miles northwest of the summit of Mount Adams, small warm springs
flow down to Orr Creek from a creek drainage in a logging clear cut. This area is
located about 20 miles southeast of Randle, about 28 miles by road. It 1s found by
following Forest Road 123 south from Randle to Road 101, which crosses the Cispus
River and Orr Creek. About 2.5 miles east and north on this rqad, Road 101 turns off
to the southeast and crosses Orrlcfeek'again. Several hundred yards beyond the
creek, a timber'sale access roa§ takes off to tﬁe southwest; lThis foad is followed
for about 1/3 mile through a first cut (which has been growing back for several
vears) and into é second newer clear cut. The spring is found on the far west side
of the cu£, about 12 of the way down the cleared slopé. Several game ﬁrails lead

across field cut to the spring.

Geothermal Features

The main spring flows from under some large overturned stumps in a shallow
depression which forms a drainage for the upper slope. The area was obviously
disturbed during logging cperations. During an August 1979 sampling trip, the spring
was producing 21.8°C water at 20 to 30 gpm with a conductivity of 1%5 umhés/cm
(see OCA-1 in table 4.2 for a complete analysis of the water). A slight HpS odor
was detected, and white filamentous bacteria (probably Sphaerotilus Spe), was
observed growing near therorifice.

Trees replanted in the clear cut seem to be growing much faster around the spring
and its drainage, in a band rqughly 7 meters wide. The forester who provided the ini-
tial information on thermal waters in the area had confirmed that the spring remains

warm year round, producing snow-free ground during the winter.
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A quick survey of the immediate area showed a number of small warm seeps
throughout the area, including é.couple in the woods Ilmmediately west of the area.

Considering the relatively warm temperature of this spring, the total dissolved
solids, as estimated by conductivity measurements, is quite low. Sulfate is extremely
low, while carbonate and Cl dominate the anions: The K/Na ratio is high, while Ca
and Mg concentratlions are very low. L1 could not be detected.

The low concentration of $5i0) results in a relatively low temperature predicted
for the reservoir, as determined by the Si-Quartz geothermometér (78° C). This is 1in
sharp contrast to the very high predicted reservoir temperature of 231° C as deter-

mined by the Na-K-Ca geothermometer.

Geology

The Orr Creek Warm Springs area is inclﬁded in preliminary geologic maps of the
south Cascades by P. E. Hammond {1973, 1975). The spriﬂgs flow from the lower slopes
of Green Mountain, which is mapped as part of the Eoceng Ohanapeéosh Formatioh.
 Green Mountain‘may be relaté&.to the East Canyon Ridge Unit which has been described
by D. 8. Harle (1974). The closest Quaternary volcanics are‘MountlAdams lava flows
which cover the valley fleoors of the Cispus River énd Orr Creek. About 5 to 6 miles
west of the springs, Quaternary volcanic centers are mapped on Spud Hill and at the
junction of East Canyon Creek with the Cispus River. From 4 to 6 miles east.of the
springs, several very young volcanic centers are ﬁapped, including Two Lakes Volcano
{30,000 years), Walupt Lake Volcano {15,000 years), and the closest center, about 4
miles east, the Potato Hill Voleano (IO,OOOVyears old).

No heat flow or temperature gradient information 1s avallable for this area or

reglon.
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Comments:

The proximity of this spring system to the late Quaternary volcanic centers in
the region suggests the thermal waters may be deriving their heat from magmatic
sources. rThe low total salts and large discrepahcy between the geothermometers
suggest a high degree of mixing with ground waters is occurring or the aquifer is
being heated by conductive heat tramsfer. This would explain the low 5107 and

Li values. A more detalled survey of the area is recommended.
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S0l Duc Hot Springs

Clallam County
T. 29 N., R 9 W., MWl Sec. 32
Bogachiel Peak 1950, 712" USGS Quad.
This spring is within the Olympic National Park, and is located southwest of Port

Angeles on the northern margin of the Olympic Mountains, along the Sol Duc River.

A large resort was built in 1912, consisting of a 4-story hotel, 3~story 40 feet
by 100 feet sanatorium, 40 feet by 200 feet bath house, gvmnasium, and several
smaller buildings. Arfire destroyed the entire vesort in 1916, During the late
1920's and 1930's, a lodge,.two pools, and aboﬁt 40 cabins were constructed. The
present—-day facilities iInclude the newer motel, hotel, pools, several of the cabins,
and facilities for camping and recreational wvehicle parking; Plans to upgrade and
modernize the facilities are now being considered by the National Park Service.
Bloomguist (1979) provides a baseline study of this resort and its resource from the
standpoint of geothermal development. The study includes land classification;
geochemical, geological, and pgeophysical data summaries; and detalls on development

status.

Geothermal Features

The wmajor springs at Sol Duc have been cased off into conerete collecting
clsterns. Three cisterns are located along the west side of the hot swimming pool
and a fourth collects waters under the lodge basement. By convention (from earlier
reports), the southernmost cistern is identified as number 1, the center cistern is
number 2, the northernmost 1s number 3, and the basement cistern 1s mumber 4.
Chemical analyses determined for waters collected from these cisterns in April, 1979,
are reported in table 4.2.

Cistern 1 consists of a pit excavated to the eastward sloping surface of the

bedrock that underlies the allwvial gravel (K. L. Walters, 1967, unpublished report).
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An estimated 20 gpm of 48°C waters enters from the southeast cbrner; about 20 gpm of
41°C enters from'ﬁhe southeast‘cofner, and aﬁout 5 gpm of 31.5°C water discharges.
from‘a 4-inch concrete pipe near the,centér base of fhe south wail. An iroﬁﬁbipe
connects cistern 1 and 2, producing a flow of 2 gpm into cistefn 1 (Walteré, 1969,
unpublished réport). During'an April sampling‘trip, the cistérns were not being
pumped, but were flowing artesian and emptying into a storm drain north‘of the area.
The combined waters within cistern 1 had a temperature of 40°C and conductivity of
345 ﬁmhos/cﬁ {see aﬁalyses for sample SDC-1). No overflow aischarge exists for

this cisterﬁ when not being pumped; suggésting h&dfologic'equilibrium between spring
inflow and 1eakégé through the walls and along the bottom:contact of the clstern.

Cisterd 2 1s similar in comstruction to -number i. About 15 gpm of 48°C water
enters the cistern frém the northeast corner, and an additional 15 gbm of 48°C water
flows from the rock near the center of the floor (Waltérs, 1969, uﬁbublished report).
This c¢istern is free of a pump, bﬁt has - an ovérflow pbrt at the high water line
which leads to cistern 3. In April 1979 theée waters weré the éoldest, at 34°C, but
had the highest conductivity at‘355 umhos/em (see‘analyses for sample SDA-1}.

Cistern 3, similar to number 2, can be pumped at é sustained pumping rate of 40
gpm at 50°C without a drawdown. The temperature in April 1979 was also 50°C, with
a conductivity of 342 umhos/cm (see analyses for SDB-1).

Cistern 4 Is located below the basement floor of the lédge. Waters raﬁging in
temperature between 42°C and 44°C are reported to flow into this cistern from a
pipe in the south wall. This may represent a combination of waters seeplng from
under the pool and from theiother clsterns (Walters, 1967, unpublished report). A~
submersible pump proauces 20 gpm for use in the pool éﬁd supplies hot water for the
Ilodgé and 1ts tubs. In April 1979, the temperature was 46°C, with a conductivity of

305 umhos/em (see analysis for SDD-1).
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A fluorescent dye experimeht by N. P. Dion (unpublished report, USGS, 1978)
suggests cisterns 2 'and 3 are hydraulically connected and seep into cistern I,
cistern 1 seeps into cistern 4, and cisterns 2 and 4 flow into the storm drain.
Total discharge frgm the system is estimated to be }SOlto 170 gpm.

Further hydrologic information is reported by Walters and Dion, including
hydrostatic level comparisons and recommendations for increasing temperature and
flow.

During the April 1979 sampling trip, a survey of the_banksralong the Sol Duc
River in thé vieinity of the resortrlocated seyeral areas where thermal waters were
seeping out of the alluvium énd into the river. They range in temperature from 11°C
to 45°C, with flows up to 3 or 4 gpm but typically less thgn ! gpms A detailed
description of these seeps Including their location; temperatures, and conductivity
was made, and will be presented in other reports. Waters were not collected-for
detailed chemical analysls, however.

Results of geothermometers applied to waters collectéd f;om the cisterns are
higher than observed temperatures, but represent a rela;ively low Lempefature resaer—

voir with respect to other gedthermal systems.

'Measured T 8103-Quartz T - - Na—K~Ca T

SDC-1 Cistern 1 40° C 114 98
§DA-1 Cistern 2 34° C o 114 93
SDB-1 Cistern & 50° ¢ 114 99

SDD-1 Cistern 4 46° C 109 97

The waters have relatively high alkalinity, moderate sulfate, and low chloride,
with a relatively low total salinity, considering its temperature. The K/Na ratio is
low, as 1s the Li concentration. Campbell and others (1970) classify the waters as

thermal meteoric undergoing deep circulation.
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Geology

Regional geology‘of the area 18 best presented by Tabor and Cady (1978). ‘The Sel
Duc River valley is filled with Olympic alpine glécial deﬁris. The bedrock below the
valley fill at the resort is projected to be a contact between two different sandstone
units of the Western Olympic Lithic assemblage, upper Eocene to Oligocene. The
sandstones are thick bedded to the southwest, but more brecciated and granular
conglomeratic to the northeast. The closest volcanics are Eocene basalts of the

Crescent Formation, found 4 to 10 miles to the north.

Comments:

Thermal waters are easily spotied in the vicinity. Because of the H72S8 content of
the water, white filamentous bacteria (probably Sphaerotilus) proliferates where the
temperature 1s 13° to 40°C.

Because of the lack of Pleistocene to Recent volcanics in the area, the thermal
waters are most likely the result of deep circulation oﬁ ground waters which are con-
vecting up along a major structural featute, such as a fault plane. This is further
suggested by the low Cl and Li concentrations, low K/Na ratio, and relatively low
reservolr temperatures suggested by geothermometers.

No information is available on the thermal gradient in this area, making
caleulations of depth of circulation purely speculative. However, if an average gra-—
dient of 20° to 30°/km is used, 217 to 3 km deep circulation could produce tem—
peratures predicted by the geothermometers.

The chemistries, surface temperatures, and predicted reservolr temperatures are
very similar for Sol Duc and Olympic Hot Springs. These waters may share a common

origin, or genetic conditions of formation.
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Sulphur Creek Hot Springs

Stohomish County
T+ 32 N., R. 13 E., NElj4, Sec. 19
DoiFtiey Mtn 1963, 71" USGS Quad.

These spfings“are located within the Glacier Peak Wilderness Area. The Sauk
River Road is followed north from Darrington or south from‘Roékport to Forest
Rodd 345, which is followed east along the Suiattle River for 20 to 25 miles to
Sulphur Creek Campground. A dirt trail leaves the area from the northeast side
of the road, rurining along the north side of Sulphur Creek. About 1.5 km up the
trail, a sign marks the Wilderness boundary. A short distance beyond this, a log
bridge érosses the cregk and joins a dirt path which continues northeast along the

¢reek, The hot springs are found about 100 meters up the trail.

Geothermal Features

Several warm and hot springs are found along a draindge which steeply slopes down
to the creek from the south. The area 1s heavily vegetated and conceals most of the
springs. The main spring flows from & fractureé in the bedrock exposed just above the
bank of the creek. The temperature was about 37°C during a sampling trip in August,
1978. The hot water was flowing through a sinter—lined channel into a pool dug into
the creek bank. White filamentous bacteria formed along stringy masses within the
channel. The springs farther up the drdlndge were a few degrees cooler. Their small
pools were filled with dark green algde, but no inorganic deposits were detected.

The drainages leading from these springs contain white filamentous bacteria. An
analysis of water collected in August 1978 1s presented in table 4.3, as sample SFA.

The specific conductivity is quite low; at about 480 umhos/cm, and the relative
concentration of M, K, Li, and B are also very low. When geothermometers are
applied, the springs are predié¢ted to hiave reservoir temperatures of 137°C by the Si-

Quartz method and 131°C by the Na~K-Ca method.
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Geology

Very little detailed geologic mapping 1s avallable for the area around Sulphur
Creek. In a large areal study by Grant (1966), the bedrock was mapped as
pre~Jurassic Cascade metamorphics. The spring 1s located along an inferred fault
which runs through the creek N. 55° E. and cuts the Green Mountain Unit, a biotite-—
biote hornblende schist. The fault is thought to be a high angle, dipping 25° to the
northwest. Sulphur Mountain, south and east of the springs, was.mapped as a
gnelssose, pyroxene-bearing trondhjemite.

No heat flow or temperature gradient information is available for the area or

the region.

Comments:

Sulphur Creek Hot Springs may be the result of deep circulation through a fault
or fracture system. Despite its close proximity to the Quaternary Cascade strato-
volcano Glacier Peak, the chemistry of waters from the springs do not suggest a

volcanic prig;n (relatively low Lirand B). It is likely, however, that the spring
waters have been diluted by shallow ground water. Some degree of mixing can be seen
taking place at the surface, creating different conditions from spring to spring. A
more complete survey is recommended, with complete analyses for each of the springs

in the system.

Reference
Grant, A. R., 1966, Bedrock geology of the Dome Peak area, Chelan, Skagit, and
Saohomish Countles, northern Cascades, Washington: University of Washington

Ph.D. thesis.



Summit Creek Soda Spring

Lewls County
T. 14 N., R. 11 E., NEL4SWl4, Sec. 18
‘White Pass 1962, 15' USGS Quad.

The area 1s reached by taking the White Pass Highway, State‘Route 12, to Forest
Road 1400, and following this dirt and gravel road to its eastern terminus, at Summit

Creek Soda Springs Campground.

Gecthermal Features

Along the northeast side of Summit Creek a cold, €Oz charged spring has built up
a large iron—stained tufa terrace, about 7 meters above the river bed. The main soda
spring flows from a manmade rock and cement cistern which stands about 3/4 meters
above ground level.

On a July 1979 survey and collecting trip, the spring was flowing about 40 ta 50
gpm at 11.6°C. Water samples were collected from the cistern (SCA) and from a
smaller spring which flows frow the lower north side of the large tufa mounté (SCB).
This secoﬁd spring had a temperature of 9.7°C and a conductivity of 2000 umhos/cm.
The chemical analyses are presented in table 4.2, Whén-geothermometers are applied,

reservolr temperatures are calculated as follows:

T T

Si-Quartz Na-K~Ca
5caA 140 155
S5CB 30 155

The Li concentration 1s quite high, as is the resulting Li/Na ratio. The water is
charged with dissolved CO» which wvigorously bubbles out at the surface, but also has

a very high CI” content. S8CB water appears to be diluted SCA water.
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Geology

Summit Creek valley has been cut into the Pliocene Ridge Top andesite. The
Pleistocene Valley flow basalt, which originated from vents near the Cascade Divide
to the east of Cowlitz Pass, covers the valley floor from the crest to a few miles
west of the springs. In the area around the springs, the basalt flow has been ercded
by the creek (Ellingson, 1959). The immediate area surrounding the springs has been
covered by Recent alluvium. About 1.5 km northeast and 2.5 km south of the area, the

Miocene Jug Lake diorite intrusive 1s exposed. (Ellingson, 1959.)

Comments:

Several other cold soda springs with tufa mounds are reported to exist along
Summit Creek farther up the wvalley to the east, within a ﬁilé of the main spring.
Despite their very cold temperatures, these Soda Springs may be related to the
volcanic systems which exist in the region. The rétios of various chemical species
for waters from Summit Creek Soda Spring, espécially Na/Li, look very similar to
values calculated for Ohanapecosh Hot Springs which is southeast of Mount Rainler and

only about 7 km northwest of Summit Creek Soda Spring.
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V. REGIONAL GRAVITY SURVEY OF THE SOUTHERN CASCADES, WASHINGTON

by
'Z. F. Danes
University of Puget Sound

Introduction

In numerous areas of recent volcanism throughout the world, geothermal systems
have bean discovered, developed, and are now making significant contributions to the
energy needs of the respective areas. The State of Washington, having five strato-
volcanoes and numerous sﬁaller volcaniec centers, ﬁli of anternary ;ge, must contain
abundant, but as yet undiscovered, c0mmercialiy developabie geothermal systems.

Discovery and‘development of geothermal systems in othégwareaS'ﬁf the world have
occurred because those areas exhibit abundant surficiallmanifestations (hbt stings,
geysers sulfataras) of the geothermal systems. In the State of Washington, theée
surficilal ma;ifestations are largely lackiné- Thermai ;béings; with the e#cePtion of
those near Mount Rainier and Mount Baker, havé‘chemicalICOmpositions iﬁdicatiQe of low
temperature geothermal systems (Schuéter and others, 1978 p. 20-21). The lack of
thermal springs in the Mount St. Helens/Mount Adaﬁs area may indicate that if high
temperature geothermal systems exist in the area, they are buried by young volecanics
(Schuster and others; 1978, p. 44). The few heat flow measurements made in the
southern Cascades do not reveal areas having requisite hligh geothermal gradients.

The avallable data indicate that the search for geothermal power in the Staté of
Washington will be difficult, and will ha§e td rely upon exploration techniques
capable of detecting possible buried geothermal systems which have no surficial
manifestation.

Gragity surféys give usefﬁl data which cén be interpreted to reveal regional and
local structures and subsurface lithologies. Gravity surveys in the Geysers area

(1966, California Division of Mines and Geology), in the Broadlands area of New Zealand
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(1970, Hochstein and Hunt)}, in the Raft River area of Idaho (1978, Maybe and others),.
and. In the Roosevelt Hot Spriﬁgs area of Utah reveal that gravity anomalieé are asso—-
clated with geothermal systems. We make and emphasize the point that gravity data
alone cannot reveal geothermal systems. Gravity anomalies can be produced' by an
infinite combination of wvariables. However, gravity surveys coupled with bedrock
geology and’' water geochemilstry can reveal target areas which can bé expiored with

other more site specific and expensive techniques.

Research

We have completed a regicnal gravity survey of the southern (Cascades of
W;shington, with the purpose of delineating regional geological ;tructureg and target
areas which can be expioréd with more siterépecific teéhniques. The initial study
area comprised approximateiy twenty—two 15' quadrangles; bounded by thelColumbia
River on the south, by 46°30' on the north, by 122°30" on the Weét,‘and by 121° on
the east. This area, having the most iﬁtensive and exﬁensive recent volcanism of anmy
area of comparable siée in thé gtate (Hammond, 1975; énd Crandell aﬁd Mallineaux),
must be considered as the stage’s prime target_érea'forlgeochermal ﬁower-

The project objectives were as follows: |
1. Compile existing gravity data for the map area.

2. Obtain sufficient new gravity data to complete uniform regional coverage of the
area with a station density of 1 per 5 square miles.

3. Reduce existing and new gravity data using the standardized reductions applied to
gravity data by the U.5. Geeclogical Survey in Denver.

4. Compile the reduced data into free—air and Bouguer gravity maps at a scale of
1:1060,000.

5. Establish a computerized file of all raw and reduced gravity data for the map
area to facllitate data exchange and interpretation.

During the period of July 1979 through June 1980, gravity observations were
carried out in the area from 45°30'N to 46°30'N and from 121°45'E to 122°30'W.

Also surveyed was a small area from 46°30'N and 121°30'E.
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Altogether, 877 gravity readings have been taken; of thosé, about 250 are base
readings, repeats, calibrations and ties; thelrest are néw values.

All stations were incorporated into our existing network and b&th new and old
values have been submitted to the Denver Office-of the U.3. Geological Survey for

terrain corvections. These comprise:

A. 15' Quadrangles

Bommeville Dam 118 Stations Mount S5t. Helens 169 Stations
Bridal Veil 43 " Spirit Lake 65 "
Camas 117 v : White Pass 20 *
Cougar 71 " Willard 46 "
Elk Rock 53 " Wind River 61 "
Husum 82 " Yacolt 62 "
Lookout Mtn. 58 " )

TOTAL 965 Statioms

B. 712' Quadrangles

Blue Lake : 12 Stations Lost Horse Plateau 2 Stations
Burnt Peak il " _ McCoy Peak 70"
East Canyon Butte DT/ Piscoe Meadows 2 "
French Butte 10 " Quartz Creek Butte 5 "
Glenwood 51 " Sleeping Beauty 49 "
Greenhorn Buttes 12 " Spencer Butte 5 "
Jennles Butte 11 ” Twin Buttes 2 "
Lone Butte - 45 " Wallupt Lake 16 "
TOTAL 254 Stations
GRAND TOTAL 1219 Stations

Base maps on a scale 1:62,500 have been prepared.
While it is always dangerous to interpret preliminary data, a few conclusions may

be warranted, but should still be taken with caution.

1. The dominating feature in the area is the regional westerly gravity gradient
of about one mgal /km.
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2. Superposed over this gradient are numerous local anomalies that seem to
cluster along “trends”, marked red (positive) and vellow (negative) on the
preliminary map. Surprisingly, those "trends” seem to strike at right
angles to the known tectonic trends in the south Cascades.

3. Areas of known recent volcanic activity {that is, Mount St. Helens, 46°1Q'N,
122°10'W; and Goat Rocks, 46°25'N, 121°20'W) are accompanied by well estab-
lished gravity minima, possibly due to large quantities of low density intru-
sive rocks at shallow crustal depths.

4, Areas of similar negative anomalies, and, therefore, prospective geothermal
energy resources, are found in southern Elk Rock district; east of Spirit
Lake; in southern Cougar district; and northern Lookout Mountaln district.

Again, those conclusions are based on preliminary data, and may be modified when

all the corrections have been applied. Nevertheless, gravity anomalies probably can

delineate geothermal prospects in this area, and the present survay should continue.
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Additions and Comments

by Michael A. Korosec

The 1979 gravity data provide a tremendous number of stations with sufficient
station density to enable the construction of a reliable regional gravity map for the
southern Cascades. Work being carried-out in 1980 will allow for the construction of
a similar map for the central Cascades and portions of the northern Cascades,
especially around the Mount Baker area. The only "holes” which will remain on the
maps will exist in the central interior and the central and eastern portions of the
north Cascades. Since these unmeasured regions are a) remote, with difficult access,
b) within National Parks and Wilderness Areas, and c¢) not suspected to be significant
geothermal provinces by the known geology (except for the Glacier Peak area) or open
to development even if they are, the regional portion of the gravity survey program
can be considered nearly complete. The only-éxception is the area south and
southeast to Mr. Baker (down to the South Fork Stillaguamish and easﬁ to the Glacier
Peak Wilderness Area). This region will likely be surveyed in 1981.

Future work should focus on specific areas of interest, either coilmeclding with
geothermal provinces being examined by other projects of the Division's geothermal
program, or on areas which suggest the existence of significant gravity anomalies
from the regional map. For example, the regional gravity survey around the Mount St.
Helens area showed a promnounced gravity low in the Coldwater Creek area 10 to 15
kilometers north-northwest of the wvolcano. The extent and significance of this low
can conly be guessed, because of the relatively low station density in the area (the
low is defined by only a few gravity values). Since a fault zone extends
north-northwest from the volcano through this area, and since the shallow (or
intermediate) magma chamber is suspected to be offset northwest of the central
crater, 1t is poésible that a significant geothérmal reservoir may underlie the area.
Tighter gravity station density may provide useful inforﬁation which will begin to

answer some of the questions which this anomaly generates.
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In the near future, a thoroughlexamination of the regilonal gravity maps should be
carried out in an effort to identify all of the significant anomalies within the
south and central Cascades, and the areas around Mqﬁnt Baker. Where the anomalies
cannot be readily explained by known geology, and where they are gquestionable or
poorly defined, a program should be developed to syste@atically survey these areas,
possibly leading to the production of detalled gravity maps which can be used to site

future heat flow drilling, geochemical soll surveys, or other geophysical surveys.
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VI. GEQOLOGY OF THE WHITE PASS-TUMAC MOUNTAIN AREA, WASHINGTON

by Geoffrey A. Clayton
Abstract

The Tumac Plateau-White Pass-Rimrock Lake-northern Goat Rocks reglon in the
southern Cascade Range Washington lies at the c¢rest and on the eastern slope of the
Cascades 35 to 45 km southeast of Mount Rainier. When viewed on topographic maps, or
on the 1:250,000 Yakima raised relief map, the Tumac Plateaun appears as an anomalous
bulging area, relatively undissected by rivers, and dotted with lakes. This bulging
morphology is due to the eruption of lava from at least 10 late Quaternary vents
distributed on and around the Tumac Plateau. To the south, Hogback Mountaln and the
Goat Rocks are more erosionally dissected centers of Quaternary volcanism. Lavas
range 1n composition from olivine‘basalt and high-alumina basalt to rhyolite.
Structurally the area may be a dome. The Russell Ranch formation and Indian Creek
amphibolite, the only exposure of pre-Tertiary rocks imn the southern Cascades of
Washington, crop out at aititudes as high as 6,000 ft. Tertiary formations tend to
dip away from the Tumac Plateau. The Ohanapecosh Formation, several kilometers thick
to the west of the Cascade crest, is absent at the crest and is not yet definitely
correlated with Tertilary rocks on the east side of the crest. The age and throw of
faults paralleling the Carlton Creek, Clear Fork, Cowlitz River, and Indian Crzek
valleys are unknown. Detailed field mapping, petrologic and geochemical studies, and
radiometric datiung of rock units in the area, was designed to clarify the record of
Quaternary volcanism, define the major structures which control the location of a
high—ievel siliclc magma chamber Inferred to exist beneath the northwestern portion of
the area, and permit a better understanding of smaller scale structures which might

control hydrothermal systems and localization of heat.
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Introduction: The Structure and Stratigraphy of the Tertiary Rocks in the

Carlton Pass-White Pass~Rimrock Lake-Goat Rocks Region

The 1979 geologlc mapping was part of a larger study by Joseph Vance and
Geoffrey Clayton. This study of the structure and stratigraphy of the Tertiary
rocks of the Carlton Pass-White Pass-Rimrock Lake—Goat Rocks region focuses on
a detailed subdivision and chronclogy of the stratigraphic seetion, identifying zones
of crustal weakness, and estimating displacement along Tertlary and Quaternary
faults. Findings wili allow correlation and comparison of the wvolcanic history of
the study region with wvolcanic episodes eldewhere in the Cascade Range and will help
clarify relationships between deformation, voleanism, and subduction, and regional
tectoniecs In the Northwest.

Previous Work

Abbott (1953) studied the rocks in the northeastern portion of Carlton Pass. He
mapped volcanic rocks now assigned to the Ohanapecosh Formatioq (Fiske, Hopson, and
_ Waters, 1964) as overlying Puget Group sandstones along the northwest side of the
Bumping River valley. Abbott also mapped a fault zome in the upper Carlton Creek -
upper Bumping River wvalley separating uplifted lower Tertiary rocks to the northwest
from down—dropped middle Tertiary Ohanapecosh Formation to the southeast. Thus he
inferred faulting was vounger than middle Tertiary. The Tertiary vocks of the White
Pass -~ Tieton Pass - Goat Rocks area were studied in recounnailssance by Ellingscon
(1968). Ellingson (1968) also described fault zones at Clear Lake, along the south
side of Rimrock Lake, across Cartright Creek, and paralleling Indian Creek, but the
age and displacement of these faults 1is uncertain. Swanson (1964) mapped and
described Tertiary rocks around the eastern end of Rimrock Lake, but was unable to
definitively correlate these rocks with units west of the Cascade crest. Swanson's

1964 mapping and rock descriptions were field checked and found to be quite accurate,
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so It was declided not to uwndertake further mapping in this area. Radiometric dates.
on these rocks of the eastern slope of the Cascades are needed, howaver, to test

lithologic correlations with units on the western slope of the Cascades.

Objectives and Problems

The objectives of this study have been as follows:

(I) Tertiary volcanic and plutonic rocks are being mapped and sampled in the
field; they specifically included: welded tuffs at Spencer Creek, crystal
tuffs south of Kloochman Rock, Wildcat Creek Formétion and overlying ash
flows and tuffs, pyroclastic flows in the Fifes Peak of Tieton Veleano,
andesite at Shellrock Peak, breccia at Boot jack rock, the microdiorite of
Kloochman Rock, Goose Egg Mountaln, Westfall Rocks and unnamed hills in this
northwest-trending zone of intrusions (Swanson, 1964}, rhyclitic ash iIn
Indian Creek, intrusive rocks at Jug Lake and Twin Peaks, silicified
basalts at Tieton Pass, olivine basalt near Conrad Meadows, basal
Ohanapecosh Formation in Summit Creek (Ellingson, 1959, 1968, 1972), and in
Carlton Pass (Abbott, 1953), Chanapecosh Formation c¢ropping ocut om the north
side of Johnson Peak, quartz tuff in the northern Tumac Plateau, intrusive
rocks at Pear Butte and Carlten Ridge, hornblende porphyry at McNiel Peak,
and pyroclastic breccia at the Devils Horns.

(2) Detailed mapping projects have been planned for the Clear Lake fault zone,
the Indian Creek fault zone and the fault in Cartwright Creek (Ellingson,
1972), the Carlton Creek fault (Abbott, 19533), and faults in late Pleistocene
lake sediments west of Penoyer Lake (observed by Clayton and Porter of
University of Washington).

(3) Rocks are being correlated on the basis of lithology, stratigraphic
position, petrographic similarity, and by ages obtained by the fission—track

and K-Ar radiometric dating techniques.
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(4) A map of the Tertiary rocks has been drafted.

The problems this study seeks to solve include: identifying and mapping Tertiary
and younger fracture zones and faults which wmay localize the circulation of geother-
mal fluids; determining the age aund displacement of faults which may have controlled
the ascent of magma; evaluating the Tertiary section as a cap rock which may focus
the geothermai resource at thelcrest of anticlinal and domal structures, and the
definition of the age of ieftiary volcanic episodes in this portidn of the Cascades,
and their interrelations with movement of the Pacific and Juan de Fuca Platés and
with regional tectonics.

Ellingson (1972) conclﬁdes that the White Pass region has been positive relief
since the Eocene, and that Quaternary faulting has lowered the southeastern Tumac
Plateau 2,300 feet relative to Russell Ridge to the east. If the doming and uplift
of this region are independent of the peneral pattern of the Cascade Orogeny, then a
hot-spot model (Suppe and others 1975) may be applicable to the region. As part of
the study, field work and radiometric dating have been designed to provide data to
determine if late Tertiary precursors to the unusually time continuous and com-—
positionally diverse Quaternary volcanic rocks exist. Although the present sub-
crustal structure and rate of possible subduction beneath western Washington are
uncertain, the Cenozoic dynamics of oceanie plates in the Pacific Northwest are well
known (Atwater 19703 Bilver 1971; Riddihough 1978). By comparing these plate
motions, spreading at the Juan de Fuca Rise (Vine and Mathews, 1963; Kennet and
others, 1977), and the record of volcanism in the study region, there has been an
attempt to determine the relationships between rate of subduction, volcanle activity,
and tectonlcs. The Cenozole record of volcanism and tectonics of this region have
been compared with data from studies by Armstrong (1978),.Christiansen and Lipman

(1972), Hamilton and Myers (1966), Vance and Naeser (1977), Vance (1977 and 1979),
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Vogt and others (1976), to see 1if patterns Inferred by the above authors are similar
to those of the study area.

Another important and unique aspect of thé Tertiary record in the study region Is
that six important Tertlary rock units of western Washington crop out within it.
Eocene wvolcanic rocks similar to those mapped in westernmost Washington by Snavely
and Wagner (1963) crop out at Tieton Pass (Ellingson 1968, p. 28) and the Puget
Group, Ohanapecosh Formation, Fifes Peak Formation, Stevens Ridge Formation and,
Columhia River Bésalt crop out elsewhere in the region. Stratigraphic relationships
between these rocks are being carefully studied. Radiometric dating of these volca-
nic units along with paleomagnetic studies allow evaluation of the suggestion by
Vance {1979) that the Cascade Range uﬁderwent a major clockwise rotatlon during the
early Tertiary in sympathy with the r&tation of the Oregon coastal block recognized

by (Simpson and Cox, 1977).
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Quaternary Volcanic Rocks in the Tumac Plateau ~ White Pass — Goat Rocks Area

The Tumac Plateau-White Pass—Goat Rocks area contains a record of Quaternary
voleanic rocks unique in the State of washington. Hundreds of eruptions have
occurred in the region at varying intervals during Quatermary time. Fifteen vents
have been located and the existence of éthers are inferred because many lavas cannot
be correlated with the known vents. The‘vglcanic rocks range widely in compositidn
and include high—alumina basalt, olivine basalt, basaltic andesite, andesite, dacite,
and rhyolite.

Quaternary volcanism in Washington State north of the Tumac Plateau-White Pass-
Goat Rocks study area has been largely restricted to andesitic stratovolcanoes. The
dominant type of Quaternary volcanism in Washington State south of the study area has
been the eruption of basalt Iin fissure zones and the formation of two large andesitic
stratovolcanoes. The Tumac Plateau may be the northern terminus of a fissure zone,
possibly the Indian Heaven fissure zone described by Hammond and others (1976). The
Indian Heaven fissure zone 1s oriented north-south and passes through the western
flank of Mount Adams. The Tumac Plateau, Hogback Mountain, the Goat Rocks, and Lake
View Mountain define a linear north-south zone of Quaternary volcanism that also
intersects Mount Adams.

Two major sets of lineaments visible omn Landsét photographs converge at the
northern boundary of the Tumac Plateau. The St. Helens lineament, oriented northeast-
southwest, is traceable through Carlton Pass, defining the northwest boundary of the
Tumac Plateau. An en—echelon get of lineaments oriented northwest—southeast, sub-—
parallel to the Olymplc~Wallowa lineament, are traceable along the Indian Creek
valley, through Pear Butte, and through the Rattlesnake Peaks (Lepley, personal com—
munication 1978). These lineaments may correspond to major crustal structures which

extend to sufficient depth to have controlled the ascent of magma.
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Previous field mapping had indicated that Quaternary wvolcanism in the Tumac
Plateau area was restricted to an area between the St. Helens and Indian Creek
lineaments. Kincaid Mountain 1 km northwest of Jug Lake, Sugarloaf Mountain 2 km
south of Bumping Lake, and an eroded volcanic cone and flow that dams upper Ihdian
Creek forming Pear Lake are Quaternary vents at the northern perimeter of the study
area. Lines drawn on a map to connect Kincaid Mountain and Sugarloaf Mountain, and
the Pear Lake vent and Sugarloaf Mountain, closely parallel the St. Helens and Indian
Creek lineaments, respectively. The Tumac Plateauw, with at least 5 additional vents,
the Summit Creek soda springs, with an inferred high temperature source, the Clear
Fork Cowlitz River dacite vent, the Hogback Mountain vent,land the Round Mountain
vent area (Ellingson 1968), all lie between the traces of the two sets of lineaments.

The northern portion of the study area contains the Tumac Plateau, a 40 km?

olivine basalt shield wolcanoc. Tumac Mountain, a Holocene cinder cone {(Abott 1953),
is the centrally located vent of the shield wolcano. Around the Tumac Plateau are
outerops of leucocratie lava. Abbott (1953) mapped the northwest portion of the
Tumac Plateauv and grouped all the leucocratie lavas he inferred to be Pliocene or
younger into a single unit named Deep Creek andesite. Ellingson (1959) mapped a
leucocratic lava in the Cowlitz Pass area and named .it Ridge Top andesite. After
further fleld work, Ellingson (1968) grouped all leucocratic lavas of the southern
and eastern Tumac Plateau area, renamed them Splral Butte andesite, and inferred they
are Pliocene in age.

Field mapping, geochemical, and petrographic studies by the author indicate that
the "Ridge Top-Spiral Butte" andesite 1s a sequence of basalt flows, probably mid-
- Pleistocene in age. The basalts were erupted into a paleo-valley system oriented
north-south across the present valley system. The ridge top position is due to ero—

sional inversion of topography, a process that has also perched the Tieton Andesite
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{to be discussed later) high above present valley bottoms. .Furthermore, other
leucocratic lavas grouped in the Spiral Butte andesite are now known to be siliceous
andesites erupted frow at least 8 vents iﬁferred to mid-late Pleistocene in age. The
vents are identifiable by their high topographic relief, their primary volcanic
morphology, and/or the presence of welded, scoria breceia, with mottled primary oxi-
datlon patterns, and other vent agglomerates. Lava erupted from vents at Deer Lake
Mountain, Sugarloaf Mountain, and 500 m south of Pear Lake forms distinct valley-
filling flows in the presently existing drailnage system. The smooth U-shaped morpho-
logy usually observed in the glacially scoured valleys in this area 1s modified by
bulging lava flow morphology. Because these lava flows have not been profoundly
scoured by glaclers and are contained in the bottoms of presentl& existing ﬁalleys,
they are inferred to be lateiPleistocepe in age. Spiral Butte, with well-preserved
paired lava levees defining a tight spiral around the vent, may have been formed
subglacially. 1ts anomalous shape has been only slightly‘affected by the ice cap
that covered the Tumac Plateau during the Evans Creek (of Frasér) Glaciation. The
Clear Fork Cowlitz River dacite flow has been glaciated on 1ts lower portion but gla-
cial ice has destroyed the vent area and scoured the upper portion of the flow
(Ellingson 1968). Since the Clear Fork Cowlitz River valley contained an active tri-
butary glacier to the Cowlitz glacier during the Evans Creek Glaciation, the dacite
flow must be post Evans Creek in ape, and thus less than 14,000 years old.

Hogback Mountain and Round Mountain are in the middle of the study area.
Ellingson (1968) inferred that Round Mountain is a Quaternary vent which erupted
basaltic lava. At Hogback Mountain, a sequence of more than 125, 1-2 m thick,
scoriaceous, blocky lava flows of high alumina basalt crop out. TFEllingson inferred
that lava ponded In a crater about 1 to 2 km in diameter at the summit of Hoghack

Mountain and flowed down a paleo-valley to the northwest, obliquely across the
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present dralnage system. Erosion by cirque glaciers has also destroyed the summit
créter. The Hogback Mountain‘basalts are probably middie Pleistoceﬁe'in age .

In the southern portion of the study area are the Goat Rocks, a: deeply dissécted
volcanic complex which began its eruptive history in late Miocene or early Pliocene
time, and continued fo be active until the late Pleistocene. The:Goat Rocks volcano
of middle Pleistocene -age may have reaehed an altitude of 15,000 feet (Ellingéon
1968). The Tieton Andesite (Becraft 1950) is perhaps the worlds longest known ande-
8ite flow, extending 80 km from 1lis source ia the Goat Rocks to its termlnus In
Yakima. This lava flow has a K-Ar age of 690,000 years b.p. (Bentley, personal
communication, 1977). Near its source, this lava flow is a ridge~top cap rock which
has resisted eroéion, causing 1nversion of the topography. In the canyon of the
Tieton River, remnants of the lava are found clinging to valley walls more than 100 m
above the present valley bottom. The Tieton Andesiﬁe'followed a paleo—-valley éystem
around the northwest side of Westfall Rocks, but has since been breached by the pres-
ent east-west Tleton River, which now flows to the south of Wesﬁfall Rocks. The
degree of erosion 1s of siwmilar magnitude to that observed at Hogback Mountain. Late
Pleistocene andesites have also been érupted from the Goat Rocks. The 0l1d Snowy
andesite flowed south down Goat Creek, and occupies the bottom of the present valley.

Further wbrk in the area was designed to clarify the early and middle Pleistocene
record. Detailed field mapping, petrographic, and geochemical studies have allowed
accurate interpretation of the stratigraphy, and radiometric dating should establish
an absolute time framework for the eruptive history of the area. With geochemical
differentiation trends, Sr87/Sr86 ratios, and trace element conceﬁtrations,
constraints on the genesls of the magma and its ascent to the surface are being
examined. The probability of the existence of high-level silicic magma chambers or
other heat sources potentially important as a geothermal resource is still being

evaluated.
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Results
Results of the 1979 field study are presented on a map of scale 1:24,000, found
within the pocket on the back cover of this report. The map was first released as

Open—~File Report 80-8 of the Washington Division of Geology and Earth Resources.
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Additions and Comments

by Michael A. Korosac

In 1979 geologié_mapping in the White Pass—-Tumac Mountain area of the Washington
central Cascades, and additional mapping carried out in 1980 for the area to the
north (up to Bumping Lake), has given us a better idea of the type and extent of
volcanism experienced by this region. Geoff Clayton has been able to demonstrate
that this section of the Cascades is possibiy a huge dome-like structure, which has
experlenced nearly continuous volcanism from the Miocene, through the Pliocene and
Pleistocene, activity which has continued ilato the Holocene. Through this period of
time, there are indications that the "center” of the bulk volcanic activity may be
moving slowly to the north.

Further studies by Clayton will begin shedding light on the complex nature of Lhe
rocks and mapgmas beneath the structural domé,'and_may lead to the development of
general magma mixing models and determinations of what types of magma chambers exist

tOdEYQ

Beyond thg 1980 field mapping, additional work could be carried out in the
reglon to the south, including the Goat Rocks wolecanics. Working with
geologists who are studying volecanic fields of the south Cascades; {Dr. Paul
Hammond, Portland State University im particular), time-space—composition models
for most of Washington's Quaternmary to recent volcanism might be worked out.
This should lead to a better understanding of this compiéx geologic province and
to new methods which will allow for specific targeting of potential

volcanic—related geothermal resources.
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VITI. GEOTHERMAL INVESTIGATIONS IN THE CAMAS AREA, WASHINGTON, 1979

by

Michael A. Korosec and J. Eric Schuster

Introduction

The town of Camas, Washington, is located along the Columbia River west of the
Cascade Mountains. Cro@n Zellerbach Corporation operates a large pulp énd paper mill
within the town. This mill is the largest single industrial energy consumer in the
State of Washington. As such, the Camas area became a véry desirable‘flace‘to look
for geothermal energy.

There were a few geologic indicators thch suggest the possible existence of
geothermal resources. The Lacamas Fgult extends northwest from the Colﬁmbia River
near Camas, and can be traced along Lacamas Lake to a point about 8 miles north-
west of town. Throughou; the region, several small cinder comes dot the landscape.
These basaltic volcaﬁics, part of the Boring Lava, are thdught to be early to middle
Pleistocene in age. r

The best Iindicators of ﬁossible geothermal resources, howéver, were the existence
of a warm spring and warm well across the Columbia Rivef in Oregon. Corbeﬁt warm
spring, flowing about 10 gpm at 18°C, lies on an extension of the strike of the
Lacamas Fault, about 6 miles southeast of the town. The Y.M.C.A. well, located 3
miles farther south, 1is 313 feet deep, and produces water with a temperature of 22°C.
When Na-K-Ca geothermometers are applied to these waters (using beta=1/3), Corbett
Warm springs and the Y.M.C.A. well are both predicted tolhave equilibrium reservolr
temperatures of 177°C. The Quartz—-Silica geothermometer predicts equilibrium

reservolr temperatures of 107° and 115°C for the spring and well.

The 1979 Project

To better delineate the geothermal potential of the Camas area, the Division

subcontracted a gravity survey of the region (conducted by Dr. Z. F. Danes,
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University of Puget Sound) and a DC Resistivity Survey of the fault zone (conducted
by R. B. McEuen of Exploration Geothermics, and F. A. Rigby of Science Applications,
Inc.). The final report from the resistivity survey 1s presented in Appendix C. In
addition, the Division méasured temperature gradients in existing wells, drilled two
heat-flow holes based on the results of the resistivity énd gravity surveys, and
re§ampled and analyzed the waters from the spring and well across the Columbia River

in Oregon.

Results

Measurements conducted for existing wells in the‘Camas area ylelded temperature
gradiénts of less than 40°C/km, typically falling between 25° and 35°C/km. Two water
wells located to the east of 122°10'W, abgut 15 to 18 miles east of Camas, produced
gradients of about 53 and 6%°C/km.

The two gradient-heat flow wells drilled by the Division, Camas No. ! and Camas
No. 2, gave temperature gradients of 31.5 and 37°C/km. The former well was drilled
152 meters into Tertiary volcanics and sediments and the latter, 72 meters deep, was
entirely in late(?) Tertiary sediments .

The results of the water analyses for the Corbette Spring and the Y.M.C.A. well

were virtually the same as previous analyses (see table 4.2)}.

Discussion

Desplte the existencg of Quaternary wvolcanic ro;ks in the area, Camas seems to
lie within the low heat flow province of the Puget Lowland, just west of the
transition zone which leads to the higher heat flow province of the south Cascades.
The Boring Basalts, which crop out near the town (Green Mountain, Brunner Hill, and
west of Prume Hill), are very small centers, too old to have retained any heat. They
are thought to be anywhere from 100,000 to | million years old, as reported by
various geologists. Some of the material exposed in the road cuts near Prune Hill

looks fresh enough to be younger than 100,000 years old, but no work has been done to
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qualify the actual age. (Although originally proposed as part of the geothermal
investigation at Camas, geologic mapping and age dating of the material in the
vicinity of Camas was dropped in favor‘of the resistivity survey, a recommendation
handed down by an ad hoc commlttee of U.5. Department of Energy, U.S. Geological
Survey, Department of Natural Resources, and consulting geologists interested in the
Camas project.) No matter what the age, it appears that‘the sources of magma for
these volcanlcs were either very small or very deep, and have since cooled and
discontinued supplying heat to the surface.

From previous mapping, the only other significant volcanic center is the Boring
Basalt field at Battleground, about 12 to l4 miles (20 to 23 km) north of the town.
There have been a few rumors of the existence of warm water wells in the Battleground
area, but none have been found. The two wells that were deep enough to measure in
that area, only 1 and 2 miles from the volcanies, produced temperature gradients of
25° and 40° C/km, similar to the low gradients found throughout the region.

Temperature éradients do not start to increase significantly until one moves
about 15 to 18 miles east to about Skamania. Figure 3.4 shows the contoured heat
flow picture for southwestern Washington. Camas falls between the 40 and 50
mWatts/m2 COnLours.

Despite lying within a low heat flow province, with little chance of tapping heat
from a volcanic system, 1t was still possible that deep seatéd structures, like
faults or fracture zones, might have been allowing relatively moderate to high
temperature fluids to migrate from deeper depths into shallower aquifers.

The Lacamas Fault was a likely candldate for this, being the wost extensive
and well recognized fault in the area. Though many geologilsts caution against
extending structural features across the Columbia River between Washington and
Oregon, it was curlous that Corbett Station warm spring should fall on an extension
of the strike of the Lacamas Fault. But even if this warm spring is controlled by

part of the fault, it does not neces$sarily mean that warm waters are rising along the
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entire length of the fault, expecially 6 to 10 miles to the northwest inm the Camas
area. The two areas are separated by the Columbla River, a major structure which is
very poorly understood. Most geologists hesitate projecting anything across this
structure.

None of the temperature grédients measured near the town were at all anomalous,
suggesting that if warm water was flowing upward at only isclated points along the
fdult, the effects were not significant enough to appretiably increase the local
gradients. In an effort to pinpolnt possible zones of warm water upwelling along the
fault, a D.C. resistivity survey was désigneq and carried out by a subcontractor (see
Appendix C). Two—-dimensional earth modeling of the results i1dentified two areas with
resistivity anomalies. These anomalies, resistivity lows with values of about 10
chm—meters, c0nsisﬁed of a relatively smali area towards the south end on the study
area (just north of the town), and a broader area located north of Lacamas Lake. The
gouthern anomaly was modeled as alternating layetrs of resistive and conductive
material, and the northern lows were modeled as a lass cdmplex, homogeneous section
of fairly conductive ground.

Drill holes located in clpse proximity to the centers of these anomalies produced
only average gradients and beat flow, similar to values measured 1In existing wells
throughout the Llegion° -

From available geologic mapping in the‘area, and as suggested by materials
collected during the driliing operation; it is likely that thelresistivity lows are
being produced {at least In part) by "clay"” zones within the Tertiary sands,
gravels, and breccias of the Troutdale Formation. The northern hole was drilled
entirely within the Troutdale, but the southern hole bottomed 1in basalt (which was
elther Miocene Columbia River complex or early Pleistocene "Skamania Volcanies”). If
the basalt was part of the Skamania Vole¢anics, it is possible that Troutdale clays
and gravels underlie the.formation, fitting the two-dimensional resistivity model of

alternating conductive and resistive stidta.
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Lonclusions

The 1979 geothermal assessment program in the Camas area did not find any
indication that sipgnificant geothermal resources undeflie the Camas area at shéllow
depths. The results also suggest that there are no large anomalous geothermal
resources at intermediate to deeper depths. The area is characterized by average
temperature gradients and low heat flow.

If economics dictated that production wells be 8,000Ifeet (2.4 km) deep for the
Crown Zellerbach Paper Mill Project, temperatures encountered at the bottoms of such
holes may be in the range of 95 to 115°C (usiqg temperature gradients of 35 to
40°C/km}-. In order to reach the targeﬁed temperature used in early project
feasibility studies, 186°C, production holes would need to be-driiled to depthé of
14,000 to 16,000 feet (4.2 to 4.8 km)» In addition, there 1is no guarantee that
flowing aquifers exist at.any of these dépths. Originél studieS'assumed there would
be fracture zones, assoclated with thg‘Lacamas Féult which would serve as aguifers.
There is presently no information on the naﬁure of the Lacamas Fault or its fracture
zones at depth.

With Qhat we know at this point in time, it is unlikely that geothermal resources
can be economically utilized at Camas. With so little encouraging information and so
much discouraging déta, the Division has no intention-of further pursuing any

geothermal projects in the Camas area.
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VII1. GEOTHERMAL ASSESSMENT OF MOUNT ST. HELENS, WASHINGTON, 1979

by

Michael A. Korosec and J. Eric Schuster

Introduction

The reawakened Cascade stratovolcano Mount St. Helens was a prime geothermal
target of the Division of Geology and Earth Resources in 1979, prior to the
mountain's eruption. Mount St. Helens was known to be‘a young volcano, having been
observed to erupt in historical time. The previous volcanic episode began about 1842
and ended in 1857. While other Cascade stratoQoleanoes exhibited more surface mani-
festations of existing thermal activity, such as Mount Baker with 1its large steaming
fumaroles in Sherman Crater, Mount St. Helens became the most attractive target in
part because of its land status and proximity to population centers. The land
ownership in the region, (roughly 1/3 US Forest Service, 1/3 State lands, and 1/3
private), and 1its proximity to the cities of Vancouver, Portland, Longview, Kelso,
and Castle Rock, placed MountVSt. Helens at the top of the list, ahead of the more
remote stratovolcanoes, most of which are locked up in National Parks or Wilderness
Areas.

During 1979, the Bivision initiated a geothermal assessment of Mount St. Helens
with an examination of avallable literature. A gravity survey was carried out by
Dr. Z. F. Danes, aé part of a broader survey of the eatire south Cascades, of springs
on and around the flanks, and drilling three 125 to 1535 meter cased drill holes for
the purposes of measuring temperature gradients and calculating heat flow.

From the literature, and from discussions with local residents familiar with the
mountain, the only existing thermal surface features included warm ground at the site

of a reported fumarole near the Boot on the upper north flank at an elevation of 2740

124



meters (9040 feer) (Phillips, 1942; Friedman and Frank, 1977), warm ground on the
upper southwest flank at an eievation between 2650 and 2750 m (about 8800 feet)
along a contact of the dacite summit dome (Friedman and Frank, 1977), warm ground
along the southern base of Pumice Butte on the Plains of Abraham, warm ground near
the upper reaches (northern section) of the Ape Caves area, and warm ground near the
terminous of the Floating Island Lava Fiow.

The warm ground areas near the summit were detectable by aerial thermal infrared
surveys in 1966 (Moxham, 1970) and confirmed by aerial photography and ground verifi-
cation in early 1972 (Friedman and Frank, 1977). The other warm ground areas have
only been confirmed by observations of local residents in the area. They héve
reported deep holes through the snﬁw cover, over relatively extensive éreas‘in some
cases, at the bottoms of which green grass and plants grew year around. There is no
reason to question these observations, especially the occurrence at'the terminus of
the Floating Island Lava Flow, where there wags also reported to be sulfur fumes and

elk licks.

‘Results

Several springslwere sampled duriqg the late summer and fall around Mount St.
Helens. All were c¢old, with wvery low dissolved salts. A partial analysis of these
waters was carried out by the author,.and only very low levels of normal ground water
ions (Na, K, Ca, 8102, HCOs, and Cl) with no lithium were detected. Most springs on
Mount St. Helens flowed out from lava flows, such as Kalama Springs on the southwest
side and Moss Springs on the southeastrside. The waters probably originate as
meteroic water from snow and glacial ice melts, which flow through the lava flows to
the lower slepes. The waters probably never penetrate deep enough to be heated by
possible heat sources. This idealized sheet flow of water down the flanks may
prevent the detection of thermal features at the surface by dissipating the heat and

diluting any hot waters that are convected upward.
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From mid-September 1979 through mid-November 1979, three heat flow holes were
drilled around Mount St. Helens. St. Helens Drill Hole No. 1 (SHDH 1) was located
along the north side of State Route 504 (also known as the Spirit Lake Road) at the
Studebaker Creek Road turnoff (T. ¢ N., R. 5 E., NWl/4NWl/, section 18), about 8 km
north-northwest of the park. The hole was finished and cased to a depth of 125
meters. The bottom hole temperature was measured to 9.950 and a relatively straight
line temperature gradient was determined to he 19°C/km. The site was destroyed by
the May 18, 1980 eruption and now lies below 50 to B0 meters of debris and
pyroclastic flows.

St. Helens Driil Hole No. 2 (SHDH2) is located above Goat Marsh on USFS Road NB847,
8 km southeast from the formex suﬁhit. The hole was completed at a depth of 154
meters, producing a bottom hole témperature of 8.2°C and a gradient of 38°C/km. This
drill site seems to have been spared by the first year of eruptive activity.

St. Helens Drill Hole No. 3 (SHDH3) is located near the west énd of an unnamed
marsh, south-southeast of the summit, in a borrow pit quarry along'the Marble
Mountain Road (USFS Road N809). The site 1s about 8 km from the former summit. The
hole waé completed at a depth of 131 meters, but only after considerable difficulties
because of poor drilling conditions. The first temperature measurements were made
May 3, 1980, just over one month after the initial phreatic eruptions (March 27) and
two weeks before the catastrophic eruption of May 18. The temperature measured at
depth varied by dnly ahout 1°C the eatire length of the hole (virtually isothermal),
at the very cold temperature of about 4°C. The site is,probablylstill preserved, but
access by roads has been cut off‘by mudflows from the volcano's flanks.

Discussion

The relatively low temperature gradients of the‘Mount-St. Heiens drill holes
resulted in similarly low heat flow. Hole SHDH 2 has a caleuldted heat flow of
54 mW/m2, representing an expected regional value. The SHDH 1 heat flow of 38 mW/m2
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is more typical of the Puget Lowland than the Cascade Mountains. There is still a
high degree of doubt as to whether these holes represent the true regional heat flow
regime (unaffected by anomalous conditions in the area), or whether the values are
the result of local hydrological problens.

All three holes were thought to be collared in Tertiary Ohanapecosh volcanic
rocks (Eocene to Oligocene age). The rocks in the surrounding outcrops are
zeolitized basalt and andesite lavas, with a smaller percentage of volcanoclastics
than the younger material from the nearby Quaternary stratovolcano. As a result,
these Tertiary rocks are ideally less permeable fo vertical flow of ground water.

The GChanapecosh outﬁrops just beyond the lower flanks of Mount St. Helens are
topographic highs or islands above the Quaternary rocks.

SHDH 1 was definitely drilled through Tertiary rock, but its proximity to
possibly deep Quaternary valley f£fill of the North Fork oflthe Toutle River could have
resulted in hydrologic complications.-rThis situvation could be taken care of, in
part, with terrain corrections which treat the area as an open valley, cut down to
some assumed depth. But considering that the source of much of this water 1s likely
very cold glacial melt water that flows through the Tertiary rocks as well as
Quaternary rocks, and noting the existence of several cold springs within the valley
near thg drill site (suggesting vertical flow), any anomalous heat flow in the atrea
would be wiped out; and the actual regional heat flow would be greatly reduced, at
least when measured in drill holes that faill to penetrate below the "blanket” of cold
ground water and its sphere of influence.

The results at SHDH 2 most likely represent the actual.fhermal regime existing in
the area, net significantly affected by hydrologic conditions. But the absence of
any other nearby heat flow measureménts makes it difficult to glve a falr evaluation
of SHDH 2 in the context of regional heat flow.

The same hydrologlc conditions which are possibly at work near SHDH 1 are
definitely occurring at SHDH 3. 1In addition, despite believing that the hole was

drilled into the Ohanapecosh formation, it is likely that the hole was actually

collared in Marble Mountain volcanics, a mid~Quaternary unit known to occur
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throughout the area to the southwest and southeast of SHDH 3. Rubbly volcanoclastics
encountered“beneath coherent flow rockslmay be ancient deposits from a very early
Mount St. Helens or some otﬁer neaby Quaternafy volcanic¢ center.

| Assuming that fhe rgsults from SHDH 1 and 2 are close to the actual heat flow of
the area, the regional heat flow setting of Mount 5t. Helené can be diécussed with
respect to the rest of the southwest Cascades. The map in Figure 3.4 (in chapter 3),
presents a contqured picture of the regional heat flow. A sharp transition exists
between the Western Washington Regioﬁ (Puget Lowland Province) and the South Cascades
Region. fhis transifion runs roughiy‘nnrth—south, from the Skamania area on the
Columbia River, crossing ﬁhe Cowliti-River Vailey between the towns of Morton and
Randle, and extending further mnorth on the west side of Mount Rainier National Park.
Mount St. Helens appears to fall witﬁin this transition zone . Results from a few
drill holes on the east side of Mount St. Hélenslwould bg needed to confirm this.

At Mount St. Helens itself, the £hree-drill holes had'only begun to examine the
local heat flow rggime. The discoaréging results by no‘means preclude the possible
existence of geotherﬁél resources beyond‘the flanks of the wvoleano. The-area
involved is.roughly 200 te 300 square kilometers, most of which 1s virtually
untested.‘ The potential for andmalous thermal condicions or geothermal reservoirs 1is
conceptually quite high, especially in light of the wvolecano's 1980 eruptions.
Conclusions

The 1979-80 geothermal assessment effort added greatly to the relatively scant
geothermal and hydrologic data bases for Mount St. Helens, but did not identify a
geothermal resource or indicate the impending eruption of the volcano. There may
indeed be large hot water reservolrs assoclated with this volcanic system, but their
exlistence has yet to be demonstrated.

In additlon, the 1980 eruptions of the volcano have provided a wealth of
information which has helped develop a better understanding of the structural,

thermal, and hydrologic systems associated with the wvolcano. This enhanced
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understanding will provide new ways of viewing ocher Cascade stratovolcanoes, ano
will have an important impact ‘on how their hydrothermal systems will be explored.

Some of the developing concepts include: (1) 4 volcano continues to be active
through geologic time only because it keeps 1its conduit “open” to some shallow depth
between eruptions. That is, the conduit remains in a semi—molten or plastic
condition. Each eruption re-supplies heat to the upper portion of the conduit, heat
which is slonly dissipated through coanduction and convection to the aucrounding‘
country iock.‘ Preliminary inoicacions from the seismic information provided berount
St. Helens are that these “"plastice” conditions enisted to within 5 km of the surface
under the volcano°r Therefore, very high temperatures‘are‘maintained through time at
a relatively shallow depthiwithout the formation of a shalloﬁ magma chamber. té)
Probably all of the Quaternary stratovolcanoes maintain a hydrothermal system within
the edifice of the cone itself. The existence of fumaroles on most of the cones
confifms this. These systems may be very small and probably cool quite rapidly
through time. Because of the problems of access (difficult terrain and closures due
to land status), and oecanse of the geoclogilc hazards assoclated with nany of the
stratovolcanoes (the constant threat of eruption, for example) it 1s unlikely that
these intra—-cone hydrothermal systems will ever become viable commercial resources.
(3) The Mount St. Helens eruptions have provided evidence that the wolcano's location
may be structurally controllea. Even before the current activity, a plot of the
epicentus for microearthquakes in the vicinity suggested a north-northwest treanding
structure running through the stratoveolcano (see figure 8.2). Epicentus of
aarthquakes associated with the 1980 eruptions have confirmed this, delineating a
right—-lateral strike-slip fault system. Crustal structures associated with volcanoes
may provide a means by which geothermal fluld assoclated with deep sfstems neneath
the volcano could migrate laterally out fron the volcanic system and possibly verti~
cally to relatively shallow depths beyond the flanks of the volcano. The resulting
hydrothermal reservoirs will have a much greater practical and economic wvalue, but
the true energy potential of such a resource has yet to be demonstfated in the

Cascades.
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FIGURE 8.2.—Earthquake hypocenters near Mount St. Helens from 1971 through 1978

Data from Robert 5. Crosson (University of Washington)
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APPENDIX A

WELL TEMPERATURE INFORMATION AND LOCATIONS IN THE STATE OF WASHINGTON

The following table includes all wells on record with the Division of
Geology and Earth Resources. They have been divided by county, and ordered by
increasing township and increasing range. Information includes township-range
location, I of U4 of section, bottom hole temperature {(°C), depth (m), two Lypes
of gradieants (°C/km), and scurce reference. Gradient A are those gradients
actually observed from a.well log over a significant depth interval through the
well. Gradient B aré calculated gradienté using Sottom hole temperatures and
mean annual surface temperature, calculated from elevation, slope angle, and

slope orlentation.

The references key as follows:

1. Washington State University well logs ~ Dr. James Crosby

2. Southern Methodist University-and Divi;ion of Geology and Earth
Resources well logs and thermal gradient heles, Dr. David D.
Blackwell, SMU, and J. Eric Schuster, DGER.

3. U.S. Geological Survey Tacoma Office, well logs.

4. U.5. Geological Survey Tacoma Office, WATSTORE computer file.

5. U.S. Géological Survey Water Supply Paper 1999R.

6. Washington State Divislon of Water Resources, Water Supply
Bulletin #21.

7. Washingtonm State Division of Water Resources, Water Supply

Bulletin #24.
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Bottom Hole ’ Source

Township  Range 1/4 1/4 Section Temperature Depth Gradient A Gradient B Reference
15N 28E SW NW 8 20.0 126 63 4
15N 28E NW N 15 24.2 264 46 4
15N 28E SE SW 35 23.0 253 43 1
15N 29E NE NW 3 22.8 212 51 4
15N 29E NE SE 3 . 20.8 276 32 4
15N 29E SE SW 3 29.0 297.8 57 1
15N © 29E NE NE 4 24.3 - 365.1 34 1
15N 30E NE ~ SW 1 7.1 206.6 1
1SN 30E  SE  AE 2 14.3 277 .4 | 1
15N 30E NW SE 12 17.9 408.4 1
15N 31E NE SW 5 26.4 403.5 36 1
15N 31E SW NW 1 20,1 214 32,2 38 3
15N 31E NE - NE 19 25.5 338.6 40 1
15N 32E NW NE 4 - 21.8 266.4 52 1
15N 32E NW SW 16 15.0 335.3 | 1
15N 32E NW NW 20 17.8 214.3 1
15N 32E SW NW 35 27.6 309.7 50 1

15N 338 NE NE 2 25.0 68.9 185 1
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16N
16N
16N
16N
16N
16N
16N
16N

16N

Range

33E
34E,
36E
29E
30E
30E
30E
30E
30E
31E
31E
328
32E
32E
328
32E
32E

32E

1/4

SW
SE
SE
SE
NW
NE
NE
Nw
NW
NW
SHW
NW
NE
KW
NW
SE
SW

SwW

/4

SE
SE
NW
SE
NW
NE
SE
SE
SE
NE
SE
NW
NW
NW
N
SE
SW

SW

Section

15

27

34

34

24

26

27

36

36

15

15

11

14

14

15

16

20

20

Bottom Hole
Temperature

1844
20.9
25.4
23.0
25.9
26.2
25.2
20.3
25.8
22.7
26.9
27.7
20.7
19.8
32.8
17.8
22.8

29'2

Depth

202.1
243.8
211.5
275

219.4
192

207

208.8
240.8
20045
408.7
310.3
155.1
313.9
437.1
355.7
214.3

372.1

Gradient A

64.8

34

91

Gradient B

36
63
40
63
74
64 -
40
57
53
37
51

56

48

50

46

Reference



Township

16N
16N
16N
16N
16N
16N
16§

16N

17N
17N
178
17N
17N
17N

17N

Range

32K
32E
32E
32E
32E
32E
33E
35E
35E
318
31E
32E
33E
33E
34E
35E

36E

1/4

SwW

SW
SW
NW

Nw

NE
SW

NW

‘SW

SE

S

SW

SW

/4

NW
NW
SW
NW
NW
NW
NE
SE
SE
NW
sW
SW
SE
NE
SW
SW

S

Section

21

25

25

34

35

35

20

22

.31

12

13

12

12

23

12

Bottom Hole
Temperature

27.4
28.7
30.4
42.8
24.0

24.0

. 18.8

15.33
22.2

27.8

16.4

21.0
17.3
16.8
17.4
8.8

13.4

Depth

158.8
431.6
709.2
771
270.6
192
443.8
315.0
599.5
590.4
232.6
227
225.5
200.9
201
125

273.4

Gradient A

69.5

Gradient B

97
39
26
40
44

63

17

27

40

Source
Reference



Township

17N
18N
18N
18N
18N
18N
19N
18N
19N
19N
19N
19N
19N
19N
19N
19N

19N

Range

37E
31E
31E
31E
36E
34E
31E
31E
328
32E
32E‘
J2E
33E
33E
34E
35E

36E

174

NE
W
NW
NE
SW
SW
W
SW
W
SW
Sw
S

SW

5E

NW

1/4

NW

NW

NW
NE
SE

NW

SW
SE
SW
SW
SE
SE
NE
SW

SE

Section

27

18

30

33

4

32

24

24

15

24

24

30

20

14

Bottom Hole
Temperature

21.9
21.5
14.7
30.0
14.6
16.2
17.9
20.1
1574
20.6
31.5
19.2

20.3

39.3

19.4
16.4

20.4

Depth

167.9
237.7
188
771
279.8
183
190.6
164.6
205.8
243.2
680.3
165

229.38

736.7

341.4
186

228.9

Gradient A

Gradient B

59

40

23

49

35

29

36

37

37

Source
Reference



Township

19§
19N
19N
19N
19y
19N
20N
20N
20N
20N
20N
20N
20N
20N

20N

Range

36E
36E
36E
36E
36E
38E
33E
34E
34E
34E
35E
35E
35E
35E

36E

1/4

NE

NE
NW
S¥

SE

SW
SE
5w
NW
NW
NE
SW

NE

1/4

NE
SE
SE
SW
SW
NW
NE
SE
NW
NE
NW
N
NE
NE

NE

Section

15

22

22

34

34
13
13

2
10
25
17
24
27

27

Bottom Hole
Temperatutre

15.5
13.1
16,1
18.7
20.7
21.1
17.8
20.9
17.8
12.8
20.9
20.5
15.4
13.11

13.5

Depth

378.2
58.5
197.2
334.3
100.6
201.2
173
197.2
238
167.6
231.6
156.7
363.3
240.8

139.9

Gradient A

82.8

90

Gradient B

86

45

45

39

535

Source
Reference



ARINDOGD NTIIOSY



o1-v

Bottom Hole Source

Township Range 1/4 1/4 Seetion Temperature Bepth Gradient A Gradieat B Reference

6N 43E SW sw 12 13.01 70 2

7N 46E NE NE 2 15.31 275 27.6 _ 2

N 46E NE NW 13 13.01 70 53 2

8N 44E SE NE 2 10.93 “140.2 13.1 2

10N 468 SW SE 5 23 554 20 4, 7
1IN 45E NN NE 32 17.5 192 31.3 - 2

11N 46E NW NW 19 12.63 160 2

11N 46E  SW - SE 30 23.3 406 28 4,5
1IN 46E NE sWwo 32 26.17 405 35 2

HIN 46E 32 23.4 387.7 29 1



rA 4

Township

4N
5N
5N
&N
6N
6N
6N
BN
7N
7N
7N
7N
TN
N
TN
7N

7N

Range

24E
26E
28E
24E
24E
26E
"30E
30E
24E
25E
25E
25E
25K
25E
26F
26E

27E

/4

NW
NW

SE

SE -

NW

NW

SW

SW

NW

NW

SW

SwW

SW

NW

NW

SW

1/4

NE
NW
SE
NE

NW

SW

SW

NW

SW

NW

5W

SW

SW

NE

NE

SE

Section

22

23

15

12

1%

35

36

36

36

36

29

Bottom Hole
Temperature

20.6

25.9

21.5

22.5

19.6

24.2

21.1

20

22.9
1846
17.5
2245
30.3
21.8
22.1
19.2

14.9

Depth

121
304.8
170
195

198.1

209.7

305

176.8

332.5

307.2

263.3

253.9

221.6

T 262

148.1

326

142

Gradient A

31

Gradient B

71
46
56

54

58
30
45

33

41
83
37

68

Source
Reference



£1-v

Township

8N
8N
8N
9N
9N
9N
10N
10N
10N
10N
I1N
11N
1IN
12N
128

12N

Range

24E
27%
29E
25E
26E
28E
25E
25E
26K
28E
24E
25E
26E
24F
26E

26E

1/4

NE
SW
NE
NwW

NW

SE

SwW
SW
S5

5W

SW
SE
SW

SW

Bottom Hole

1/4 Saction Temperature
SE 1 25

SE 29 19.4
NE 22 23

NE 6 25.2
SE-.“ 27 21.5
NE 34 21.1
W - 25 - 20.6
SW 33 21.8
SE 27 17.3
SW 14 47.78
SE 15 - 96.29
Sw 33 19

SE 34 24

SW 20 26

SW 4 21.4
NE 7 20.7

Depth

378.5
.221.6
244

364.2

204

©271.3

184

275.5

236.2

1079.9

2500.
204.2
305 .

366

117

126

Gradient A

36

34.6

37.1

Gradient B

34

45
36
47
34
47

36

33

34

39
38
80

69

Source
Reference



7 1-%

Bottom Hole Source
Township Range 1/4 1/4 Section Temperature Depth Gradient A Gradient B Refereunce

12§ 26E  SW  SE 7 20.4 99 | 85 4
128 26 SE  SW 8 21.2 98 94 4
128 268 SE  NE- 12 21 158 57 4
128 26E NW NW 14 - 21,1 117 78 4
12X 26 NE  NW 15 21.7 . 134 74 4
12N 26E  SW MW 18 20,5 177 48 4
12N 26E SW  KNE 18 - 20.8 85 103 4
12N 27E NW  SW 16 20.5 65 131 4
12N 288 s wW T 16.4 176 4
13w WE SW MW 25 © 24.2 237 | 51 4, 7
138 2%E  SW  NE 26 20 215 37 7
13K WE NW NW 36 24 333 36 4, 7
13§ 256 SW  SW 1 23 241 : 46 4, 5
13N 25E SE NE T 39.1 32 847 4
13N 258 SW NE 30 26.8 339 44 4, 7
138 26E 25 21.89 183 37.2 54 2

13N 26E SW NE 35 25 1726 7.5 4



Si-v

-Township

14N

14N

Range

268

26E

1/4

NW

SW

1/4

SW

NE

Section

14

28

Bottom Hole
Temperature

32.5

20.7

Depth

24

24

Gradient A

Gradient B

854

363

Source
Reference



L1-v

Township

22N

24N

Range

20E

17E

1/4

NW

NE

1/4

NW

SW.

Section

26

23

Bottom Hole
Temperature

35.68

10.9

Depth

900

5.6

Gradient A

26.8

Gradient B

26

Source
Reference



AINDOD

94V TDO

A-18



61-¥

Bottom Hole Source

Towﬁship Range 1/4 1/4 Section Temperature Depth Gradient A Gradient B Reference
1N 3E NW SE 2 14.43 151 29.9 2
N 3E SE SW 6 11.4 57.5 2
1N 3E SE W 6 e 76 2
IN 3E SW SE 11 12,58 - 73 ' 2
1N 4E  SE NE 5 11,01 65 2
IN & s sw 6 10.93. 49 | 2
2N 3E SE NE 12 11.95. 127 27.5 2

2N 3E SW SE 21 12.68 72 . 43.8 , - 2
2N 3E SW NE 26 10.77 54 - 2
N 3 SsH NE 30 9.7 76.2 o 1
N 3 W KE 31 9.7 33.5 1
2N 4E NW o 29 10.61 - 52 , 2
2N 4B MW SW 29 T 6Ls : ' T2
N 3E NW NE 21 11.59 - 103’ | 26.7 : ' 2
3N 3E SE W 21 14.29 188 28.7 2
3N 3E NW  SE 23 12,47 183.5 22.3 | 2

4N 1E SE  SW 21 14,57 236 24.7 | 2



0Z-v

Bottom Hole Source
Township  Range 1/4 1/4 Section Temperature Depth Gradient A Gradient B Reference

4N 2E NW NE 10 11.3 201 | 28 3
4N 3E NW SW 18 12.29 109 31.1 2
4N 3E S sE 20 16.74 221 38.3 2
5N 1E Sw SE 5 13.27 177.5 21.5 A 2
5N IE NE NW 23 17.02 246 32.1 2
5N 2E NE SE. 24 10.54 104 14 2
5N 2E SW NW 25 13.31 158 33.1 2
5N 3E SW SW 28 10.05 96,5  20.4 2



XLNNDNODJ

VIERNTOD

A-21



Township

10N
10N
12N

13N

Range

39E
41E
38E

38E

1/4

NE
SE
SW

SW

/4

NE
NW
NW

NW

Section

30

26

Bottom Hole
Temperature
11.86
11.35
21.6

20

Depth

32.5

106.7 -

241.1

74

Gradient A Gradient B

22.1
40

108

Source
Reference



XLNAQOD ZILITHOD

A-213



Y-y

Towuship

8N

9N

Range

4E

2W

1/4

SE

NW

1/4

SE

SE

Section

14

1

Bottom Hole
Temperature

7.98

10.43

Depth

i53.5

135

Gradlent A

34.4

13.5

Gradient B

Source
Reference



ALNNOD

SvV1T9no04da

A-25



9Z~v

Township

23N
23N
23N
23N

23N

Range

25E
25E
25E
26E
26E
25E
22E
22E
22E

26E

1/4

SW
NE
NW
NW
NW
SwW
SE
Sw
NW

NW

174

SW
SW
NW
NW
NW
SE
NE
SW

NE

NW

Section

31

32

20

20

20

30

21

22

28

25

Bottom Hole
Temperature

18.5
13.5
27.8

29.3

18.3"

10.4

13-

16.6

16.2

17.5

Depth

146.6
252.1
244.4
362.7
403.8
114.3
183

169.1
184.5

228.3

Gradient A

Gradient B

65

48

Source
Rererence



AILNDOD

4334

A-27



8-V

Bottom Hole Source
Township Range 1/4 1/4 Section = Temperature Depth Gradient 4 Gradient B Reference

30N 33E SE SE 31 9.49 170 19.5 2
30N 33E NW NE 31 9.82 255 17.7 2
30N 33E SW NE 31 14.79 475 16.6 2
37N 32E SW NE 33 14.39 260 31.1 2
37N 32E N NE 34 11.44 195 . 18.8 2
37N 32E NW 34 | 9,13 95 24.35 2
37N 328 NW 34 9.46 55 2
40N 33E SE SW 2 10.82 205 22,7 2
40N 33E NW NW 2 9.39 150 26.5 2
40N 33E NW NW 2 |

9.38 155 22.4 2

40N 33E NW Nw 2 , 10.78 215 24.4 2



XINDOD

NITANV YA

A-29



0t=v

Township

9N

9N
1IN
12N
12N
13N
13N
13N
14N
14N
14N
14N
14N
14N
14N
14N
14N

14N

Range

30E
31E
31E
29E
32K
28E
328
34E
298
29E
31E
31E
32E
32E
32E
32E
33E

36E

1/4

SE
SW
SE
SE
NW
SW

NW

NE

NE

NE

SE

SW

SE

NW

SW

SW

1/4

NE
NW
NE
NW
NE
SW

NE

SW

SE

SE

SW

NW

SW

SW

SW

Section

18

7

21

28

28

13

17

30

36

13

30

31

21

19

Bottom Hole
Temperature

21

24.6
24,2
20

19.5
27.6
17 .8

31.3

22.3

22.2
21.2

25

27.2

25.6
17.7
29.4
27.3

22.5

Depth

315
167.6
354.8
213
242
341
203.9

355.1

263

215

337
242.3
187.1
251.7
303
349.3

26247

Gradient A

33.4

56.4

57.6

50.2

38

Gradient B

29
75
34

38

46

54
39
47
28
39
63

73

57
44

40

‘Bource
Referance



—
Q_J .
«

ALNOOD QTHILHEV D



{E-V

Township

12K
128

12N

Range

4OE
40E

42E

1/4

SE
NE

NE

1/6

NE

SE

Sw

Section

14

17

31

Bottom Hole
Temperature
13.54
14.71

23

Depth

74.1
150

304

Gradient A

33.9

g.2

Gradient B

36

Source
Reference



ALNDOD

LNVYdD

A-313



%0

Bottom Hole Source

Township  Range 1/4 1/4 Section Temperature Depth Gradient A Gradient B Reference
14N 25E NW NW 1 27.5 285 54 4, 7
14N 25E NW NE 21 22 159 63 4, 7
14N 27E NE NW 24 30 426 42 4, 7
15N 27E SW N 32 16.5 343 , 4
15N 27E NE SW 34 21.5 194 49 4y 7
16N 24E SW NE 1 23.5 244 ' 47 4, 7
16N 24E Sw NE. 1 24.5 279 | 45 4, 7
178 25E SE NW 1 25.3 239 56 1
17N 26E SE SW 8 lé‘ . 97.6 3
178 27E NW NW 31 - 20.8 247 36 4
178 30E s NE 1 23 299 37 7
17N 30E SE SW 10 14.3 253 ‘ 1
17N 308 NW  SE 33 2.2 306 33 4, 7
178 30E NW SE 33 23.5 222 52 4
18N 25E SW NW 15 25.6 297 46 4
18N 25E Sw NW 15 22.4 270.3 39 1

18N 25E SW NW 15 29.3 488 35.2 35 I



Ce-v

Bottom Hole Source
Township  Range i/4 1/4 Section Temperature Depth Gradient A Gradient B Reference

18K 25E NE SE 23 21.2 190.2 48 1
18N 25E SW SW 27 21.2 228 40 3
18N 258 NW  NE 28 22.4 211.5 49 1
18N 26E W SE 31 22.5 214.6 46 49 1, 3
18N 29E SW  SE 6 20.6 202.4 43 1
19K 27¢ SE W 2 19.2 79.6 ' 1
198 27E W N 31 23.3 233.2 ' 49 1
19N 28E - SE SW 4 14.4 229 4
19N 28E W SE 15 22.2 277 | 37 4
198 28E  NW  NW 23 23.7  280.4 42 1
19N 28E NW NW 23 20.6 292 : 30 4, 5
198 28E NE se 23 17.1  210.3 | 1
19N 288 NW SE 28 15.8 305 4
19N 28 NW SE 28 22.6 294 .4 36 1, 3
19N 28E NW SW 29 19.6 137.2 1
19N 28E N SW 29 9.7 232 3
19N 29E SE NW 3 22.5 321.2 33 1

19N 298 SE NE 4 24.6 280.4 45 1



YE-V

Township

19N
19N
19N
19§
19N-
19§
19N
19N
9N
20N
20N
20N
20N
20N
20N

208

Range

29E
298
29E
30E
30E
30E
30F
30E
30E
24E
28E
28E
29E
29E
29E

30E

1/4

NE
sw
SE
NE
NE
NR
N
N
SE
SwW
SE

SE

NE

SE

1/4

SE
NE
SW
NW
SW
SE
SW
SW
NW
SE
NW
NE
NE
NW
NE

NW

Section

15

16

13

15

16

16

17

20

33

15

25

35

21

Bottom Hole
Temperature

20.5

17.9

28 .4

20.2

15.8
15.3
18.2
20:3
25.8
21
13.6
20.1
14.7
21.8
25

26.44

Depth

97.5
2838
190.5
201
113.4
278.6
288.3
220.6
310.9
131
241
213.3
159.1
400.8
292.6

322.7

Gradient A

53.7

Gradient B
88

86

41

38
44

69
38
25 .

44

43

Soutce
Reference

2,3



Le-v

Towvmship

20N
20N
20N
20N
20N
20N
20N
20N
21N
21N
21N
21N
21N
21N
21N
22N -
22N

22N

Range

30E
30E
30E
30E
30E
30E
30E
30E
26E
26E
26K
268
30E
30E
30E
27E
30E

30E

1/4

SW
SW
NE
NE
SW
SE

SE

. NW

NW

SW

SE

SW

SW

NW

Sw

SW

SW

SW

1/4

NE
NE
NW
NE
NW
SE

SE

SE

SW

SwW

NE

NW

SW

NE

SwW

NE

NE

Section

21
21
22
23
23
28
28

32

15

21

10
26
19
26

26

Bottom Hole
Temperature

22

28

13.5
21.5
34.8
20.4
28.5
21.2
30
16.2

20.9

_25.5

15.5

30

20.72
27
17.7

23.5

Depth

351.7
466.3
124

219.4

337

178.3 '

181
381
305
131.7
561.4
188
199
640
170.7
142
475.5

239.9

Gradient A Gradient B

28

34
47

43
101 68

47

91

2%

- 59

16

72

28
51
106
25.8

34.7 48

Source
Reference



ge-v

Township

22N
23N
24N
24N
25N
25N
25K
25N
25N
25N
25K

25N

Range

308
28E
28E
29E
28E
28E
28E
28E
28E
28E
28%

3J0E

174

Sw
SW
NW
NE
SE
SE

NE

SW

NW

NW

SE

SW

1/4

NW

- NW

SW

NE

SW

SW

Sw

SE

SW

SE

Section

35

27

11

]

13

14

24

24

25 -

25

26

Bottom Hole
Temperature

19.06
22.4

15.4

19.3

14.1
14.7
29.2
13.8
11.6
23

14.7

16.6

Depth

194.2
195.7

107

. 318.2

109.7

132.9

189

160I1.8

173.7

177

113.4

195

Gradient A

91

Gradient B

53 -

91

62

Source
Raference

2, 3

i



ALNNOGD

d049gd3dVH

SEVidD

A-39



U=y

Township

16N

Range

12W

1/4

SE

1/4

NE

Section

24

Bottom Hole
Temperature

14.29

Depth

155

Gradient A

26.5

Gradient B

Source
Reference



ALRNDOD

D9NTIH

A-41



v

Township

21N
21N
23N
23N
25N

25N

Range

4E
6E
11E
I11E
9E

9E

1/4

NW

SE

NE

SE -

1/4

SW
SE
SW
SW
NE

SE

Section

32

27

10

Bottom Hole
Temperature
12.4

13
6.79

18.88
2.98

3.36

Depth

342
446
130
290
130

68

Gradient A

20

12.6

18.6

Gradient B

Source
Reference



ALNNDNOD

SVIILILTI?M

A-43



ph-v

Township

15N
15N
16N
17N
17N
184
18N
18N
18K

20N

Range

19E
19E
19E
20E
21E
18E
18E
20E
20E

15E

NE
SW
NE

SW

SW

SE

1/4

SW
SW
NW
NE
SW
NW
NE
NW
NE

SE

Section

22

22

28

5

21

35

36

23

27

18

Bottom Hole
Temperature

22.8
23.4
27.9
13.4
18.4
20.8
28.4
16

19.3

11.61

Depth

183
121 .9
309.7
136.5
183.8
272.4
262.2
70.1
140.8

200

Gradient A

21

Gradient B

59

93

51

32

63

Source
Reference



LLND10O0D

d¥v S8 LIW

A-h5



94-v

Township

24N

Range

1E

1/4

SW

1/4

SE

Section

25

Bottom Hole
Temperature

9.8

Depth

339

Gradient A

Gradient B

Source
Reference



KLNNOD

JVIIADITHA

A-47



8-V

Bottom Hole Source

Township  Range 1/4 1/4 Section Temperature Depth Gradient A Gradient B Reference
2N 15E NW SW 17 18.1 145 4
3N 128 SE SW 28 17.89 . 185 33.9 2
3N 14E SW SE 9 13.1 123.4 1
3N 14E - NE 29 11.2- 101.8 - 26,8 1
3N 15E SE SE 2 13.7 122 41 1
3N 15E SE NE 22 18.1 182 36 3
3N 15E NW NE 29 16.3 184 | 3
3N 15E NW SW 34 15.4 149 27 .4 2
N 176 NE  NE 29 18 235 L 4
3N 21E NW NE 19 19.03 71 50 ' \ 2
4N 13E SE NE 24 27.2 % 167 by 5
4N 14E NE NW 19 22.8 61 ' 177 5
4N 14E NE NW 21 14.7 291.7 : | 1
4N 158 SE NW 2 14.5 145.1 37.9 . 1
4N 15E NW SE 13 14.5 112.8 1
4N 15E NW SE 13 11 159 4
4N 15E SE NW 16 18.5 179 3

4N 15E SE NW 27 14.1 132.6 22.6 1



6v7-v

Township

4N

4N

4N

4N

4N

4N

4N

4N

4N

4N

4N

4N

5N

5N

5N

5N

Range

16E
16E
16E
16E
16E
16E
16E
16E
16K
16E
17€
176
14E
14E
15E

20E

1/4

NW

SW
NE
NW
SE
SE
NE
SW
SE
SE
NE
NW
NW
NW

NwW

Bottom Hole

1/4 Section Temperature
NW 11 17.8
S 16 14

SE 16 19.9

SE 17 12.2

NE 21 18

NW 22 14.5
SW 22 13.5

NE 28 19.5

NE 29 lbd.4
NE 3 18.5

SE 20 12,9
SE. 21 13

SW 22 15.76
NE 36 15.2

SE 25 19.7
NE, 27 22.8

Depth

187 .4
103.6
267
93
150.6
135.6
123.4
163
115.8
154
102.1
154.5
137.5
18642
214

276

Gradient A Gradient B

26

38.2

42

31.2

41 40

Source
Reference

1, 3



06-v

Township

5N
5N
5N
SN
5N
5N
6N
6N
6N
6N
6N
6N
6N
6N

6N

Range

20E
20E
22E
23E
23E
23E
20E
21E
21E
21E
23E
23E
23E
23E

23E

1/4

NE
SE
NE
NE
NE
NW
SE
NwW
SE
SE
SW
3W
SE
SE

NE

Bottom Hole

1/4 Section Temperature Depth
NHW 27 23.1

SE 28 10.2 64
NE 27 28.2 321
NE 3 14.5 91.4
SE 13 26.2 . 329.8
NW 29 25.5 61
NE 13 12.6 99.1
NW 28 7 92.6
NW 31 12.8 92.7
SW 35 14 91.4
sw 11 22 272
SE 11 2t 204
NE 15 25.2 275
NE 15 21 193
SE 22 21.3 141.7

Gradient

42

A Gradient B

50

43

221

37

44

48

47

66

Source
Reference



X1lNDOD

SIMA

A-51



A

Bottom Hole Source

Township Range 1/4 1/4 Section Temperature  Depth Gradient A Gradient B Reference
1IN 2w sSw SE 26 14 .86 261.5 13.6 2
12N IW NW NE 7 25.21 365 33.2 30 2
12N 1w SW SW 8 24.66 540 30.8 31 2
12N 1w SE NE 8 21.31 409 34.6 33 2
I2N W 17 30 792 26 27 3
12N W SW SW 37 25.72 578 21.5 31 2
12N 1E Ny swo 12 11.78 125.3 21 2
12N 2E SE SwW 5 10.87 155 25.4 2
12N 2E SE NE 9 13.18 205 23 2
12N 2E SE NE | 11 10.85 88 2
12N 2E NE NE _ 16 11.08 1086 18.2 2
12N 2E SW SE 16 16.02 54%.8 _ 2
1ZN 2E SW SW 20 11.37 57 25.6 2
12N 3E NW SE 7 11706 86 19:1 2
12K 3E NW SW 17 11.7 138.5 20.5 2
128 38 SE NW 19 14.33 232.5 27 2
12N 3E NE SW 19 11.58 156.5  28.1 2

12N 3E SW SW 23 10.1 84.5 . 2



LoV

Bottom Hole Source

Township  Range /4 1/4 Section Temperature Depth Gradient A Gradient B Reference
12N 38 NW NE 25 9.65 152 2
12 4R SE SW 3 8.93 84 2
12N 4E NW O NE & 9.78 2.5 17.4 2
12N 7E W SW 16 14.07 129 41.6 2
12N 7E NW NE 27 10.05 34.3 38.5 2
12N 8E SE 3 7.88 147 5.4 2
13N W NE SE 17 10.19 54 2
13 W N SE 17 | 14 486 4
138 W NW NW 18 11.1 9 11.5 | | 2
13N 1 SE SW 19 15.14 225 21.3 2
138 W sW SW 29 10.37 67.5 | 2
13N 20 NE NE 25 11.27 30 18.2 2
138 W N NE - 15 11.56 136.5 29.4 2
13N &0 NE NW 7 11.06 122.5 20.6 2
13K 28 NE NW 17 9.87 100.8 2

L3N 5E SE NW 18 8.95 57 23 2



G~y

Township

13N
138
14N
14N
14N
14N
14N
14N
14N

L4N

Range

9E
11E
1w
W
2W
2W
5E
5E
8E

10E

1/4

NE
SW .
NE
NE
SE
SE
s
SE
SW

NW

1/4

S5W
SE
SE

NE

NW

NE

NE

NE

SW

8w

Section

16
.2
23
26

4

22

Bottom Hole
Temperature

14.32
11.7

10.21

10.84

12.06

14
9.34
9.38
8.86

Depth

152
148.5
74.5
92.3
150.5
366
49.7
49.2
99.5

ilé

Gradient A

43.5

52.4

20.8

28

49.8

Gradient B

Source
Reference



ALNDOD

NTODNTT

A-35



9%=y -

Tewnship

21N
21N
21N
2LN
21N
2EN
" 2FN
21N
21N
21N
21N
‘2N
21N
21N

2N

Range

31E
31E
31E
31E
31E
31E
31E
31E
3LE
J1E
32E
33E
34E
35K

35E

1/4

NW
NW
SW

SE

NW

‘NW

'NE

‘SE

NW

‘NW

8E

*NE

NE

8W

SwW

Bottom Hole

1/4 Section Temperature Depth
SW 10 65.8 1342.5
SW 10 30.4 229
NW 22 19.8 232
NW 23 16.3 227
NE 25 28,3 194.8
SE 27 1844 200
SW 30 14 1443
SE 30 22..8 26346
W 32 21 211
W 32 18.9 34144
W 23 2 298.7
SE 17 18.3 207.3
NW 33 24.u4 252.7
NE 7 20.1 128

NE 7 C16.17 13441

Gradient A

40

60

41

Gradient B

40

80

84

41

43

33

49

63

Source

‘Raeference
1,2, 3
4

3



LG~V

Bottom Hole : " Source

Township Range 1/4 1/4 Section Temperature Depth Gradient A Gradient B Reference
22N 318 SW NE 24 17.9 210 55 3
23N 32E NE SE 4 28.7 211.8 79 1
23N 32E SW NE 10 16.9 125 ' 1
23N 328 SW  NE 17 21.2 206.3 36.5 45 1
23N 338 NE SE | 10 21.6 231.6 _ 42 | 1
23N BE SW W 14 18.5 204.8 - 1
23N 34E NE NW 30 11.1 - 167.9 1
23N 37E NE NE 35 12.7 86.9 1
24N 31E SW N 16 20.1 227 ‘ 36 1, 3
24N 32E NW sW 30 19.4 229 3
24N 33E SE SW 23 25.9 308.7 45 1
24N 34E | SW 23 17.5 - 132.3 | ' 1
24N 34E SE SW 0 - 19.9 231 1
24N 36E NE NE 16 12.6 229 3
24N 36E NE “NE 16 17.1 . 227 4

25N 13E NW NE 7 10.6 114.6 1



g6y

Bottom Hole Source
Township Range 1/4 1/4 Section Temperature Depth Gradient A Gradient R Reference

25N 37E NE SW 21 19.1 149.3 ' 1
25N 37E NE  SW 21 2% 226.5 53 1
25N 398 NW  NW 15 19.4 255.4 28.3 .1
268 32E SE NE 10 " 16.3 225.5 - : 1
26N . 328 SE NE 0 19.2 182 2, 3
27N 37m NW NW 2 | 24.8 | 2

27N 378 NE NE 27 ‘ 265 : _ 2



AL NDOD

NVOONVIAO

A-59



09-¥.

Bottom Hole Source

Towanship Range 1/4 1/4 Section Temperature Depth Gradient A Gradient B Reference
33N 31E NW SW 14 11.44 270 25 2
33N 31E NE SE 14 9.86 230 19 2
33N 31E SW SE 14 9.35 200 15,2 2
36N 20E NW NW 19 - 11.68 170 | . 2
36N 20E SW SE 19 14.41 275 2
36N 20E NW NE 19 14.94 360 26.5 2
37N 26E sW NW 8 16 .48 | 435 21.6 2
40N 27 NW 6 14.62 210 30.2 2
4ON 278 . ©NW 6 13.91 140 21.3 | 2
40N 27E , NW 6 15441 225 . 23.6 | 2
40N 27E VNW : 6 14.96 200 25.5 2

40N 27E Sw SE 6 15.31 180 25.2 ' 2



ALNODOGD

RS I B A A

A-61



£9=¥

Township

15N
158
16N
i8N
17N
13
LaN

20N

Range

4E,
6E
4E
4E
2F
3E
5E

2B

1/4

NE
SE
NW

SE

NE

SE

NE

NW

L/4

SE
NW
NE
SE
NE
NW.

SE

Section

14

22

22
23
2

12

b

32

Bottom Hole
Temperature
8.58
6.76
9.75
9.13
12,21
11.19
9.11

7.7

Depth

122
68
74
86.5

177
85
68

387

Source
Gradient A Gradient B Reference

14.6 2

137 2
2

2

25.4 2
| 2

21.4 2
12.8 . 3



ALNGOOD

LIO2VAS

A-63



¥9=v

Township

34N

Range

1E

1/4

NW

1/4

NW

Section

Bottom Hole
Temperature

11.61

Depth

220

Gradient A

12.6

Gradient B

Source
Reference



ALNODOD

VINVHRVAS

A-65



99-v

Township

IN
2N
2N
2N
2N
2N
2N
oy

fZNV
2N
2N
2N
N
3N
3N
3N

3N

Range

5E
5E
3E
5E
7E
7E
7E

7E.

TE

/E

7E

7E

oE

5E

5E

5E

3E

1/4

SE
SW
NE
NW
SW
NE

NE

NE- -

NE 3

NE

SW

SE

NE

NW

NE

NE

NW

Bottom Hole

1/4 Section Temperature Depth
SE 1 11.62 46.5
NW 35 8.37 103
SE 36 12.78 92
SE - 36 14.79 129
NW 22 11.35 68.8
NW 22 12.45 82
NW 22 12.29 0.
NW 22 O 11.72 68
NW 22 11.98 63
N 22 12,77 68.7
NW | 22

NW 22 13.05 80
SW 4 13.66 305
SW 4 ©11.35 240
SW 4 13.19 280
SE 4 9.42 265
SE 4 13.52 300

Gradient A

22.4

51.5
52.7
82
50
34.8
24.6

b
50

23
24.6
20.3
23

23

Gradient B

Source
Reference



L9-V

Bottom Hole Source

Township  Range 1/4 1/4 Section Tenperature Depth Gradient A Gradient B Reference
3N SE sW SE 4 9.26 155.5 15.5 2
3N SE SW SE & . 11.51 215 23.2 2
N SE NW NE 4 4.2 290 | 24 .4 | 2
3N 5E SW  NE 4 11.52 210 23 2
3N 7E SE SE 36 17.93 290 . 24.4 2
3 8E SE SW 27 10.21 84 28.6 ‘ 2
S8 8E SW N 22 2.71 55 - 2 2
6N 7E S NE 23 11.5 - 150 49,8 . 2
6N 9E SW SW 25 © o 12.19 o 150 52.7 , 2
7N 8E SE sw 2 9.1 152.5 44.5 2
7N 8E s 36 3.55 25 58 2
7N 9E NE NE 17 12.98 150 46.9 2
9N SE NW- NW 18 9.84 124.6 20.2 2

10N 6 NE  SE 8 6.51 265 . 12.5 2

10N 6E NY SE 18 10.56 210 ©18.5 2



AILNDOOD

SNEAHLS

A-68



69-v

Township

27N
288
29N
15N
35N
39N

398

Range

38E
37E

37E

3%E

39E
41E

41K

1/4

NW
SE
SE
SE
SE
SE

NE

1/4

NW
RW
SE
SE
SE

SE

Section

28

9
36
12

12

Bottom Hole
Temperature

11
11.5

13.34

12.37

Depth

150
135
400
45.4
41.8
340

240

Gradient A

33.8

26

28.4

20.3

21

Gradient B

Source
Reference



ALNIODOD

INVIOdS

A=70



1.-V

Bottom Hole ' Source

Township  Range 1/4 174 Section Temperature Depth Gradient A Gradient B Reference
23N 41E SW NW 13 14 187 : 3
23N 41E SW SE 14 29.1 341.4 50 1
23N 41E W SE 14 31.9 648.6 31 1
23N 4L1E S SE 1 12.6 27 .4 1
23N 42E SE NW 2 16.4 189 3
24N 41E SW S 3 13.9 123 B 3




ALNNDOD

NOLSYOHLI

A-72



€L-v

Township

15N

Range

1W

1/4

NW

1/4

NW

Section

21

Bottom ‘Hole
Temperature

11.83

Depth

78.5

Gradient A

Gradient B

Source
Reference



AINNDOD

VITVY M

YVITV M

A=T4



GL-¥

Township

6N
6N
6N
6N
6N
&N
6N
6N
6N
6N
6N
6N
6N
6N

6N

Range

33E
33E
34E
34E
34E
348
35E
35E
35E
35E
35E
35E
35E
36E

36E

i/4

SE
SE
SW

NW

SW
SE
SE
3w

KE

- HE

RE

NE

NW

Bottom Hole

1/4 Section Temperature
NW 1 31.78
NE 10 16.39
NE 1 ~15.8
NE 2 25.1
NE 6 28.8
SE 7 ' 40.7
SW 3 20
SW 10 25

NE 12 21

SW 12 22

NE 18 20.3
NE 18 21.3
NE 18 36.1
SW 4 13.88
SW 5 21

Depth

305
90
207.3
175.3
470
407.2
416 -
350
214

180

154.8

177.7

396.2

57.5

- 188

Gradient A

69.6

104.1

77.8

41.8

Gradient B

65

75
36
71
20
37
42
56
54
52

61

48

Source
Referance



9L-V

Bottom Hole Saurce

Township Range 1/4 174 Section Temperature Depth Gradient A Gradient B Reference
6N 36E SE SE 5 27 554 27 6
6N 36E NW SW 6 22 186 54 6
6N 36E NW NW 7 22 171 58 6
6N 368 NE SW 9 22 352 B 28 6
6N 36E SE SW 9 23 629 : 17 6
6N 36E NE NE 14 14 .4 276.7 | 1
7N 328 sW SE 36 24 310 39 4
7N 33E SW  SE T 23.2 433.7 19.3 26 1
7N 33E sH SE 24 17.01 235 2
N 33E W sE 31 27.7  268.8 ' 58 1
N I4E SW SW PTE 20 336 24 6
7N 34E SE NE 36 13.39 32.5 | 2
N 35E N SW 23 20 157 51 5

78 35E NW SW 23 .20 175 ' 46 6



LL-v

Bottom Hole Source

Township  Range 1/4 1/4 Sectton Temperature Depth Gradient A Gradient B Reference

N 35E SW NE 25 12.72 70 , 2

N 358 NE NW 25 19.7 260 24,4 2

N 35E SE NW - 25 20 207 39 6

N 35E SE SW 25 20 189 . 42 6

N 3I5E SE NE 33 2% 217 55 5

7N 35E NE SW 34 2% 219.4 | 474 55 1,3
7N 35€ NE NE 35 20 183 44 6
N 35E NE  NE. 35 20.54 310 22,1 27 2

N 35E NE  NW 36 20 . 195 . 41 6
7N 358 SE NW 36 20.4 247 Y 4, 6
7N 35E SE NW 3 21 186 ' 48 6
N 358 SE NW 36 20 216 37 4, 6
7N 35E SE SE 36 21 189 48 6

N 368 SE SW 14 25.9 . 406.9 - 34 , 1

N 36E NE SW 17 18.55 160 33.3 2

7N 36E NE SW 17 39.1 716 38 2



82-v-

Bottom Hole - Source
Township  Range 1/4 1/4 Section Temperatura Depth Gradient A Gradient B Reference

7N 36E S SW 18 18.6 171 22 3
N 36E NW NW 19 18.3 178 27 3
7N 36E SE NW 19 30.2 468.8 39 1, 3
7N 36E SE SE 19 28.0 485 ' 33 4y 6
7 36E SW NE 20 22 367 27 4, 6
N 36E SE SE 28 23.5 333 22 ' 4, 7
N 368 NE SE 31 21 523 17 6
A 36E N0 NW 33 25.9 185.9 75 1
7N 36E KW W 33 28.64 425 7447 39 2, 3
8N 31E SE NW 14 24..5 33519 36.5 37 1
8N 3E sE . KE 34 25,4 146 92 4
8N 33E SW°  SE 21 17.3 188.7 1
8N 33E SE SE 21 18.5 236.5 21.6 1
8N 33E SE 21 24.05 290 37.7 42 2
8N 36E NE NW 30 10.98 65 2
9§ 32E NE NW 13 22.2 215 47 2
11N 35E SW SE 14 28.4 282.5 | 58 1

12N 36E SE NE 26 22.2 182 56 1



ALNNDOD

NVKLIHM

A-79



08-v

Township

14N
14N
14N
14N
14N
14N
14N
15N
158
15N
16N
i6N
16N
19N
o

20N

Range

44E
b4E,
45E
4SE
45E
45E
46E
44E
45E
45E
39E
43E
43E
41E
44E

39E

1/4

NE
SE
SE
SE
NW
NW
NE
SE
SW
SW
SW
SW
SW
SW
NE

SE

1/4

SE
SW
NW
SE
NE
NW
NE
SE
NE
SW
SE
NE
SW
SE
SE

NW

Section

14

10

25

32

24

11

14

36

22

28

Bottom Hole
Temperature

i6.5

12.9

20

21

12

9.7

12.4

i4.5

15.6

23.5

12-2

17

Depth

60
183
297.2
118.9

50

51

99.4

2447
115.8
291
143.2
183
229
141.1
146.3

211

Gradient A

17.9

14.8

Gradient B

160

176

63

Source
Reference



ALNDNDOCD

VHIAVY A

A-81



8-V .

Bottom Hole Source

Township  Range 174 1/4 Section Temperature Depth Gradient A Gradient B Reference
7N 19E NW NE 10 14.4 119 3
7N 19E SW SW 14 14.2 128 3
N 22F, NW NE 23 23.4 299,9 34.9 38 1
7N 23E SE SE 36 19.8 245.4 : 7 1
8N 22E SW NE 1 23 329 36 33 3
8N . 22E NE SE 11 21.4 161.5 58 1
9N 21E NW sW 26 28 295 54 3
9N 21E SE SE 27 22 35 286 4
9N 22E NE SE 11 20.3 166 43.1 50 3
9N 23E SW e 23 16 350 4

108 17E NW NW 14 7 20.5 23 370 | 4
10N 17E NE SW 23 20.3 213 . 39 4
10N 17E NE SE 26 . 23.8 | 305 39 4
10K 17E SW SE 27 26 460 24 4
10N 17E W NE 28 22.4 268 39 4
10N 17E NW NE 35 21.2 245 | 38 4
10N 18E SW SE 5 20.6 202 43 3
10N 18E SW SW 31 23.8 318 , 37 4

10N 20E NW S 3 14.8 244 4



£8-v

Township

1ON
10N
10N
10N
10N
10N
10N
10N
11N
11N
11N
11N
11N
11N
11N

11N

Range

20E
20E
22E
23E
23E
23E
23E
23E
16E
16E
17E
17E
178
17E
17E

178

1/4

NE

-NE

SE
NE

NW

NE
SW
SE

NW

SE

NE

NE

SE

SE

S5W

1/4
SW
NE
NW
SW
NE
NE
NE
NE
S
SE
i
SwW
SW
NW
NE

SE

Section

25

17

36

36

36

25

34

16

16

30

Bottom Hole
Temperature

22.6 .

20.5

20

17.1

17.7

22.9

26.7

22.3

25.4

21.4

26,2

25.5

‘25.2

31.6
20.8

19.7

Depth

312

256

. 480

©150.3

359.6
352.9

400.8

©284.1
259.1

139

358
265
301
302
233

275

Gradient A

Gradient B

34
33

i7

31
37
36
52
68
34
51
44
65

38

Source
Reference



8-V

Township

1IN
1IN
1IN
11K
11N
1IN
1IN
1IN
11N
11N
11N
11N
11N
1IN
11N

1IN

11N

Range

18E
18E
18E
18E
1%E
19E
19E
20E
20E
20F
20E
21E
21E
21E
21E
21E
21E

21E

1/4

S5W
NW
NE
SE
SW
SW
NE

NW

NE
SE
NW
KE
Sw
NW
NW
SW

NW

174

SwW
NE
SW
NE
5E
SE
NE
5w
SE
NE
SE
NE
SW
SE
SwW
NE
NE

SE

Section

17
26
30
10
10

15

20
21
22

22

Bottom Hole
Temperature

23

17.7
26.4
18

18.4
18.7
20.8
28.1
21.5
20.2

28.5

29.2

29.6

21.6

26.9

23.7

25.6

Depth

122
191
16
103.7
233

228

179.2

457.1
350.8
166.1
328.6
378.8
364.2
392

190.5
279.2
299.3

319.4

Gradient A

33,2

745

Gradient B

90

900

49
35
27
49
50
36
47
45-
S0
53
39

43

Scurce
Reference



cg-v

Township

11N
11N
11N
ilN
1IN
11N
11N
12N
12N
12N -
12N
12N
12N
128
12N
12N

12N

Range

21E
21E
22F
22E
22E
22E
22F
16E
16K
17E
i7E
17E
17E
17E
17E
17E

17E

1/4

NE
NW
SW
NE
NE
SW
SW
SW
NE

SW

SW
SW
NW
NW
NE

SE

174

KW
SE
SW
NE
NE
SW
NE
SW
NE
NE

SE

2

Sw
SW
NE

SE

Section

34

36

21

28

28

29

30

12

18

16

16

Bottom Hole
Temperature

19.5
21.5
22.3
17.8
18.8
21.6
20.3
24.9
19.2
16.1
19

11.6
19.5
19

12.3
22.2

17

Depth

173.7
213.3
207
347.5
259

340.4

206.3

268.2
108.2
85

27 .4
191.1

79.3

201.5°

155.7
265

329

Gradient A

18.4

34

7.9

Gradient B

45

50

28
40

48

39

Source
Reference



98-V

Bottom Hole Source

Township Range 1/4 1/4 Section Temperature Depth Gradient A Gradient B Reference
12N 18E SW NE 27 23.6 305 38 4
12n 18E SE ‘NE 27 29.6 311 57 4
12N 18E SE SE 31 22.2 479 21 4
12N 18E SE - NE 32 25.2 358 37 4
12y 18E NE SW 32 27.9 379 39 42 3

12N 18E NE NE 33 25.6 290 47 4
12N 18E Ni  NE 33 28 312.7 51 1
12N 19E SW SE 1 30 404 45 4
12N 19E sﬁ SE 27 19.8 163 42.3 : 1
12N 19E NE SE 28 16.9 90.8 45 : 1
12N 20E SW | SE 13 27,9 . 374.9 35.9 42 1
12K 20E NW NW 16 21 153.9 58 1
12N 20E SE NW 27 13.8 76.2 | 1
12N 20E  SH SW 27 30.4 396.2 46 | 1

12N 20E NW SW 27 27.5 409 48 38 3



{8-v

Township

12N
12N
12N
12N
12N
12N
12N
12N
12N
12N
13N
13N
13N
13N
13N
13N

13N

Range

20E
20E
21E
21E
21E
22E
22E
22E
228
23E
178
18E
19E
19E
19E
19E

20E

1/4

SW
W
NE
NE
SE

SE

SW

NW

NW

SW

Bottom Hole

1/4 Section Temperature
W 34 25.9
SW 34 33.1
sW 17 27.8
NE 20 16.7
SW 20 25

SE 2 23.1
NW 14 152
NE 29 19.4
NE 29 23

NE 19 19

NE 28 . 14.3
NE 12 24.8
SE 13 24.8
SW 22 20

NE 24 19.95
KE 31 lé

SW 18 16.9

Depth

274
429
472.7
143.9
313.6
267
149

374.9

430.1

- 229.5

171
201
250.8
82
230
191

292.3

Gradient A

70

26.4

8.9

Gradient B

51
49

33

42

42

26

64

51

98

35

Source
Reference
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Township

13N
13N
13N
13N
14N
14N
14N
14N
14N
14N
148
14N
14N
14N
15N

i5N

Range

20E
20E
20E
21E
16E
16E
17E
17E
17E
17E
18E
19E
19E
20E
17E

18

1/4

SW

NE

SE

SE

SW

SE
SW
SW
NW
SW
NE

SW

1/4

SW
NW
SW
NE
SE
SE
NE
SW
NE
NE
NE
SW
NE
SwW

NE

Section

19

29

33

34

13

24

4

15

27

35

20

16

28

20

24

30

Bottom Hole
Temperature

22
22.65
22 .9
21.7
16 .
15.6
14.4
14.3
18.1
18.4
28.4
23.2
21
17
9.8

9.6

Depth

253.3
176

227.1
310.9
147.8
209.1
305

155.7
159.7
289.2
324

267.3
183

183.5
158.5

144.8

Gradient A

19.3

39.3

19.8

19.3

35.8

Gradient B

40

61

48

31

51

42

49

Source
Reference
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1. PURPOSE

The purpose of the survey described in this report was
to determine regions along the trend of the Lacamas fault where
lower electrical resistivity can be expected at depth. Once lo-
cated, these regions of lower resigtivity are to be further evalu-
ated by drilling shallow depth heat-flow holes.
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2. - GENERAL DISCUSSICON OF RESULTS OF MODELING

Figures 1, 2, and 3, respectively, are the apparent re-
sistivity pseudosection for line AA', the apparent resistivity
pseudosection for line BB', and a map for the Camas area showing
the placement of lines AA' and BB'. Figure 4 shows the plotting
convention used to obtain these pseudosections. These pseudosec~
tions were previously discussed in cur preliminary report issued
on 14 September 1979, which appears as an appendix at the back of
this report.

2.1 PSEUDOSECTION AA’

The pseudosection for profile AA' displays a distinct
transition in resistivity from values of the order of 30 chm-
meter in a region 3 kilometers south of the northern end of the
profile to values of the order of 120 ohm—-meter in a region ex-
tending to a point 9 to 10 kilometers from the northern end.

This transition appears to occur at a point approximately 4 kilo-
meters from the northern end of the profile.

Figure‘S displays the two-dimensional earth model de-
veloped by the University of Utah Research Institute to fit the
data on line AA'. The pseudosection that would be measured for
such an earth model is also shown. Moét of the major features
of pseudosection AA' derived from the field data are reasonably
well reflected in the model. This "best fit" model places the
transition from low to high resistivity at a point 3.75 kilome-
ters south of the starting point of the profile. The 10 ohm-
meter resistivity block at the northern end of the profile is
open ended to the north. This is consistent with the observed
data's open 20 ochm-meter contour enclosing values of approxi-
mately 10 ohm-meter at the northern end of the pseudosection

(Figure 1).
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Figure 1. Pseudosection for line AA'. Dipole length was 0.5
km. Resistivities are in chm-meters. The vertical
scale is exaggerated by a factor of two.
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B Line AA'
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Figure 2,

Pseudosection for line BB'.
was 0.25 km

Dipole length
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At the southern end of profile AA', the resistivities
shown in the pseudosection decrease from values near 100 ohm-
meter to values near 65 ohm-meter, this transition occurring
approximately 9.5 kilometers from the northern end of the profile
{(Figure 1). The modéling for this portion of the field data sug-
gests an increased thickness of a 100 ohm-meter unit (low resis-
tivity material relative to deeper 150 and 200 ohm-meter units)
occurs at this point. The position of this change in thickness
corresponds to the position of a fault mapped by Mundorff that
crosses the line AA' about this point and that is downthrown on
the south side. Such a downthrown block would account for the
greater thickness of the 100 ohm-meter material. The values of
about 50 ohm-meter measured at the extreme southern end of the
profile require the model to contain a 50 ohm-meter unit at the
extreme southern end, although the evidence for this unit is

clearly tenuous,
2.2 PSEUDOSECTION BB’

Figure 2 shows the apparent resistivity data as mea-
sured along profile BB'. The dipole length used to collect these
data was 250 meters as opposed to the 500 meter length used for
profile AA'., This shorter dipole length increased the spatial
resolution but had the effect of decreasing, by a factor of two,
the depth of penetration.

BB' is perpendicular to AAT, the two lines intersecting
about the 4 kilometer point on AA' and the 0.75 kilometer point
on BB'. Line BB' is thus a further investigation of the forma-
tions at the north end of AA'. It proved to be very difficult
to obtain a satisfactofy fit for line BB'. Figures 6 and 7 show
pseudosections obtained for differing earth models. The diffi-
culty of the computer analysis indicates that a two-dimensional
model cannot be derived that will adequately fit the observed
field data for the western portion of pseudosection BB'. We have

C-8



‘},’d“:(‘]”, i
- -
Lol

. .L--v?-'-..f.r —ir f,y;.

A1TAT)STSOY juexeddy oYl yiim ,dd SuIT I0J [9PPOR TUAN SATIBUISLTY SUQ

9onpoxd pInoy 3] uOt3o9sOpnesd

‘g eandtg

: v ,
L]
LA ¢
< B
. ]
W B . [ w N
_ qoom B DR
, R
ﬂ € : ‘ -
B . . .._.wAd..Qh_.Q\ _ ,Lsn .
W ) .Sgk - _ . S “ oo . ' L
- L RRE . i S : . s £.2 T
- . . , B T it ﬁ W et ] o M,lv i Ny
g ‘ S o le.: . : . .‘ [h.__. M vt
. ——— S -
) 2

Bl

o

)

gy

|
[ 7 4

oy gool 1%

e - e

e o s i b+ e

a1 a4 . e

2.
-

29

o xre

. -

L

R B



01-3

5 o : L ‘ : _ y U e
na B A X 24 le frs ra . 2.8 P P PR i(-il‘ Lo e Sl
DR A Gt it 10-*«-—-»:« PSR S S U . , — . e _
B0 R e e - . , _*”_””“““f&‘f“jﬁln_.
FO0 52 ves , - -
e mperrraacie - e e et Pt = | e —-a-s-a-»a——_.--—-.-_—rmv--‘,-.»- hrr sty e e e ‘ . V . '-Q‘h . I_'.]A‘
10 42 / . CLo ..af:
— e e s T T T TP 5 I ¢ B L e
X = 5 FLe i Jze
4 ;
PP/ F ) e B L ; | _ -
| 5 ~
b {xe
Lo
4
. REPARFNT RESIE IVETY = coeEn 2
" E : o ’ ‘ e
s oW ax - aks io Lrs Ay amr 20 zes T gy
& R Y VISR VNI ST S S TR F PR B
' .
L - 22 o .f:z . ez 65’ i 1‘2 |
RGeS dF '—'25'-** a'—— “2sT L :
I ] re) c . -
. b 23 (:;1- 26‘ J
z 2 _ .
)P ‘ ? . ’p )‘_j}t, . ;g i - .
3 + W 2D 39 P
kj X ﬂ’/ % N 3: i
o
; 2 - as 9
P i % )
LN Ao ‘

Figure 7.

A ety -

Second Alternative UURI Model for Line BB’
Pseudosection This Model Would Produce

with the Apparent Resistivity



studied the variability of the field data shown in Figure 2 and
conclude that the pseudosection for computed models 1 and 2 fit
the data equally well. The two models are, however, substanti-
ally different. It can be concluded that features common between
the two models have a high probability of reflecting actual geo-
logic features, while other features must be regarded as doubtful.
Both models have major boundaries at 1.5 and 2.4‘kiiometers NE of
the profile origin. These boundaries most probably represent,
respectively, the Lacamas fault and the contact with the volcanics
ics of Green Mountain. |

2.3 UURI COMMENTS ON MODELING RESULTS

Below is a discussion of the modeling results by C. E.
Mackelprang. Mr..Mackelprang was responsible for the modeling
carried out by UURI. '

"Results of the modeling for line A-A' suggest a sur-
face layer of fairly moderate apparent resistivity ex-
tending over the entire line. This layer increases in
thickness in the central portion of the line. A con-
ductive media is present at a fairly shallow depth on
the northwest end of the line but deepens to the south-
east and is absent at the southeast end of the line.

"Model results of line B-B' are gquestionable but tend
to suggest a layering of resistive - conductive - re-
sistive medias of unknown configuration and thicknesses
on the southwest half of the line. To the northeast
the models are less complex showing a trend into fairly
conductive ground.

"The attached models are two-dimensional (i.e. infinite
strike length). If the survey lines have been run at
some angle cother than normal to the geologic structure
then the model interpretation will not approximate the
true resistivity distribution. The presence of three
dimensional resistivity distributions would also de-
tract from the applicability of the model solutions.
We understand that line A-A' runs subparallel to a ma-
jor geologic structure and topographic features. This
may reduce the applicability of the resistivity model
submitted here."
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2.4 IMPACT OF MODEL RESULTS ON PREVIOUSLY RECOMMENDED DRILL
SITE LOCATIONS

Two drilling locations are recommended in our Prelimin~
ary Report. Both are in regions along the Lacamas fault having
lower resistivity and reasonable proximity to Camas. Subsequent
to our report, the southern drillihg location was moved further
south due to problems asscociated with land availability. The
model that approximates the field data for profile AA' suggests
that this placement of the second location at a pcint near the
10.25 km on line AA’' is in a region where low resistivity units
are thickening. As already mentiomed, this thickening may be
associated with faulting resulting in thicker units within the
southernmost down faulted block. In addition, this new location
places the drilling site nearer the crest of the interesting
gravity positive mapped by Z. F. Danes. Thus the final place-
ment of the drill site near the southern end of line AA' would
seem to be excellent.

The other drillsite recommendation, a point a short
distance southeast of the 1.5 km point on line BB', also appears
to be supported by the inversion models. This location would
place the test hole near one of‘the major vertical contacts shown
on both the alternative models of section BB', the contact that
may be associated with the Lacamas fault. It must be noted how-
ever that substantial, opénmended, low resistivity =Zones exist
at the northeast end of line BB', perhaps associated with the
voleanic rock of Green Mountain, and at the northwest end of line
AA'. It seems clear that further determination of the extent of
these regions of very low resistivity would be worthwhile if fur-
ther study of the geothermal potential of this area is to be per-

sued.
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3. FIELD METHODS AND PROCEDURES

The profiles along which apparent resistivity data were
collected were surveyed using a compass and chain. Each electrode
position was staked and properly identified. The distance between
electrode locations was 500 meters along profile AA' and 250 meters
along profile BB'. |

The dipole-dipole electrical prospecting method requires
the injection of controlled current into the ground at the ends of
a grounded dipole. The current source for this survey consisted
of a truck-mounted gasoline generator. The output from the gener-
ator was fed to a ”transmitfer" which controlled the amplitude and
wave form of the injected current. Maximum current was 20 amps,
although it was not always possible to achieve this; frequencies
of 0.01 Hz and O.l HZ were employed on each measurement to allow
detection of electromagnetic coupling if it significantly affected
results. Clusters of metal stakes driven into the groﬁnd pro-
vided satisfactory current electrodes. Non-polarizing electrodes
for the receive dipole were made using a copper sulfate solution

in porous porcelain cups.

Receive and transmit dipoles were of edqual léngth and
were co-linear (all four electrodes in a single line). The dis-
tance between the nearest electrodes of the receive and transmit
dipoles was used as the dipole separation and was recorded in
terms of multiples of the dipole length. For each transmit posi-
tion, measurements were made with the receive dipole at separa-
tions ranging from one to five times the dipole length, if possible.
Problems of access prevented collection of data in a few cases. The

major gap in the BB' pseudosection was the most severe case.

Portable Esterline-angus strip chart recorders were used
as the voltage measuring device on the receive dipoles. TFigure 7

shows some typical field data.
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The measured voltage and the known value of the injected
current are used to determine the apparent resistivity using the
formula

p = 27 N(N+1)(N+2)uav/I

where

N = the number of dipole lengths of the gap between

dipoles,

AV = the potential difference measured at the receive
dipole,

U = is the dipole length and

I = the injécted current.

A listing of the field data is given in the next section.

The calculated values for apparent resistivities are
plotted and contoured on the pseudosections shown in Section 2.
The actual dipole locations for several of the measurements near
the 2.0 km point on BB' had to be offset slightly due to access
problems. In preparing the pseudosection, corrections were ap-
plied for these offsets by computing apparent resistivity based
on individual electrode separations. These data were also ana-
lyzed for appropriate two-dimensional earth models by the Earth
Science Laboratory of the University of Utah Research Institute.
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4. LISTING OF RAW DATA
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ETectrode Configuration

Dipole Dipole

Date  (9}(8)(79)

Spread Length T 500 m R 500 m 3 Area _ (1) tacamas

Line AA' Sheet. (1)
Location No. Yoltage CRNT

Transmit | Receive M (mv) AMPS pa Remarks

0.0-0.5 { 1.0-1.5 | .01 .1 1 47.4 12 37.2

0.0-0.5 | 1.s-2.0 | .ot .1 2 4.8 12 151

0.5-1.0 { 2.5-3.0 | .01 .1 3 2.8 12 22.0

0.0-0.5 | 2.5-3.0 | .00 .1 4 1.025 12 16.1

0.0-0.5 | 2.0-2.5 | .01 .1 3 2.08 12 19.6

0.5-1.0 | 1.5-2.0 | .o 1 51.5 12 40,4

0.5-1.0 | 2.0-2.5 | .01 .1 2 6.8 12 21.4

0.0-0.5 | 3.0-3.5 | .01 .1 5 1.0 12 27.5 Charts misread initially,

0.5-1.0 3.0-3.5 4} B 4 1.8 12 28.3 correct value =

0.5-1.0 | 3.5-4.0 | .00 .1 5 3.1 12 85.2 33.0  check See

1.0-1.5 | 3.5-4.0 { .01 .1 4 6.3 15 74.2 37.1  check gz:gt

1.5-2.0 | 3.5-4.0 | .01 .1 3 20.5 20 96.6 48.3 check for v

1.0-1.5 j 2530 [0 o |2 | 133 20 e | 2o

1.5-2.0 | 2.5-3.0 | .01 .1 |1 58.8 20 27.7

1.5-2.0 | 3.0-3.5 | .01 .1 2 18.8 20 35.4

1.0-1.5 | 3.0-3.5 | .01 .3 3 5.25 16 30.9

1.0-1.5 | 2.0-2.5 | .01 .1 1 81.3 18 42.6

1.0-1.5 | 4.0-4.5 | .01 .3 5 1.78 18 32.6

1,5-2,0 | 4.0-4.5 | .01 1 4 3.75 20 35.3

1.5-2.0 | 4.5-5.0 | .01 .1 5 1.12 20 18.5

2.0-2.5 4.0-4.5 01 3 10.6 20 5¢.0 Repeét checks

2.0-2.5 | 4.5-5.0 1 .01 .3 4 .85 20 32.5 31.8 Repeat

2.0-2.6 | 40-a5 | ot 1 |3 | 338 20 49.9

2.0-2.5 | 4.5-5.0 | .01 .1 3 3.38 20 3.8

2.5-3.0 | 4.0-4.5 | .01 2 46.2 16 54.4

2.5-3.0 | 4.5-5.0 | .01 .1 3 5.75 16 39.8

3.0-3.5 { 4.0-4.5 | .01 1 27.5 2 129.6

3.0-3.5 [ 4.5-5.0 | .01 .1 2 5.25 2 98.9

3.0-3.5 | 5.0-5.5 | .01 .1 3 2.05 2 96.6

3.0-3.5 | 5.5-6.0 | .00 .1 4 .95 2 B9.5

3.0-3.5 | 6.0-6.5 | .01 .1 5 1.85 3 101.7

4.5-5.0 | 6.5-7 ) 3 3.7 3 16

4.0-4.5 | 6.0-6.5 | .00 .1 | 3 6. . 156

4.5-5.0 [ 6.0-6.5 | .01 .1 2 6.8 3 85.5

4.0-4.5 [ 6.5-7 010 4 .35 .4 165

4.0-4.5 { 7.0-7.5 { .01 .1 5 .45 .7x2=1.4 106

4.5.50 | 7.0-7.5 | .01 1 4 2.7 4 127.2
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Electrode Configuration

" Dipole - Dipole

Date _ {8) (12) (79)

Spread Length 7T 500 m R 500 m Area {1}
Line AA' Sheet  (2)
Location No.
Voltage CRNT
Transmit Receive N (mV} AMPS pa Remarks
4.0-4.5 5.5-6.90 .01 . 2 4.5 .Bx2=1.6 106
14,5-5.0 5.5-6.0 .01 n 1 3.7 .9x5=4.5 70.7
4.0-4.5 5.0-5.5 | .01 .1 1 2.33 .8x2=1.6 68.6
3.5-4.0 4,5-5.0 { .01 [ 9.9 1 93.7
3.5-4.0 5.0-5.5 .01 . 2 30 1 116.8
3.5-4.0 | 5.5-6.0 | .01 .1 3 1.1 1 103
3.5-4.0 | 6.5-7.0{ .01 .1| s 1.0 2.5 132
3.5-4.0 | 6.0-6.5 | .01 .1] 4 1.75 2.5 132
3.5-4.0 2.0-2.5 .01 . 2 3.88 2.5 58.5
3.5-4.0 2.5-3.0 { .01 .1 1 14.6 2.5 55.1
3.0-3.5 2.0-2.5 1 ..1 . 1 33.4 8 9.3
5,0-5.5 6.0-6.5 | .01 .1] 1 7.5 9 49,7
5.0-5.5 6.5-7.0 .01 2 16.7% 9 78.5 |
5.0-5.5 7.0-7.5 .01 3 10.0 9 104.7
5.0-5.5 7.5-8.0 .61 . 4 5.25 9 110.0
5,0-5.5 B.0-8.5 | .00 .1 5 2. 10 95.3
5.0-5.5 2.5-3.0 | .01 1| 4 1. 10 30.2
8.0-8.5 ! 5.5-6.0§ .01 .1} 4 3. 7 102.3
8.0-8.5 6.0-6.5 { .01 .1 3 7.55 7 101.7
8.0-8.5 6.5-7.0.| .01 .1 2 18.25 8 86.0
8,0-8.5 7.0-7.5 0 .01 1l o 51.0 7 68.7
9.0-9.5 8.0-8.5 | .01 .1 1 4.5 1 42.4
8.0-9.5 7.5-8.0 00 2 2.5 1.25 75.4 Amps misrecorded on strip
chart
9,0-9.5 7.0-7.5 | .01 .1 3 141 1. 69-
$.0-9.5 6.5-7.0) .01 1] 4 0.5 1. 63 ?Terrain effects?
Ravine edge//To Transmit
9.3-9.5% l 6.0-6.5 .01 A 5 3.3+ 1.5 66+ Barely detectable
9.5-16.0 ; 8.5-3.0 ! .01 .1] 1 16.5 2.75 56.5 | Offset to SW of Tine =100
! ‘ yards to avoid cemetary
$.5-10.0 \ 8.0-8.5 010 L1 2 5.0 3.0 62.8
9.5-10.0 | 7.5-8.0) .01 .1l 3 2.7 3.3 77.1
9.5-10.0 ! 7.0-7.5 ¢ .01 .1 4 1.2 3. 56.5
9.5-10.0 | 6.5-7.0 1 .01 .i| 5 o 3.5 g?} 64l
-1.0-0.5 0.0-0.5 | .01 1 1 54.0 10.0 50.9
-1.0-0.5 o.5-1.0 | .01 0 2 6 10.0 22.6
-1.0-0.5 1.0-1.5 01 13 1.5 12.9 11.8
-1.0-0.5 1.5-2.0 1 .01 .1 4 0.8 4.0 10.8 ;:;ﬁeiuﬁgzlterrible’
-1.0-0.5 2.0-2.5 [ 01 5 0.5 J 16.0 0.3




Electrode Configuration

Dipole - Dipole

Date (8) (19} (79},

Spread Length T _ 250 m R 250 m Area {1)
Line BB’ Sheet_ (3)
Location No.
Voltage CRNT
Transmit Receive N (my) AMPS oa Remarks
0.0-0.25 | 0.5-0.75 | o1 .1 | 1 [ 125 8 73.6 | Ames ran up to 10 at beginning of
0.0-0.25 g.75-1.0¢ .0 . 2 31.5 8 74.2
0.25-0.5 0.75-1.0 01 .1 1 120 8 70.7
0.6-0.25 1.0-1.254 .01 .1 3 ;:é }2 Sg:g r-Ste,r.) up to 14 amps on last part
10.0 10 af .1 frequency
0.0-0.25 1.25-1.5 .01 .1 4 12.0 12 94.2 L
0.25-0.5 | 1.0-1.25] .01 .1 | 2 {20 19 10 3.7 0% . .
35.8 Strong anisotropy between transmit
0.25-0.5 | 1.25-1.5| .00 1| 3 | 5.0 10 23.5 || electrodes
0.0-0.25 | 1.5-1.75| .01 .1 5 0305 s 5.5 18
0.0-0.25 | 1.75-2.0| .61 .1 | ?6? 0.85 15 15.0
0.25-0.5 1.5-1.7% L1 | 4 13 16 76.6
0.25-0.5 1.79-2.0 .01 N 5 3.6 16 37 :
0.50-0.75{ 1.0-1.25% .01 .1 1 1 120 8 70.7 Ran up to 10 amps when starting up
0.0-0.75 1.25-1.54 .01 b2 0 36,5 8 86.0 Ran up to 10 amps when starting up
0.75-1.0 }1.25-1.50 .0 N 1 f 145 8 85.4
0.50-0.75 1.50-1.74 .07 N 3 { 4 12 15.7 Very bad trace
0.50-0.75] 1.75-2.0( .0t . 4 ¢ 15.5 14 104.3 Offset 300 yards SE (receiver)
0.75-1.0 1.50-1.7§ .01 . 2 ! 24.0 12 37.7
0.75-1.0 1.75-2.0 .M | 3 E 5.0 14 .30.3 Recefver offset 300 yards SE
G.50-0.75; 2.0-2.25 .01 N 5 ! 6 14 70.7 OFf the 1ine 300 yards SE {receiver)
0.75-1.0 2.0-2.25 .01 n 4 i 8.0 14 5.4/53.9 Smv scale is open to guestion receiver
! offset
0.75-1.0 | 2.25-2.5] .01 .1 | 5 i 2.9 14 34.2
2.25-2.5 1.50-1.7§ .01 N 2 7.0 7 18.8
2.25-2.5 1.25-1.50 .01 N 3 5.5 37.0 Power down after 2 minutes of .01
frequency side of hill
2.25-2.5 | 1.0-1.28) .01 .1 4 0.8 7 10.8
2.5-2.75 1.0-1.25 .01 .1 5 8/7 Current was 8 on 1st try, 7 on 2nd try
2.5-2.75 1.25-1.5 .01 N 4 1.3 7.2 - 17.0
2.75-3.0 1.25-1.5( .01 .1 5 0.2 6 5.5 very faint
2.5-2.75 1.5-1.75( .01 .1 3 0.6 5.2 5. Started at 6 amps dropped to 5.2 after
a minute
2.75-3.0 1.5-1.751 .01 N 4 0.2 5.0 3.8 Extremely bad trace _
2.5-2.75 1.75-2.0 .01 J 2 2.5 4.0 11.8 Receiver offset 300 yards SE
2.75-3.0 1.75-2.0f .01 N 3 0.5 4.0 5.9 Receiver offset 300 yards SE
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14 September 1979°

PRELIMINARY REPORT ON DIPOLE-DIPOLE RESISTIVITY
STUDY NEAR CAMAS, WASHINGTON*

To: J. Eric Schuster, Assistant Supervisor
Geology and Earth Resocources Division
Washington State Department of Natural Resources
Olympia, WA 98504

From: Science Applications, Inc. (Prime Contractor)
1200 Prospect Street
La Jolla, CA 92038

and

Exploraticn Geothermics (Subcontractor)
5202 College Gardens Ct.
San Diego, CA 92115

During the past month (August) DC resistivity studies
have been carried out in Washington in the area immediately
north and a little east of Camas for the purpose of investigat-
ing possible indications of geothermal potential in the area.
The first portion of the study consisted of resistivity measure-
ments covering 1l-line kilometers on a line oriented NW-SE
running along the southwestern shore of Lacamas Lake. This line
ran from the northern edge of the town of Camas, along the SW
side of the Lake, and extended NW beyond the north end of the
Lake along the valley of Lacamas Cfeek, a8 shown on the enclos-
ed map (Figure 1, line AA'). This line lies approxXximately on the
trace of the Lacamas Fault. This fault zone has been identified
as a possible conduit for the circulation of hot fluids asso-

ciated with the hypothesized geothermal heat source.

The measurements were made using a 500 meter dipole
with a maximum N-spacing of N=5 (separation of near electrodes
of the transmitter and receiver dipoles ranging from a distance
equal to the dipole length, up to five times the dipole length).
The data obtained are shown on the pseudosection in Figure 2.

* Funding for this effort was provided by the U.S. Department of
Energy under Contract DE-AC03-79ET27014 under contract to the
Washington State Department of Natural Resources,
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As can be seen, resistivity values are not uniform along the
line. Sharp resistivity contrasts present along the apparent

fault zone may be evidence of the presence of hot, conductive
fluids.

The most significant feature on the pseudosection in
Figure 2 is the transition from low-resistivity values on the
order of 30 ohm-meters or less to resistivities in excess of
100 ohm—meters.‘ Examination of the pseudosection suggested the
boundary between these zones to be about at a point 4.25 kilo-
meters from the north end of the line. Ac¢cordingly, a cross
line perpendicular to the first line was laid out fhrough‘this
point (line BB' on Figure 1). To gain greater detail, measure-
ments were made along this line using a dipole length of 250
meters and a maximum spacing of N=5 (the low resistivities en-
countered'reduéed signal strength to such a point that data
could not be reliably obtained for larger N). The.pseudosection
for the second line is shown in Figure 3. The left side of the
pseudosection in Figure 3 suggests a layered geology with high
resistivities similar to those in the center portion of the
pseudosection for line AA' (Figure 2). Near the intersection
with line AA', sharply reduced resistivity values were found.
This may mark the point at which line BB' crossed the Lacamas
Fault or some other geolcgic boundary. The most distinct re-
sistivity contrasts on the pseudosection for line BB' suggest
the minimum resistivities are in the vicinity of the 1.5 kilo-
meter point. The author's feel some skepticism regarding the
very low N=5 measurement of 5.5 ohm-meters occurring at the
point at which the two lines cross. At N=5, the glgnal strength
for this small a resistivity was at the limit of detection, and
the contrast between the N=4 and 5 values seems extreme., There
may, therefore, be some question regarding the quantitative mea-
sure at this point, but the presence of a pronounced resistivity
drop seems clear.
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Line BB' could not be extended farther to the southwest
(left on Figure 3) because of the intervention of a2 new housing
development. The line was carried farther to the northeast, up
the slope of Green Mountain, which has the appearance of a vol-
canic feature. As can be seen from the right side of Figure 3,
low resistivi;ies_;;fe found as tEe measurements approached
Green Mountain. Although several points were not obtained
in this area because of the refusal of one local property owner
to allow access to his land, it is nonetheless clear that this
area displays some of the lowest resistivities encountered in
the course of the study, even when allowance is made for terrain
affects. |

The area at the north end of Lacamas Lake c¢learly com-
mands primary attention based on the results of the resistivity
study. However line AA' was also extended as far southeast
into the wvicinity of Camas as was feasible. ‘It is worth noting
that a second resistivity contrast was detected at the southern
1imit of the line. While this change in resistivities is much
less pronoﬁnced than those at the north end, the proximity to
Camas enhances its significance. Unfortunately this area could
not be fully investigated within the constraints of this project.

R T e AR iy S T TR R AT ki e e i

The'question of the implications of the resistivity
results for the siting of the planned thermal gradiént holes
remains to be discussed. Selecting one site from the avail-
able data is straightforward. As already discussed, the
viginity of the 1.5 km point on line BB' near the intersection
of lines AA' and BB' marks a sharp resistivity contrast with
very low resistivity wvalues. Since the resistivity lines were

selected to try to follow the Lacamas Fault and the Boundary
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(possibly another fault) of the low resistivity zone found along
the northern section of liné AA'", it would be reasonable to hope
that hot fluids at depth should be able to rise toward the sur-
face in the vicinity of the intersection. A block of land at
the north end of the Lake, owned by Crown Zellerbach Corporation,
could provide a feasible site fbr test drilling within a few
hundred yards southeast of the 1.5 kiiometer point of the cross-
line, BB': This site would also place the test hole on the
steep gradient in the gravity measurements just north of the

end of Lacamas Lake, as shown on the gravity map prepared by
Danes (Figure 4). The hole would thus be in an area marked by
both gravity and rgsistivity contrasts. This site should also
help to minimize any institutional problems that might be en-
countered (including being outside the shoreline zone of Laca-
mas Creek).

Selection of a site for the second thermal gradient test
hole is not as straightforward. The resistivity study gives evi-
dence of several interesting areas. As can be seen from Figure
2; resistivity values remain low along line 8A' from Lacamas
Lake on northwest to the limit of the area measured. A strong
case could be made for further investigation of this area.

Green Mountain also represents an area of considerable interest,
as has already been discussed. Finally, there is the area at the
southeast end of the line where the resistivities again decline
with the transition apparently occurring about 9 to 9.5 kilo-
meters along line AA'.

The selecticon of the site for the second test hole is
complex. Based on available data and four considerations, dis-
cussed below, the authors favor a site near the south end of
Lacamas Lake around the small lake called Dead Lake. (1) Given
that one test hole is to be sited on the anomalous area at the

north end of line AA', it seems reasonable to site the second
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on a different anomaly. If there is a geothermal feature in

the area northwest of Lacamas Lake, then it is unlikely that

the several zones in that area having low resistivities are un-
related. The area at the south end of the lake, however, repre-
sents a second ancmaly that could mark a geothermal resource even
if the anomalies at the north end do not. (2) Selection of a test
hole site near Dead Lake will also have the affect of placing the
second test hole on the margin of the major positive gravity trend
that runs northeast-southwest through Camas, a feature that

may also be associated with one of the major lineaments iden-
tified from the aercmagnetic data. (3) The proximity of the

south end to Camas must also be considered. If only a low
temperature rescurce is present, the prospect for development
requires it be close to potential users. (4) Dead Lake is

itself an interesting feature. Called '"Dead Lake'" bhecause it

has no streams feeding it or draining it; it is not a small,
stagnant pond. Conversations with local residents indicate

that it is exceptionally deep. Reportedly, an attempt a number

of years ago to sound it was unable to reach the bottom with

1500 feet of cable. More than one person raised the question

of whether or not this lake could be a volcanic feature.

The recommendations as to the drilling locations are

shown as "T"s on Figure 1.
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Figure 2.

Pseudosection for line AA'. Dipole len
km. Resistivities are in ohm-meters.

scale is exaggerated by a factor of two.
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Figure 4. Gravity map for the Ca,masN
area prepared by Danes; possible test
hole sites discussed in the text are
market by the letter "T",
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