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1. INTRODUCTION

by

Michael A. Korosec and J. Eric Schuster

Since 1978, the Division of Geology and Earth Resources of the Washington Department
of Natural Resources has participated in the U.S. Department of Energy’s (USDOE) State-
Coupled Geothermal Resource Program. Federal and state funds have been used to investigate
and evaluate the potential for geothermal resources, on both a reconnaissance and area-specific
level. Preliminary results and progress reports for the period up through mid-1980 have already
been released as a Division Open File Report (Korosec, Schuster, and others, 1981). Prelim-
inary results and progress summaries of work carried out from mid-1980 through the end of
1982 are presented in this report.

Only one other summary report dealing with geothermal resource investigations in the
sﬁte has been published. An Information Circular released by the Division (Schuster and others,
1978) compiled the geology, geochemistry, and heat flow drilling results from a project in the
Indian Heaven area in the south Cascades.

The previous progress report for the geothermal program (Korosec, Schuster, and others,
1981) included information on temperature gradients measured throughout the state, heat flow
drilling in the southern Cascades, gravity surveys for the southern Cascades, thermal and mineral
spring investigations, geologic mapping for the White Pass-Tumac Mountain area, and area specific
studies for the Camas area of Clark County and Mount St. Helens. This work, along with some
additional studies, led to the compilation of the Geothermal Resources of Washington map
(Korosec, Kaler, and others, 1981). The map is principally a nontechnical presentation based on
all available geothermal information, presented as data points, tables, and text on a map with a

scale of 1:500,000.



This report contains additional information on projects that were active before mid-
1980, previously discussed in Korosec, Schuster, and others, 1981, and includes several new
projects. In Chapter 3, new chemical analyses are listed, and detailed reports discuss eleven
individual spring systems. Water sample collection and analyses were carried out by Division
staff. In addition, all available U.S. Geological Survey spring chemistry for Washington has been
compiled.

Chapters 4 and 5 discuss progress on the regional gravity survey for the entire Cascade
Range of Washington, and present some preliminary interpretations for the south Cascades. The
data were collected by Z. Frank Danes, of Danes Research Associates and the University of Puget
Sound, and the interpretations were made by the Division staff.

In Chapter 6, preliminary results of the heat flow drilling project are summarized and
discussed. Eleven holes were drilled during the Summer of 1981 by Ponderosa Drilling Company
of Spokane, under contract to the Division. Temperature gradient measurements and geologic
summaries were made by Division staff, and thermal conductivities were measured out by D. D,
Blackwell, Southern Methodist University (SMU). In addition, temperature gradients and a
brief discussion of the three holes drilled by the City of North Bonneville are included.

Chapter 7 reports on the low temperature geothermal resources of the Columbia Basin
and surrounding regions of Eastern Washington. The data were collected from a number of
sources. The newest data came from John Kane, working for the Division, and from two students
working for David D. Blackwell (SMU), Sherri Kelley and Walter Barker. The SMU work was
also supported by the USDOE Geothermal Program. The data manipulation and interpretations
discussed in the chapter were carried out by Division staff.

Chapter 8 is a progress report on Paul Hammond’s time-space-composition modeling
project for the south Cascades Quaternary volcanics, Hammond, from Portland State University,

is working on a subcontract from the Division, which is scheduled to conclude by mid-1983.



Chapter 9 is a summary of the work and findings for the White Pass-Tumac Mountain-
Bumping Lake area geologic mapping project. The work, carried out by Geoff Clayton through
a subcontract from the Division (from mid-1979 through early 1982), was included in a Master
of Science thesis from the University of Washington (1982).

Chapter 10 is also a synopsis of a Master of Science thesis. From mid-1980 through mid-
1981, John Biggane worked at Washington State University on geohydrologic studies and mo-
deling of thermal aquifers in the Yakima Valley area. The work was sponsored through a sub-
contract from the Division,

Chapter 11 discusses the progress made on regional and area-specific studies over the
past few years and suggests some directions for future work needed to more completely under-
stand the potential of the state’s geothermal resources.

The final chapter consists of a bibliography of geothermal resources information for the
State of Washington. The list of publications is only a partial bibliography, meant to serve as
an addition to the geothermal resource bibliography presented as an appendix in a previous
geothermal program report (Korosec, Schuster, and others, 1981).

The references mentioned in this introduction are listed in the Bibliography in Chapter 2.



2. GEOTHERMAL PROGRAM PUBLICATIONS

Work conducted under the 1980-1981 Geothermal Assessment Program led to the release
of the following publications. Portions of this report have been taken directly from several of
these publications.
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3. SURVEYS AND GEOCHEMICAL ANALYSES
OF THERMAL AND MINERAL SPRINGS AND
WELLS IN WASHINGTON, 1980-1981

by

Michael A. Korosec

Introduction

During the 1980 and 1981 field seasons, 32 water samples from 20 different thermal
and mineral springs and wells were collected. Nearly all of the sampled springs are located
in the south and central Cascades, and most of the sampled wells are in the Columbia Basin
of eastern Washington.

Analyses of some of the springs have appeared in previous publications, including
Campbell and others (1970) and Schuster and others (1978). Because of the age of most
of these analyses, and the great discrepancies between results from different labs for the
same spring, the quality and validity of these older analyses is suspect. As a result, it is planned
that all thermal and mineral springs throughout the state will eventually be resampled and
analyzed as part of the Geothermal Assessment Program.

One exception to this problem of quality is the very credible analyses performed by
the U.S. Geological Survey (USGS) water chemistry lab at Menlo Park, California. As a re-
sult, there is less of a need to resample springs for which USGS analyses exist. A comparison
of analyses for water from the same springs and in one case, a split of the same water sample,
conducted in the USGS and Division Labs, showed relatively good agreement for all major
cations and anions examined.

In this report, all available USGS analyses, analyses previously reported in Korosec

and others, 1981, and new chemical analyses are included in the data tables. In addition, 9



spring systems are described in greater detail. The separate reports on each of these spring

systems include geothermal features, geology, and available heat flow information.

Methods

At each spring or well, three water samples were collected, including unfiltered, filtered,
and filtered-acidified waters. Filtered samples were collected by taking up water in a 50ml
plastic syringe and passing it through a 0.4 micron Nuclepore filtel;, held in a 47 mm Swin-
Lok membrane holder. One liter collapsible plastic containers (Cubi-tainers) were used to
carry the water. The acidified samples were treated by adding about 3 ml of concentrated
nitric acid (with a plastic syringe) to about 1 liter of filtered water. _

In the field, temperature, pH, conductivity, and alkalinity were measured directly
from the spring or well. Temperatures were measured with a portable digital Markson 701,
which was found to be accurate to 0.05°C over the range of 5° to about 90°C. Conductivity
was measured with a Hach Mini Con;:luctivity Meter model 17250, with built-in temperature
compensator. The pH was determined using a combination of ColorpHast Indicator Sticks
(+/- 0.2 pH units), portable VWR Mini-pH-Meter (+/- 0.05 pH imits) and portable Cole-Palmer
Digi-Sense pH Meter (+/- 0.02 pH units). Where wide discrepanc.ies existed between different
techniques, the pH was remeasured in the lab as soon as possible (within 2 or 3 days) with
an Orion 901 Specific Ion Meter. Alkalinity was determined using a portable kit form Hach
with a digital titrator, titrating to color determined end points (Phenolphthalein and Brom
Cresol Green -- Methyl Red indicators).

At the Division of Gedlogy and Earth Resources water chemistry lab, the following

methods were used:
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Cl-, Br- F- Specific Ion Electrodes and Orion Specific Ion Meter
901

Si0g Molybdosilicate colorimetric technique with sulfite
reduction: Bausch and Lomb Spectronic 710

804:‘2 . Turbimetric using Hach Sulfa IV powder pillows and
Bausch and Lomb Spectronic 710 (at 450 nm).

Na, K, Ca, Li Varian AAS75 ABQ Atomic Absorption Spectrometer
using air-acetylene flame.

Ca, Mg, Fe Varian AA575 ABQ Atomic Absorption Spectropho-

tometer using nitrous oxide-acetylene flame.

Results

Spring chemistry results are presénted in a series of tables. Within the tables, waters
are identified by a three-letter and one-number code. The first two letters are an abbrevia-
tion of the common name of the spring or well. The third letter refers to a specific spring
within a fémily of springs. The relative lo‘catio‘ns of these ‘“‘sub-springs’’ are described in the
sections on individual spring systems in this publication and a previous geothermal assessment
report (Korosec, and others, 1981). The number identifies samples from the same spring or well
that were collected at different times. Table 3-1 lists the spring and well identification abbr-
eviations used in the table of chemical analyses.

The results of spring and well geochemical analyses for 1980 and 1981 are presented
in Table 3-2. An explanation of the abbreviations and units is included at the end of the

table,
" Table 3-3 contains analyses conducted by the Division in the past. They
have been previously presented in Korosec and others, (1981).
Table 3-4 also contains analyses for Washington springs previously presented in Korosec
and others, (1981), but the analyses were conducted by Battelle Northwest Labs. The water had

been collected by the Division staff in 1978 and 1979.
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Table 3-1.

Code

AHA-1
BHW-1
BKA-1
BKB-1
BRA-1
BVDH-1
BVDH-2
BVA-2
BVA-3
BVB-2
CSA-1
EPW-1
FGA-1
FGW-1
GEA-1
GMA-1
GMB-1
GMC-1
GMD-1
GVA-1

KLA-1
KLB~1
KLC-1
KLDH-1

Abbreviations used for identification of thermal and

mineral springs and wells.

Spring Name
Anhtanum Soda Springs

Block House Mineral Well
Baker Hot Springs

Baker Hot Springs

Bumping River Soda Spring
Bonneville Drill Hole
Bonneville Drill Hole
Bonneville Hot Springs
Bonneville Hot Springs

Bonneville Hot Springs

Data Sample Collected

8-3-81
8-19-81
8-78
8-78
7-20-81
5-21-81
7-11-81
8-30-79
9-11-81
8-30-79

Corbett Station Warm Spring (OR) 10-£-78

Ephrata City Well

Flaming Geyser Mineral Spri
Flaming Geyser Mineral Well
Goose Egg Soda Springs
Goldmeyer Hot Springs
Goldmeyer Hot Springs
Goldmeyer Hot Springs
Goldmeyer Hot Springs

Government Mineral Springs
(Iron Mike Well)

Klickitat Mineral Springs
Klickitat Mineral Springs
Klickitat Mineral Springs
Klickitat Drill Hole

3-12-81
ng 9-15-81
9-15-81
6-22-79
g-2-81
8-2-81
8-2-81
8-2-81
3-17-81

8-20-81
8-21-81
8-21-81
8-18-81



Table 3-1. -Cont.

Code
KNB-1
KNC-1
KND-1
LMA-1
LMB-1
LMC-1
LMD-1
LME-1
LMF-1
LMG-1
LMB

LSA-1
LSB-1
LSC-1
LSD-1
LSE-1
LSF-1
LTA-1
MCA-1
MPH-1
NSA-1
NSB-1
0CA-1

Spring Name Data Sample Collected
Kennedy Hot Springs 8-25-78
Kennedy Hot Springs 8-25-78
Kennedy Hot Springs 8-25-78
Longmire Mineral Springs 7-10-79
Longmire Mineral Springs 7-10-79
Longmire Mineral Springs 7-10-79
Longmire Mineral Springs 7-10-79
Longmire Mineral Springs 7-10-79
Longmire Mineral Springs 7-10-79
Longmire Mineral Springs 7-10-79
Longmire Mineral Springs 8-78
Lester Hot Springs 8-9-79
Lester Hot Springs 8-9-79
Lester Hot Springs 8-9-79
Lester Hot Springs 8-9-79
Lester Hot Springs 8-9-79
Lester Hot Springs 8-9-79
Little Soda Springs 3-17-81
Medicine Creek Mineral Spring 9-8-79
Miocene Petroleum Well 8-4-81
Newskah Mineral Springs 8-79
Newskah Mineral Springs 8-79
Orr Creek Warm Springs 8-7-79
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Table 3-1. -Cont.

Code Spring Name Data Sample Collected
OHA-1 Ohanapecosh Hot Springs 8-7-79
OHB-1 Ohanapecosh Hot Springs 8-7-79
OHC-1 Ohanapecosh Hot Springs 8-7-79
OHD-1 Ohanapecosh Hot Springs 8-7-79
OHE-1 ‘ Ohanapecosh Hot Springs 8-7-79
OHF-1 Ohanapecosh Hot Springs - 8-7-79
OHG-1 Ohanapecosh Hot Springs 8-7-79
OHH-1 Ohanapecosh Hot Springs 8-7-79
OLA-1 : | Olympic Hot Springs 9-78
OLB-1 Olympic Hot Springs 9-78
RCA-1 Rock Creek Hot Springs 8-28-81
SBA-1 ‘Studebaker Mineral Springs 9-16-79
SBB-1 ‘ Studebaker Mineral Springs 9-16-79
SCA-1 Summit Creed Soda Springs 7-16-79
SCB-1 . Summit Creek Soda Springs 7-16-79
SD1 Sol Duc Hot Springs 8-78
SD2 Sol Duc Hot Springs ’ 8-78
SDA-1 Sol Duc Hot Springs 4-12-79
SDB-1 Sol Duc Hot Springs 4-12-79
SDC-1 Sol Duc Hot Springs 4-12-79
SOD-1 Sol Duc Hot Springs 4-12-79
SEA-1 Scenic Hot Springs 6-24-81
SEB-1 Scenic Hot Springs 6-24-81
SEC-1 Scenic Hot Springs 6-24-81
SED-1 Scenic Hot Springs 6-24-81
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Table 3-1. - Cont.

Code Spring Name Data Sample Collected
SEA-GT Scenic Hot Springs 8-1-80
SEA-2 Scenic Hot Springs 9-25-81
SED-2 Scenic Hot Springs 9-25-81
SFA-1 Sulphur Creek Hot Springs 8-23-78
SMA-1 St. Martins Hot Springs 9-20-78
SMA-2 St. Martins Hot Springs 6-10-81
SPA-1 Shipherds Hot Springs 3-17-81
SRA-1 Sujattle River Mineral Seep 8-23-78
TWDH-1 Tieton Willows Drill Hole 7-30-81
YMW-1 YMCA Warm Well (Oregon) 10-6-78
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TABLE 3-2. — CHEMICAL ANALYSES FOR THERMAL AND MINERAL SPRING AND WELL WATERS COLLECTED IN 1980 AND 1981*

. m
entiFication umbosjem o -
Code Cond pH TCC 504 P 8 Total S\'02 Na K Ca Mg Li F Br Fe
AHA-1 1,100 5.6 12.6 5.6 7 0 650 650 107 83 10.6 73 60 LD 0.2 0.2 47
BHW-1 710 6.4 12.4 4.7 3 0 360 360 100 45 6.0 40 52 0.1 0.6 0.15 4
BRA-1 2,750 6.0 9.7 210 10 0 1570 1570 104 290 5.0 386 63 0.6 1.0 2.5 16
BVA-3 790 9.9 36.3 187 72 - - - 50 134 1.0 30 Lo L 0.6 2.2 LD
BVDH-1 2,800 11.6 27.7 238 92 257 8 265 26 162 2.6 197 ) L 0.4 3.2 Lo
BVDH-2 1,150 10.9 28.2 238 91 - - - 38 155 1.2 62 Lo Lo 0.6 2.7 LD
EPW-1 265 - - 5.8 17 - - - 64 27 4.7 19 12 LD 0.5 0.08 LD
FGA-1 180 8.5 10.1 3.1 LD 0 93 93 35 16 1.4 18 11 Lo 0.1 0.07 L0
FGH-1 29,000 7.0 12.1 5460 Lo 0 1850 1850 12 4150 34 34 27 0.5 2.4 44 Lo
GMA-1 600 8.8 47.5 140 45 - . - 61 122 3.0 6.2 Lo 0.2 0.8 1.8 LD
GMC-1 630 8.8 49.6 137 41 - - - 62 119 2.8 6.3 Lo 0.2 0.9 1.8 L0
GMD-~1 580 8.8 453 132 42 - - - 59 117 2.7 6.9 Lo 0.2 0.8 1.7 Lo
GVA-1 3,900 6.0 6.7 640 120 0 1000 1000 68 420 9.0 268 91 0.9 0.05 7.0 15
KLA-1 540 6.3 22.3 4.1 5 0 340 340 110 40 4.6 40 48 0.1 0.9 0.09 5.4
KLB-1 1,500 6.2 26.2 4.6 9 0 860 860 150 68 10.4 18 115 0.1 0.4 0.11 13
KLC-1 1,200 6.2 29.1 4.7 9 - - - 147 62 9.5 99 100 0.2 0.3 0.12 12
KLOH-1 1,200 5.8  13.5 2.5 11 - . - 114 41 5.7 94 101 0.1 0.5 0.08 22
LTA-1 4,000 6.0 7.7 48 57 0 1350 1350 47 310 3.5 218 200 ) 0.06 6.0 1.6
MPW-1 555 9.3 3L.7 88 2 19 101 120 120 123 17.5 2.8 Lo L0 21 0.11 LD
RCA-1 400 9.7  33.5 85 . 40 s 31 35 41 80 0.1 11.5 LD Lo 1.2 Lo
RCA-2 400 9.3 33.4 85 40 4 35 39 - - 0.1 11.5 Lo Lo 0.7 1.1 ]
SEA-GT 220 9.6 47 24 14 - - - 48 50 0.4 2.2 Lo LD 0.9 0.57 LD
SEA-1 180 9.3 39.2 18 14 9 43 52 41 40 0.5 2.3 LD Lo 0.7 0.29 LD
SEA-2 - - 46.5 23 18 - - - 49 51 0.7 2.1 LD Lo 0.8 0.37 LD
SEB-1 200 9.4 424 21 16 1T 43 54 46 46 0.5 1.9 Lo LD 0.8 0.3 (D
SEC-1 140 9.3 8.2 14 13 6 44 50 37 32 0.5 2.1 Lo LD 0.6 0.26 LD
SED-1 170 9.3 31.0 16 13 7 4 51 38 35 0.5 3.5 0.1 Lo 0.6 0.32 LD
SED-2 - - 2.7 18 15 - - - 40 40 1.0 3.5 0.1 Lo 0.6 0.31 LD
SMA-2 2,200 8.5 50.0 480 16 0 2 22 51 325 5.2 68 0.4 0.4 o6 7.3 Lo
SPA-1 220 8.5 40.8 8 12 13 30 43 47 43 Lo 4.2 0.1 Lo 0.4 0.6 LD
THDH-1 - - 18 - 6 - - - 53 50 1.2 10 5 Lo - - .4
YKH-1 215 - 28.3 4.5 2 - - - 23 52 0.5 1.8 LD LD 1.2 0.2 LD
BKA-1 820 7.9 42 - 90 - - - - 174 11 5.7 0.1 0.5 - - LD
BKB-1 780 8.0 40 - 78 - - - - 154 9 5.8 0.2 0.4 - - Lo
KNB-1 - 8.2 - - LD - - - - 670 70 185 67 3.9 R R 7.2
KND~1 3,200 8.2 - - LD - - - - 700 73 197 74 4,1 - - 7.5
Detection Limit 1 2 1 1 1 1 1 0.1 0.02 0.1 0.1 0.02  0.05 0.5

*Table explanation on following page.
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Table 3-2 Explanation

The table of chemical analyses, includes conductivity (Cond), pH, temperature (Temp),
chloride (Cl), sulfate (S04), alkalinity (Alk), silica (Si09), sodium (Na), potassium (K), calcium
(Ca), magnesium (Mg), lithium (Li), flouride (F), bromide (Br), and iron (Fe). All analyses
were conducted in the Division of Geology and Earth Resources’ geochemistry laboratory.
(1)- Temperature is °C.

(2) - Conductivity is measured in umhos/cm.

(3) - All other analyses are listed as parts per million (ppm), approximately equivalent to
milligrams per liter (mg/1).

(4)- “LD” means less than detection limit. The detection limits for the various chemical
species are listed in the last row of the table.

(5) - Dashes indicate that analyses were not performed.

(6) - For alkalinity, the Phenolphthalein (P), Brom Cresol Green—«Methyl Red (B), and total
alkalinity (T) are listed separately and are represented as mg/l Ca COg.

(7) - Baker and Kennedy Hot Springs samples were collected in 1978. Ths results are in-

cluded here because this is the first analyses of these waters by the Division.
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Table 3-3 - Thermal and Mineral Spring Chemistry, 1978-1980, Analyses from Division of Geology and Earth
Resources Laboratory (See Explanation for Table 3-2)

I.D. T Cond pH Cl S04  8i0» Na K Ca Mg Li Br I
BVA-2 36.2 805 8.2 196 8 50 160 1 31 0.5 1.0 1.2 0.01
BVB-2 29.2 790 - - 78 50 146 28 0.5 - - -
GEA-1 9.5 2700 6.0 192 4 100 269 10 171 92 0.06 2.4 0.04
LSA-1 48.4 520 - 215 30 67 104 3 7 LD 0.35 - -
LSE-1 45 - - 200 - 67 98 2 12 LD 0.33 - -
LSF-1 45 - - 200 - 66 112 3 8 0.2 0.33 - -
LMA-1 22.0 5400 6.0 876 40 112 508 43 460 150 1.9 5.3 0.05
LMB~-1 13.3 600 5.2 63 5 31 50 4 43 15.3 0.1 0.4 LD
LMC-1 25.1 6550 6.2 1204 - 141 645 51 582 - 2.4 6.2 0.04
LMD-1 11.2 1920 5.8 112 - 82 72 10 210 42 0.3 0.7 LD
LME-1 11 - - 324 - 98 184 19 262 63 0.8 1.8 0.02
LMF-1 19.1 6000 6.6 915 - 128 568 44 520 153 2.1 5.4 0.04
LMG-1 22 - 946 - 102 555 43 500 - 2.1 5.4 0.03
MCA-1 8.7 300 7.4 - - 37 70 - 3 0.3 0.3 - -
NSA-1 17.5 380 - - - 51 76 - 4 0.6 LD - -
NSB-1 19 390 - - - 52 82 - 5 1.7 LD - -
OHA-1 39.5 4400 - 1010 175 106 895 47 68 5.1 2.81 - -
OHB-1 45.0 4500 - 1000 - 107 889 47 65 4.9 2.83 - -
OHC-1 43.6 - - 987 - 108 825 44 64 4.9 2.82 - -
OHD-1 50.1 4650 - 1030 165 107 895 50 64 4.9 2.82 - -
OHG-1 47.8 - - 1050 175 106 895 48 58 4.7 2.80 - -
OHH-1 30.6 - - 978 - 98 870 46 69 5.5 2.75 - -
0CA-1 21.7 175 - 28 LD 29 -29 9 3 LD LD - -

SMA-1 32 2350 - 756 - 57 360 6 73 0.5 0.3 4.5 0.02
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Table 3-3 - Thermal and Mineral Spring Chemistry, 1978-1980. Analyses from Division of Geology and Earth
Resources Laboratory, (See Explanation for Table 3-2) (Continued)

1.D. T Cond pH Cl S0, Si0y Na K Ca Mg Li Br 1
SDA-1 34 355 9.2 20 - 64 81 1 3 LD 0.1 0.2 0.01
SDB-1 50 342 9.2 18 - 65 75 1 1 LD 0.1 0.2 0.01
spc-1 40 345 9.2 19 - 64 79 1 1 LD 0.1 0.2 0.0l
SDD-1 46 305 9.2 18 - 58 75 1 2 LD 0.1 0.2 0.01
SBA-1 5.3 110 - - T~ 47 17 - 8 2.8 - - -
SBB-1 8.1 120 - - - 28 9 - 5 2.4 - - -
SCA-1 11.6 8500 - 1620 2 104 1684 73 240 100 5.52 - -
SCB-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 LD
YMW-1 22.2 - - 87 - 66 101 9 6 0.3 LD 0.6 LD
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Table 3-4 -~ Thermal and Mineral Spring Chemistry, 1978-1980., Analyses from Battelle Northwest Laboratory.

I.D. T Cond pH C1l
BKA-1 42 820 7.93 109
BKB-1 780 7.96 99
KNB~-1 - - 622
KNC-1 700 8.30 -
KND-1 3200 8.17 626
LMB 13 600 6.89 69
OLM-1 320 8.95 10
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

(See Explanation for Table 3-2)

HCO3 CO03 S04 Si09
157 0 95 125
124 0 90 90
- - - 180
291 0 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 Mg Li F B
179 11.8 5.8 0.2 0.4 3.0 3.1
154 10.5 5.9 0.3 0.3 3.0 2.7
728 128 184 60 4.4 - 9.5

- - - - - l.O
741 132 187 62 4.8 1.0 9.7

47 15.5 58 18 0.1 3.0 0.2

60 - 1.2 0.01 .03 1.0 0.8

62 2.4 1.0 0.01 0.03 - 0.8

75 2.2 1.3 0.01 0.1 1.0 1.3

74 2.6 1.1 0.01 0.1 1.0 1.3
102 2.8 1.6 0.01 0.1 3.0 0.6
292 79 222 3.2 1.2 1.0 3.0



Analyses for other Washington thermal and mineral springs conducted by the U.S.
Geological Survey are listed in Table 3-5. Sources include the published reports by Newcomb
(1972) and Cline (1976) and open file information from R. Mariner and 1. Barnes.

Table 3-6 is a list of all springs in tables 3-2, 3-3, 3-4, and 3-5, with temperature infor-
mation and the results of applied geothermometers. The references for equations used to
calculate these predicted reservoir equilibrium temperatures are listed in the next section
(see Discussion).

All known thermal and mineral springs in Washington State are listed in Table 3-7.
All avaijlable information on maximum temperature, conductivity, estimated flow, and loca-
tion for each of the systems has been included.

Figure 3-1 is a tri-linear plot of percentage reacting anions, divided into bicarbonate,
chloride, and sulfate.

Discussion

Most of the discussion of geochemical results is presented in the section on individual
spring systems. Table 3-6 summarizes much of the data manipulation, including the results
of various geothermometers. Many assumptions are- made when applying various geothermo-
meters. Any reader unfamiliar with the assumptions and limitations of geothermometers should
consult the references before relying on the results. Formulas used to calculate the geother-

mometer values from chemical concentrations are as follows:

Silica - Quartz T, = 1309 - 273
* 519 - Tog (5102)
Chalcedony Tc = 1032 - 273
4.89 - Tog (SiGZ)
Na/Li T.. = 1000 - 273
. Lt Tog (Na/Li) - 0.14
Na-K-Ca Toge = 1647 - 273

Tog (Na/K x 1.7) + 1/3 log (115Ca/Na) + 2.24)

o

10.66 - 4.7415(R) + 325.87(log R)" - 1.032 x 10° (log R)"/T

Magnesium Correction ngv

1.968 x 10 (Tog R)"/T° + 1.605 x 10 (log R)*/T"

Where T = Temperature in “K from Na-K-Ca geothermometer (T, + 2737)

AL

R = 3134(Mg)
9.74(K) + 19.01(Ca) + 31.34(Mg)
Na-K-Ca-Mg T g ™ Toae ™ Tge

-21-
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Table 3-5; - USGS Analyses of Washington Thermal and Mineral Springs

Part 1. Analyses from Robert Mariner, U.S. Geological Survey, for samples collected from

1977 to 1980.

Spring Name T pH c1 atk S0 510, Na K Ca Mg i F B Fe
Kennedy 35 6.27 625 1660 2 175 670 72 190 48 3.5 1.2 7.5 3.0
Garland 29 6.46 3600 2600 160 105 2500 200 390 87 9.4 1.6 64 5.4
Ohanapecosh 48 6.8 880 1060 170 100 920 52 60 4.9 2.9 52 12 0.04
Longnire 19 6.35 810 2700 41 125 580 46 540 170 2.2 0.4 3.7 11
Bumping R. 5 6.22 190 1910 1 95 200 5.2 380 52  0.40 1.2 2.2 15
Goose Egg 10 6.25 150 1530 2 92 260 9.2 170 100 0.0 0.15 0.16 18
Sunmit Cr. 11 6.24 1450 1610 LD 100 1750 85 200 93 5.8 0.24 50 —
Klickitat 22 5.89 4.2 1070 2 140 64 10 120 100 —  0.3% LD —
Green R. 10 6.58 1250 2716 2 94 1350 79 220 93 —  0.45 28 -
Pigeon 8 8.3% 22000 18 280 9.2 6100 — 7100 5.5 = = 3.0 —
Gov. Bubbling Mike 15 6.41 820 ‘1610 170 75 585 14 360 100 1.0 .16 21 0.06
Gov. Iron Mike Well 18 6.0 570 1250 120 65 420 9.1 260 80 6 .12 15 13
Gov. Iron Mike Well 6 5.97 550 1230 120 64 20 9 260 75 - a2 15 —
Gov. Iron Mike Hell —  — 575 —~ 130 - - - 295 76 - - 17 -
Green River BN — 6.47 1250 1585 1 96 1320 90 286 24 3.3 .42 25 .25
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Table 3-5 - USGS Analyses of Washington Thermal and Mineral Springs

Part 2. Analyses reported in Newcomb (1972)

Spring Name T 1 atk 9% S0 wa ok ca Mg Li  F  Br Fe
Klickitat Mineral Well 27 6.4 1060 3.4 129 63 10 120 106 — 0.4 — 11
Klickitat Mineral Well 23 3.2 284 0.0 89 30 ~ 27 25 — 1.1 — 2.8
Part 3. Analyses reported in Cline (1976)

Spring Name T C1 akt 304 510wy ca Mg Li F  Br __ Fe
Fish Hatchery Warm 23.8 49 1130 2.6 — 160 16 110 95 — 0.4 — 2.2
McCormick Soda 9.5 150 806 2.6 — 130 2.2 120 78 — 0.2 — 19
Klickitat Meadow Soda 13.8 1.0 279 0;8 — 100 3.5 2.7 0.4 - 0,5 — 0.07
Castile Soda 12.2 92 951 2.2 — 150 16 97 86 — 0.3 — 23



Table 3-6. — Predicted reservoir equilibrium temperatures from selected Washington springs
and wells. (See text for explanation)

Si0 Si0

Mg-Corr. 2 2
Name Temp.(OC) Na-K-Ca  Mg-Corr. Na-K-Ca Na/Li Quartz Chalc.
Part 1. Division of Geology Spring Chemistry

AHA-1 Ahtanum Soda 12.6 170 159 11 - 141 115
BHW-1 Blockhouse Well 12.4 166 163 4 125 137 111
BKA-1 Baker 42.0 168 0 168 143 - -
BKA-1 Baker 42.0 170 0 170 125 150 125
BKB-1 Baker 40.0 169 7 162 116 131 104
BKB-1 Baker 40.0 162 1 161 136 - -
BRA-1 Bumping River Soda 9.7 91 5 85 120 138 112
BVA-2 Bonneville 36.2 65 0 65 53 102 72
BVA-3 Bonneville 36.3 69 0 69 - 102 72
BVB-2 Bonneville 29.2 - - - - 102 72
BVDH-1 Bonneville 27.7 85 0 85 . - 74 42
BVDH-2 Bonneville 28.2 68 0 68 - 85 59
EPW~-1 Ephrata Well 32.0 178 159 19 - 114 85
FGA-1 Flaming Geyser 10.1 145 126 19 - 86 55
FGW-1 Flaming Geyser 12.1 111 82 29 8 45 13
GEA-1 Goose Egg Soda 9.5 C 124 98 26 - 137 111
GMA-1 Goldmeyer : 47.5 119 0 119 105 111 82
GMC-1 Goldmeyer 49.6 117 0 117 107 112 83
GMD~-1 Goldmeyer 45.3 115 0 115 108 110 80
GVA-1 Government 6.7 105 57 48 122 117 88
KLA-1 Klickitat Mineral 22.3 157 152 5 133 143 117
KLB-1 Klickitat Mineral 26.2 171 165 7 98 162 138
KLC-1 Klickitat Mineral 29.1 171 165 6 152 160 136
KLDH-1 Klickitat D/Hole 13.5 160 154 6 131 145 119
KNB~1 Kennedy - 188 141 47 204 - -
KNB-1 Kennedy 38.0 221 155 66 208 173 151
KND-1 Kennedy 38.0 222 156 66 215 173 151
KND-1 Kennedy - 188 143 45 205 - -
LMA-1 Longmire 22.0 - 164 120 44 164 144 118
LMB-0 Longmire 13.0 215 158 57 122 - -
LMB-1 Longmire 13.3 143 102 41 118 81 50
LMC-1 Longmire 25.1 162 - - 164 157 133
LMD-1 Longmire 11.2 162 92 70 173 126 99
LME-1 Longmire 11.0 161 101 60 177 136 109
LMF-1 Longmire 19.1 160 111 49 163 152 126
iMG-1 Longmire 22.0 160 - - 165 138 112
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Table 3-6. — Predicted reservoir equilibrium temperatures from selected Washington springs
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and wells. (See text for explanation) Cont'd
Mg-Corr. 510, 510
Name Temp. (°C) Na-K-Ca  Mg-Corr. Na-K-Ca Na/Li Quartz Chalc.
Part 1. Division of Geology Spring Chemistry

LSA-1 Lester 48.4 122 0 122 156 116 87
LSE-1 Lester 45,0 104 104 156 116 87
LSF-1 Lester 45.0 119 119 145 115 86
LTA-1 Little Soda 7.7 80 56 24 - 99 69
MCA-1 Medicine Creek 8.7 - - - 176 88 57
MPW-1 Miocene Petroleum 31.7 214 0 214 - 148 122
NSA-1 Newskah 17.5 - - - - 103 - 73
NSB-1 Newskah 19.0 - - - - 104 74
0CA-1 Orr Creek 21.7 233 0 233 - 78 47
QOHA-1 Ohanapecosh 39.5 165 26 139 150 141 114
OHB-1 Ohanapecosh 45.0 166 26 139 151 141 115
QHC-1 Ohanapecosh 43.6 165 27 138 157 142 115
OHD-1 Ohanapecosh 50.1 169 28 141 150 141 115
OHG-1 Ohanapecosh 47.8 168 29 139 150 141 114
OHH-1 Ohanapecosh 30.6 165 29 136 151 136 109
OLA-1 Olympic 49.0 - - - - 125 97
OLB-1 Olympic 49.0 142 0 142 - - -
"RCA-1 Rock Creek 33.5 21 0 21 - 93 62
RCA-2 Rock Creek 33.4 - - - - 93 62
SBA-1 Studebaker 5.3 - - - - 99 69
SBB-1 Studebaker 8.1 - - - - 77 45
SCA-1 Summit Creek 11.6 156 119 37 154 139 113
SCB-1 Summit Creek 9.7 155 140 15 157 79 48
S0-1  Sol Duc 50.0 130 0 130 93 125 97
SD-2  Sol Duc 50.0 139 0 139 93 - -
SDA-1  Sol Duc 34.0 92 0 92 88 114 85
SDB-1 Sol Duc 50.0 101 0 101 93 115 86
SDC-1  Sol Duc 40.0 99 0 99 90 114 85
SDD-1  Sol Duc 40.0 97 0 97 93 109 80
SEA-1 Scenic 39.2 86 0 86 - 93 62
SEA-2  Scenic 46.5 93 0 93 - 101 71
SEB-1 Scenic 42.4 84 0 84 - 98 68
SEC-1 Scenic 28.2 92 0 92 - 88 57
SED-1 Scenic 31.0 87 0 87 - 89 59
SED-2 Scenic 32.7 109 0 109 - 92 61
SEGT  Scenic 47.0 74 0 74 - 100 70



Table 3-6. — Predicted reservoir equilibrium temperatures from selected Washington springs
and wells. (See text for explanation) Cont'd

Si0 Si0

' Mg-Corr. 2 2
Name Temp. (°C) Na-K-Ca Mg-Corr. Na-K-Ca Na/Li Quartz Chalc.
Part 1. Division of Geology Spring Chemistry

SFA-1 Sulphur Creek 37.0 130 0 130 76 137 111
SMA-1 St. Martins 32.0 102 o 102 . 67 108 79
SMA-2 St. Martins 50.0 100 0 100 88 103 73
SPA-1 Shipherds 40.8 53 0 53 - 99 69
SRA-1 Suiattle River Seep 227 3 224 172 69 37
TWA-1 Tieton Willows D/H 18.0 103 69 T 34 - 105 75
YKW-1 Yakima Creamery W 28.3 82 0 82 - 69 37
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Table 3-6. - Predicted reservoir equilibrium temperatures from selected Washington springs
and wells. (See text for explanation)

Mg-Corr. 310, 310,
Name Temp.(°C) Na-K-Ca Mg-Corr. Na-K-Ca Na/Li Quartz Chalc.
Part 2. — U.S. Geological Survey Spring Chemistry

Baker 44.0 162 0 162 122 139 112
Bonneville 36.0 64 0 64 - 98 68
Bumping River Soda 5.0 92 0 92 95 135 108
Castile Soda 12.2 168 159 9 - - -
Fish Hatchery Warm 23.8 165 155 10 - - -
Gamma 65.0 216 18 198 199 157 . 133
Garland 29.0 191 110 80 165 140 114
Garland 24.0 185 104 80 163 134 107
Goldmeyer 50.0 118 0 118 - 107 78
Goose Egg Soda 10.0 122 98 23 - 133 106
Gov't Bubbling Mike 15.0 112 56 56 108 122 94
Gov't Iron Mike Well ~ 18.0 106 53 53 111 115 86
Gov't Iron Mike Well 6.0 105 50 56 - 114 85
Gov't Iron Mike Well - - - - - - -
Green River Soda 16.0 . 166 128 38 - 136 109
Green River Soda 10.0 168 130 - 37 - 134 107
Kennedy 35.0 189 121 69 194 17 149
Klickitat Meadow Soda 13.8 137 27 110 - - -
Klickitat Mineral Well 27.0 172 163 9 - 152 127
Klickitat Mineral Well 23.0 - - - - 131 104
Klickitat Mineral Well 22.0 171 162 10 - 157 133
Little Wenatchee Ford 9.0 205 106 99 - 140 114
Little Wenatchee Soda 7.0 153 72 82 - 9N 60
Longmire 19.0 161 116 46 165 150 125
McCormick Soda 9.5 87 58 29 - - -
Ohanapecosh . 48.0 171 30 140 151 137 11
Olympic 48.5 106 0 106 - 115 86
Pigeon Mineral 8.0 - - - - 37 4
Scenic 47.0 88 0 88 - 96 66
Sol Duc 51.0 101 0 101 - m 81
St. Martins 48.0 104 0 104 64 100 70
Summit Creek Soda 11.0 162 121 42 154 137 11

_27-



.—82.—

Table 3.7 = Basic Data for Thermal and Mineral Springs of Washington State

COUNTY SPRING NAME
Chelan
Medicine Spring
Little Wenatchee Soda Spring
Little Wenatchee Ford Soda Spring
Clallam
Olympic Hot Springs
Sol Duc Hot Springs
Piedmont Sulfur Spring
Cowlitz

Pigeon Springs

Green River Soda Springs

Grays Harbor
Newskah Mineral Springs

King
Lester Hot Springs

Diamond Mineral Spring

Estimated(2)
Conductivity

21N

Location Temperature(l) Flow
T, R, Sec , °C 1/min umhos/cm
26N 18E 13D C
278  15E 108 7°
28N  13E 14 9°
29N 8W 28B 40°- 48° 500 320
29N 9w 32 23°- 50° 560 350
30N A 11 C
N 1E 36BA 8°
10N 4F 2A 13°- 25°
16N 9w 9 16°~ 19° 400 400
20N 10E 21 40° - 49° 200 520
6E 21C 11°
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COUNTY

King (cont.)

Kitsap

Kittitas

Klickitat

SPRING NAME

Flaming Geyser Springs
Goldmeyer Hot Springs
Ravenna Park Sulfur Spring
Skykomish Soda Springs
Money Creek Soda Springs

Scenic Hot Springs

Bremerton Sulphur Spring

Medicine Creek Mineral Spring

Klickitat Mineral Springs
Blockhouse Mineral Springs
Klickitat Soda Springs

Fish Hatch Warm Spring

Location
21N 6F
23N 11E
25N 4E
26N 11E
26N 11E
26N 13E
24N 1E
21N 17E

4N 13E

4N 15E
5N 13E
6N 13E

Temperature(l)
Sec . °C
27DD 12°
148 46° - 53°
9 C
27B C
30D C
28D 23° - 50°
3AD C
22CD 9°
23, 24 18° - 32°
9C 12° - 16°
25AD 15° - 17°
4AD 24°

Estimated(2)

Flow Conductivity
1/min umhos/cm
10 22,000
500 630
110 200
6 300
1,500
0 - 40 700
15 1,660
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Estimated(2)

Location Temperature(l) Flow Conductivity

COUNTY SPRING NAME T. R- Sec . °C 1/min umhos/cm
Lewis

Vance Mineral Spring 12N 7E 22CB C

Alpha Mineral Spring 13N 2E 5 C

Packwood Hot Spring 13N 9E 32 38°

Packwood Mineral Well(Spring) 13N  10E 6B C 0

Ohanapecosh Hot Springs 14N  10E 4B 50° 110 4,650

Summit Creek Soda Springs 14N  11E 18CA 12° 100 8,500
Okanogan

Poison Lake 39N 27E 5D 40° - 50° (?)

Hot Lake 40N  27E 18A  40° - 50° (?)
Pierce

St. Andrews Soda Spring 15N 7E 1 C

Longmire Mineral Springs 15N 8E 29D 12° - 25° 250 6,500

Mt. Rainier Fumaroles 16N 8E 23 52° - 72°
Skamania

Bonneville Hot Springs 2N 7E 16C  28° - 36° 80 800

Rock Creek Hot Springs 3N 7E 27AB 34° 20 400



COUNTY

SPRING NAME

Skamania (cont.)

Snohomish

Walla Walla

St. Martin Hot Springs
Shipherds Hot Springs
Collins Hot Springs

Little Soda Spring
Government Mineral Springs
Mt. St. Helens Fumaroles

Orr Creek Warm Springs

Garland Mineral Springss
Kennedy Hot Springs

Gamma Hot Springs

Suiattle River Mineral Seep

Sulphur Creek Hot Springs

Warm Springs Canyon Warm Spring

Location
I. R.
3N 8E
3N 8E
3N 9E
4N 7E
5N 7E
8N 5E
10N 10E
28N 11E
30N 12E
3IN  13E
3IN 15E
328 13E
6N  32E

Temperature(l)
Sec . °C
21DD 48° - 53°
21DB 30° - 45°
31¢ 40° = 50° (?)
5D 8°
31 5° - 18°
4 88° - 800°
19A 19° - 22°
258 24° - 29°
1A 38°
24D 65°
18A 10°
19A 37°
2D 22°

Estimated(2)

Flow Conductivity
1/min umhos/cm
65 2,200
100 220
100 4,000
200 3,900
100 180
100
60 3,400
15 2,800
8 2,350
10 500
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COUNTY SPRING NAME

Whatcom

Dorr Fumarole Field
Sherman Crater Fumaroles

Baker Hot Springs

Yakima
Mt. Adams Fumaroles
Soda Spring Creek Soda Spring
Castile Soda Springs
McCormick Meadow Soda Springs
Klickitat Meadow Soda Springs
Simcoe Soda Springs
Ahtanum Soda Springs
Goose Egg Soda Spring
Indian Mineral Springs
Little Rattlesnake Soda Springs
Bumping River Soda Springs
(L)

(2)

Location
I. R.
38N 8E
38N 8E
38N 9E
8N 10E
9N 12E
9N 13E
11N 12E
11N 13E
11N 15E
12N 15E
14N 14E
15N 12E
iSN 14E
17N 13E

Temperature(l)
o

Sec . C

17BB 90°
19AC  90° - 130°
20C 40° - 44°

1 + 50°
35AB C
18CD 12°
24CA 10°

4DB 14°

9C + 20°

8 10° - 14°
33¢C 10°
10AA C

34 C
34BB 10°

Estimated(2)

Flow Conductivity
1/min umhos/cm
820
1,800
8 1,500
25 440
500 1,100
80 2,700
8 2,750

The letter designation "C" indicates that the temperature of the spring is cold (less than 18° C), but an

exact temperature is not known or has not been reported.
indicate that seasonal variations have been observed, that different spring orifices within the same system

produce that range of temperature, or both.

When temperature ranges are reported, they may

The flows reported are rough estimates and represent the total flow from all springs within the system.
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All geothermometer temperatures are in degrees Celsius and cation concentrations are in

parts per million. References for these geothermometers are listed below.

Fournier and Potter, 1979

'

Silica-Quartz (Tq)

Chalcedony (T,) - Fournier and Potter, A1979
Na/Li (T - Fouillac and Michard, 1981
Na-K-Ca (T 41) - Fournier and Truesdell, 1973

Mg correction (T - Fournier and Potter, 1979

m)

Individual Spring System Investigations

This section contains reports on 9 individual spring systems or groups of springs. Each
report has been divided into five sections: an Introduction, which describes @hections to reach
the area and land ownership information; Geothermal Features, where spring statistics, che-
mistry, and geothermometer results are presented; Geology, where available geologic infor-
mation, both regional and site specific, is summarized; Heat Flow, which discusses available
information on nearby temperature gradients, thermal conductivities, and heat flow; Vand
Comments, in which the author examines the available information and presents conjectures
and interpretations.

Chemical analyses for the springs are presented in Table 3-2. The geothermometer re-
sults, listed in each individual report, are compiled in Table 3-6. Thermal conductivities are
presented as W/m-K (watts per meter per degree Kelvin), and heat flows are presented as
mW/m2 (milliWatts per square meter).

Some springs are described in greater detail than others. This results from the avail-
ability of published information and the realtive time spent studying the spring systems in

the field.
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Ahtanum Soda Springs
T.12N,R.15E, Sec. 3,4, 8,9,17,18

Pine Mountain (1971) 7.5' U.S.G.S. Quad

The Ahtanum Soda Springs area is reached by following the Ahtanum Road (A1000)
west from Union Gap, past Tampico, and along the North Fork of Ahtanum Creek on the Middle
Fork Road (A2000). The area of interest is located along the North Fork of Ahtanum Creek
between the mouths of two tributaries, Nasty Creek to the northeast and Foundation Creek
to the southwest. The valley is a patchwork of private ownership, and the surrounding area is

both state and private ownership, with checkerboard distribution.

Geothermal Features

Several hundred iron and carbon dioxide rich mineral springs and seeps flow from alluvium
throughout this section of the North Fork Ahtanum River valley, with a high concentration of
springs in the SW¥% of Section 8. The main spring at an old mineral water resort along the high-
way is actually a dug well which flows artesian. The well was sunk on the site of a preexisting
spring, and was fitted with a well head, porcelain sink, faucet, and catch basin. The water has
a temperature of 12.6°C, with a conductivity of 1,100 umhos/cm and a pH of 5.6 units. Analysis

AHA-1 in Table 3-2 is from this well.

A 125 foot well was drilled between 1956 and 1958 on the property to the south of the
old resort. Several different iron-stained soda water aquifers were encountered, according to
the owner, the shallowest reached at 3 meters depth. The well still flows artesian, presumably
from several of the different zones. The water has a temperature of 11.8°C. with a conductivity

of 1,450 umhos/cm,

Several other springs were examined within the valley, all of which had temperatures

and conductivities in the same range as those for the well.
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The spring waters are COy saturated bicarbonate, with very little chloride and relatively
low sulfate. The silica and potassium/sodium ratio are moderately high, but so is the mag-
nesium. The Li concentration is below the detection limit. The iron concentration, at 47 ppm,
was the highest yet observed for a mineral spring in Washington. Using the analyses for sample

AHA-1, geothermometers predict the following reservoir equilibrium temperatures:

Geothermometer AHA-1
Measured Temperature 12.6°¢C
Na-K~Ca 170

Mg Correction -159
Na-K~Ca-Mg 11
Na/Li —
S:'LO2 Quartz 141
SiO2 Chalcedony 115

Geology

The Ahtanum Valley is cut into Grande Ronde basalt flows. The Grande Ronde Form-
ation, composed of basalts of Miocene age, represent the thickest and one of the oldest form-
ations of the Columbia River Basalt Group. Preliminary reconnaissance mapping of the area
(Swanson and others, 1979), shows considerable structure, striking northeast, exposed on the
ridges north and south of the valley, but nothing in the valley itself. A high angle fault with a
downdrop to the northwest occurs to the north, just below the ridge crest which separates
Ahtanum and Nasty Creeks. Between Ahtanum Creek and Sedge Ridge to the southeast, the
axis of a syncline and the trace of a high angle fault with downdrop to the northwest have
been mapped. It is suspected that another high angle fault passes through the valley bottom,
parallel to the mapped faults. This is suggested by the strike of the valley and the occurence

of the COg-rich springs.
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Heat Flow

No heat flow or temperature gradient information is available for the area near Ahtanum
Soda Springs. On the basis of gradients observed near Yakima and in the Cascades, 20 to 25 km
northeast and 15 to 20 km northwest, respectively, the temperature gradient should be greater
than 50° C/km. Using a thermal conductivity of 1.59 W/m-K for the Columbia River Basalt, the heat

flow should be at least 80 mW/mz.

Comments

The chemical analysis, results of geothermometers, and geologic setting of the area dis-
courage consideration of the Ahtanum Soda Springs as a possible high temperature geothermal
system. In particular, the presence of the high concentration of magnesium, relative absence
of lithium, and lack of nearby young volcanic centers suggest low potential. However, the pre-
sence of COg, a high concentration of silica, and a high reservoir temperature predicted by the
Na-K-Ca geothermometer without the Mg correction, suggests that the geothermal potential
of this system should not be completely dismissed. The next step to further explore this system
should be the drilling of shallow holes for temperature gradient information and sampling of

spring water from below the point where it may be mixing with cooler ground water.
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Bumping River Soda Springs
T.17N.,R.13E., NW% of NW% of Sec. 34.

01d Scab Mtn. (1971) 7.5' USGS Quad.

Soda Spring Campground on the Bumping River is reached by taking U.S. Forest Service
Road 174 about 8 km southwest from its junction with State Route 410. (The two roads inter-
sect near the junction of the American and Bumping Rivers.) The area is part of the Naches

Ranger District of the Wenatchee National Forest.

Geothermal Features

An area of iron stained seeps and springs occurs along the east side of the Bumping River,
about 80 meters north of where a bridge crosses over from the campground. The two main
springs flow from small concrete cisterns which measure about % meter across, and whose tops
are even with the ground level. The south cistern produced only a trickle, with a bit of bubbling
through virtually stagnant water, as observed during the summer of 1981. The other cistern,
located a few meters to the north, flowed at about 10 1/m with a temperature of 9.7°C. and a
conductivity of 2,750 umhos/cm. No information on seasonal variation of flow or temperature
is available. An analysis of water collected from the north cistern is presented in Table 3-2 (see

BRA-1)

The water is CO9 charged bicarbonate, with calcium dominating the cations. The mag-

nesium concentration is relatively high, as is the silica and iron. Geothermometers applied to

results of this analysis predict the following reservoir equilibrium temperatures:
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Geothermometer BRA-1

Measured Temperature 9.7 °¢
Na-K-Ca 91
Mg Correction -5
Na-K-Ca-Mg 85
Na/Li 120
Si02 Quartz 138
SiO2 Chalcedony 112

Geology

Bumping River Soda Springs issue from alluvium of undetermined depth. The river in
this area cuts through andesitic flows and volcaniclastics of the Early Miocene Fifes Peak
Formation. The closest quaternary volcanic centers are located 20 km to the southwest and
17 km to the south-southwest and are' known as the Deep Creek Andesites. These 60-120m
thick platy and blocky jointed flows are older than 140,000 years, but younger than 690,000
years, (Hammond, 1980). No controlling structure has been identified along the Bumping River
in published reports, but the river valley does follow a broad lineament which extends 20 km

from Bumping Lake northeast to the American River.

Heat Flow
No temperature gradient or heat flow information is available for the Bumping River
area. The few wells and mineral exploration holes drilled in the region are either too shallow

or have been destroyed.
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Comments

Spring chemistry suggests that the waters from Bumping River Soda Springs may be
derived from reservoirs with substantially higher temperatures than the cold observed surface
temperature of 9.7°C. While various geothermometers show substantial variation, ranging
from 85 to 138°C, (suggesting mixing or possibly non-equilibrium), Na/Li,‘the geother-
mometer least affected by mixing, predicts 120°C. But this is also the least tested geother-
mometer, and the Li concentration relative to total salinity is quite low. Like the other soda
springs which occur along the eastern flanks of the Cascades, the origin of the water, espec-

ially its CO9, remains a mystery.
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Flaming Geyser Springs
T.21 N, R. 6 E,, SEY of SE¥% of Sec. 27 (DD)

Black Diamond (1968) 7.5' USGS Quad.
Several cold mineral springs and one well are found along the south side of the Green
River within the Flaming Geyser State Park. The Park is reached by taking State Route 18

east from Auburn, and the Green Valley Road east from State Route 18.

Geothermal Features

About ¥ km south of the Green River, along a path which follows Christy Creek on
the east side of the park, a weakly mineralized, bubbling spring flows from a series of seeps,
with a total flow of about 50 1/m. This spring, known as Bubbling Geyser, has a temperature

of 10.1°C and a conductivity of 175 to 180 umhos/cm. The pH is 8.6.

The ditch draining the spring to the river is lined with light gray silty material, pri-
marily fine plagioclase and quartz crystals which are carried up by the spring. Filamentous
bacteria grows from leaves, rocks, and branches in the ditch. A faint sewer-like odor was
detected, proabaly due to decomposition of organics as well as from the organic gases mixed
with the COg bubbling through the spring. Analysis of this spring is presented in table 3-2

(see FGA-1).

At the head of the Christy Creek trail, a coal exploration well was drilled in 1911
with cable tools. Total depth was reported to be 1,403 feet (427.6 meters). The hole was
6 inches in diameter, and produced a significant volume of methane gas but not in commercial
quantities. In 1925, the highly mineralized water which came up with the gas had a reported

temperature of 58.5°F. (about 14.6°C). The well was dynamited in the 1930’s, in an attempt
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to increase the flow of methane, but instead resulted in decreased flow of both water and
gas. Cleaning of the well during the last decade has resulted in a small flow of gas, which, when
lit, produces a “lazy” flame about 20 cm high. The water flows up from around the well
casing, at 12.1°C, with a conductivity of 22,000 umhos/cm and a pH of 7.0. The flow was
very difficult to determine because a small pool surrounds the well casing and drains through
the surrounding rocks, but is probably less than 40 1/m.

The chemistry of these two waters shows a tremendous difference, suggesting that
their aquifers are not related. The spring is a weakly mineralized sodiumv and calcium bicar-
bonate water. The well water is a strongly mineralized sodium chloride, with a moderate
alkalinity, very high bromide, and very low concentrations of lithium, silica, and sulfate.

Geothermometers applied to the waters give the following results:

FGA-1 FGW-1
Geothermometer Bubbling Geyser Flaming Geyser
Measured Temperature 10.1°%¢ 12.1°%
Na-K-Ca 145 111
Mg Correction 126 82
Na-K~Ca-Mg 19 29
Na/Li —— 8
SiO2 Quartz 86 . 45
810, Chalcedony 55 13

2

Geology

The Flaming Geyser area is underlain by the Puget Group (undivided) of Eocene age.
In this region, the Puget Group is at least 6,200 feet (1900 meters) thick, consisting of fine-
grained to granular, poorly sorted, feldspathic arenite with lesser amounts of siltstone, clay-

stone, and coal. These strata probably formed in an upper delta plain environment (W. M.
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Phillips, personal communication). A roughly north-south striking anticline passes through the
area, with the Flaming Geyser Park very near its apex.

A number of oil and gas wells were drilled throughout the area from the late 1930’
to the early 1960’s. The deepest was drilled to 6000 feet, but did not penetrate through
the Puget Group. Although many of these wells had gas and oil shows, nothing of commercial

quantity has ever been proven.

Heat Flow

No temperaure gradient or heat flow information is available for the area around
Flaming Geyser. The region is suspected to be within a low heat flow region, characterized

by gradients less than 35°C/km and heat flow below 50 mW/mz.

Comments

The chemistry, especially the low geothermometer results, suggest that the spring
and the well water are not part of a geothermal sytem. The brine associated with the methane
gas from the well probably represents connate water, formation water relatively undiluted
by the near-surface ground water. This system is not worth further investigation from a
geothermal standpoint, but no doubt continues to hold the interest of oil and gas explor-

ation geologists.
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Goldmeyer Hot Springs
T.23N,R. 11 E,, NW% Sec. 14

Snoqulamie Pass (1961) 15' USGS Quad.

Goldmeyer Hot Springs are part of a private inholding within the Snoqualmie National
Forest. It is reached by taking Interstate 90 to Tanner, a small town just east of North Bend
(on the west side of Snoqualmie Pass). From Tanner, the Middle Fork Road, U.S. Forest
Road 2445, is followed north and northeast along the Snoqualmie River to U.S. Forest Service
Road 241, which is followed southeast and east along the middle fork. A small parking area
has been established in the vicinity of Bruntboot Creek. From the parking area, a well traveled

trail follows the creek south and east for about 3 km, leading to the hot springs.

Geothermal Features

The hot springs at Goldmeyer, flow from an old mine adit and from several joints in the
bedrock along a % km stretch of the creek. Temperatures range from 40° to 50°C and
conductivities range from 580 to 630 umhos/cm. Most of the seeps and springs have flows of a
few 1/m to about 40 1/m. The main spring by volume, but not by temperature, has a flow of
about 50 I/m and issues from cracks at the back of an old mine adit which reaches about 10
meters into bedrock.

Water samples were collected from three of the springs, and the results of chemical
analyses are presented in Table 3-2. GMA-1 was collected from the main spring flowing from
the mine adit. GMC-1 was collected from a group of springs and seeps on the south side
of the valley about % km upstream from the adit. GMD-1 was collected on the south side of
the valley about 200-250 meters back down the creek from the GMC site, a few tens of meters
up a large unnamed tributary. The country is very rugged, with steep-sided ravines and dense
vegetative cover. There are probably many other thermal springs in the vicinity, but they
are likely to be of smaller size with lower temperatures, or would otherwise have been

popularized by visiting bathers.
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All three analyzed springs have very similar chemistry. The low conductivity and total
salinity are unusual for the relatively high temperature. The waters are primarily sodium
chloride, with moderately high pH and sulfate concentration and very low magnesium con-

centration.Geothermometers applied to water analyses from Goldmeyer are presented below:

Geothermometer GMA-1 GMC-1 GMD-1
Measured Temperature 47.5 °¢ 49.6 °c 45.3 °¢
Na-K-Ca 119 117 115

Mg Correction 0 0 0
Na-K~-Ca-Mg 119 117 115
Na/Li 105 107 108

SiOé Quartz 111 112 110

SiO2 Chalcedony 82 83 80

Geology

Goldmeyer Hot Springs issue from the Snoqualmie batholith, a Miocene granitic intru-
sion about 16 to 18 million years old. Detailed mapping has not been published for this
area, but it appears likely that the springs occur along a contact between quartz monzonite

to the south and granodiorite, the predominant rock type of the batholith, to the north.

Heat Flow

Temperature gradients measured in two mineral exploration holes a few kilometers
northeast of the springs (DDH-1 at T. 23 N.,, R. 11 E., Section 1C, and DDH-2 in Section
10 DC) are 16.2 and 25.2 °C/km, as determined by straight line segments of temperature vs.

depth plots. The holes were uncased, however, and large isothermal zones were measured.
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Heat flows calculated using terrain-corrected gradients for the two holes were 58 mW/m2
for DDH-1 and 56 mW/m2 for DDH-2, but the actual heat flow may be significantly higher.

Using 18.88 ©C measured at the bottom of DDH-2 at 251 meters, and a mean annual
surface temperature of 10 ©C, a gradient of 84 © C/km is calculated. A more likely surface
temperature for the area is 6° to 8°, which would produce caluculated gradients of about
43 to 51 °C/km. If the measured thermal conductivity value of 3.083 W/m'K is used with
gradients of 35 to 50 °C/km, heat flow values of 107 to 152 mW/m2 are obtained. If a 26
percent terrain correction is applied, the heat flows are still substantially high, with values
of 80 to 114 mW/m?2,

At Alpental and Snoqualmie Summit, 7 to 8 km to the south-southwest, two 150m-
deep, cased temperature gradient holes were drilled by the Division (see chapter on heat flow
drilling). Both holes had gradients (calculated and observed) of about 16 °C/km. Heat flow
for the Snoqualmie Summit hole, using a thermal conductivity of 2.97 W/m-K, is 49 mW/m2,
corrected to 44 mW/m2 with terrain considerations. The Alpental hole produced an uncorr-

ected heat flow of 59 mW/mz, using a thermal conductivity of 3.69 W/m-K,

Comments

Because of the relatively good agreement between the different geothermometers, the
equilibrium reservoir temperature for the system is likely to be in the range of 110 to 120°C.
Because the batholith is more than 15 million years old, cooling of the intrusive cannot be
the source of heat. There is no recognized evidence of Pliocene or Pleistocene magmatic
activity in the area, The hot waters are probably deep-circulating fluids in a moderate temp-

erature gradient and heat flow region.
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Government Mineral and Little Soda Springs
Skamania County
T.5N,R.7E, NW¥4, Sec. 31, and T.4 N, R. 7TE,, NW!%, Sec.b

Wind River 1957, 15' USGS Quad

Located within the Wind River valley, Government Mineral Springs and Little Soda
Springs are reached by taking the Wind River Highway (U.S. Forest Service Road 30) north
from the town of Carson in the Columbia Gorge. Government Mineral Springs are located
along the south side of Trapper Creek, within a campground at the end of Road 30. Little
Soda Springs occur within a swampy area west of the Wind River, in a campground reached by
taking Road N511 south from its intersection with Road 30. The Wind River Fish Hatchery
is located across the river and can be seen from the Little Soda Spring. The two areas, separ-

ated by about 2.2 km, are within the Gifford Pinchot National Forest.

Geothermal Features

At Government Springs, on the south side of Trapper Creek, cool orange-tinted mineral
water flows into a ditch which parallels and eventually joins Trapper Creek. The hundreds
of individual spring orifices are usually under water, and are marked by slow to vigorous
bubbling along the bottom of the iron-stained ditch. It was not possible to collect uncontam-
inated samples of the individual springs during the spring of 1981. Separate areas of springs
have been given names by past investigators, including Iron Mike and Little Mike Soda Springs,
but the area appeared to the author as a single continuous spring system. Water temperatures
ranged from 5.7° to 6.5°C., with conductivities of 700 to 8,900 umhos/cm. A shallow well of
unknown depth was drilled several decades ago, and is known as Iron Mike Well. A hand pump
brings up cold (6.7°C) CO9 charged, iron-stained water with a conductivity of 3,900
umhos/cm. The water is slightly acidic with a pH of 5.5 to 6.0. There is no noticeable odor
associated with any of the springs, and green algae mats cover the bottoms of the quieter pools

within the drainage.
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Little Soda Springs issue from numerous bubbling orifices along the bottom of a large
water-filled depression in a creek drainage. One orifice was located just above the water line
of the pond, and permitted the collection of a water sample. The water temperature was
7.7°C, with a conductivity of 4000 umhos/cm and pH of about 6.0.

Most of the orifices produced only periodic bubbling and a faint HoS smell. It is sus-
pected that the HoS originates from anaerobic decomposition of organic material within the
muds of the pond and surrounding marshy area.

Despite the similarity of temperature, conductivity, and pH for the two spring systems,
substantial differences are noted in the major element analyses. Both are sodium-calcium
bicarbonate-rich waters, but Government has substantially more chloride (by a factor of
13), and more sulfate (by a factor of 2) than Little Soda. In addition, Government has sub-
stantially more silica, potassium, and iron. Both springs have relatively very high bromide
and magnesium, with Little Soda having twice as much magnesium as Government. Lithium

was below the detection limit (less than 0.1 ppm). Geothermometers for these waters give

the following results:

Geothermometer Government Mineral Little Soda
Measured Temperature 6. 7OC 7. 7OC
Na-K-Ca 105 80
Mg-Correction 57 56
Na~K-Ca w/correctibn 48 24

S:i.O2 Quartz 116 99

S:'LO2 Chalcedony 88 69
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Geology

The springs are near three major quaternary volcanic areas, Trout Creek Hill, Indian
Heaven, and the Soda Peaks-Bare Mountain area. Trout Creek Hill, located about 5 km due
south, is a polygenetic shield volcano consisting of olivine basalt flows and at least two cinder
cones near the summit of the hill. Flows from this volcano traveled southeast through the
Wind River Valley about 18 km to the Columbia River. Age of the basalt has been determined
to be about 340,000 years old (Hammond, personal communication).

About 12 km to the east and northeast lie the fissure zones, shield volcanoes, and
cinder cones of Indian Heaven. The closest and most prominent eruptive center is Red Moun-
tain. The age of the youngest cinder cone on this mountain, the South Red Mountain cinder
cone, is between 3,500 and 12,000 years BP. A younger unit, olivine basalt of the Big Lava
Bed, located southeast of Red Mountain, is dated between 450 and 3,500 years BP. Quat-
ernary olivine basalt is also found about 1.5 km east of the springs near Tyee Spring and
along the Wind River, but this is part of the Rush Creek flow which originated about 25 km
to the northeast near Bird Mountain (Hammond, 1980).

About 5 km to the west and northwest, an area of volcanic centers forms several peaks.
A center at Soda Peaks gave rise to a hornblende andesite lava flow thought to be as old as
690,000 years BP. A well preserved scoria cone which sits above the andesite flow at Bare
Mountain is possibly less than 20,000 years old. A basalt flow which originated at West Crater
is probably post glacial, possibly only a few thousand years old (Hammond, 1980). As such,
it may be one of the youngest volcanic units in the Cascades, exclusive of the stratovolcanoes.

Government and Little Soda Springs issue from valley fill, thought to consist of a
combination of alluvial and lacustrine deposits. During the eruption of the olivine basalt
flows from Trout Creek Hill (340,000 years BP), the Wind River Valley was temporarily
dammed, probably at a point east or northeast of Bunker Hill (Wise, 1961). The valley itself
has been eroded into Tertiary volcanics. These highly altered flows and volcaniclastics

are part of the Ohanapecosh Formation of Oligocene age.
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Heat Flow

The closest temperature gradient and heat flow holes are at Trout Cr'eek and Carson.
They suggest the regional gradient may be as high as 85 to 100°C/km, with heat flows greater
than 120 mW/mz. For details, see the Heat Flow discussion for St. Martins Spring, and Chap-

ter 6 of this report.

Comments

| Like so many other cold, CO9-charged mineral and soda springs in the Cascades, results
from geothermometers provide inconsistent predicted temperatures. The waters are dominated
by high Ca and Mg which result in very low predicted reservoir temperatures, but contain relat-
ively high concentrations of Si0y. As a result, the geothermometers should not be too heavily
relied upon. More significant however, is the absence of lithium, suggesting that this is not a
high temperature sytem. The source of the COg, chloride, and high silica is subject to spec-

ulation and remains an unanswered question,
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Klickitat Mineral Springs
T.4 N, R.13 E,, Sections 23 & 24

Klickitat (1957) 15 'USGS Quad

Mineral springs and leaky well casings from the abandoned Gas Ice Corporation works
produce numerous warm water emanations along the Klickitat River northeast of the town
of Klickitat. The area is reached by taking State Route 142 north and east from Klickitat
for about 8 km. Most of the land within the valley around the springs and wells belongs

to the State of Washington, under the control of the Department of Game.

Geothermal Features

Over a 3 to 4 km stretch of the Klickitat River, warm, iron rich, COg super-charged
waters issue from alluvium along the river and, in a few cases, from basalt exposed a few
tens of meters (in elevation) above the valley floor. Most of the warm water flows from around
well casings or through open wells drilled by the Gas Ice Corporation between 1910 and 1930.
Gas Ice Corporation was at one time the leading supplier of dry ice to the west coast area.
They were in operation up to a few decades ago, and the wells and structures have been de-
teriorating since.

The springs have temperatures of 14° to 24°C, and the wells range up to 30°C. The
warmest wells were found in the main well field on the east side of the river, across and north-
east from the remaining stone building. The wells are reported to have been drilled 300 to 400
feet deep in the area.

The most interesting well was found on the west side of the river, about 100 meters
northwest of the stone structure. Every 20 minutes, plus or minus a few minutes, soda water
begins to fountain from the pipe. Within a few minutes of the start, the “‘geyser” builds to a
maximum height of about 2% meters. The temperature reached 26.2°C, and a mild HoS odor
could be detected. The peak flow lasted a few minutes, then slowly declined, coming to a total

cessation of flow about 10 minutes after the fountaining had begun. Observations of two
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additional fountaining cycles for this well showed that timing, height, and duration of flow
varied significantly.

This surging of flow was observed at other wells, with periods of increased flow followed
by declines and even complete cessation, but the well described above was by far the most sig-
nificant. Water sample KLB was collected from the ‘“‘geyser”. The other samples from Klickitat
presented in Tables 3-2 are KLA, from a spring on the west side of the road (west side of the
river) at the northern extension of the well field, and KLC, one of the warmest of the leaky
well casings on the east side of the river within the main well field. KLDH was collected
from a temperature gradient heat flow hole drilled in 1981 on the southwest side of the
well field. The hole is further described below.

The Klickitat Mineral Springs are a slightly acidic (pH of about 6.2), calcium-magnesium
bicarbonate water, saturated with dissolved COg. The sodium, chloride, and lithium con-
centrations are all quite low, and the silica and iron concentrations are very high. Geother-
mometers applied to results from the chemical analyses produced the following predicted

reservoir temperatures:

Geothermometer KLA KLB KLC KLDH
Measured Temperature 22.3% 26.2°¢ 29.1°% 13.5%
Na-K-Ca 157 171 171 160

Mg Correction ~152 -165 ~165 ~154
Na-K-Ca-Mg 5 7 6 6
Na/Li 133 98 152 131
SiO2 Quartz 143 162 160 145
SiO2 Chalcedony 117 138 136 119
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Geology

At Klickitat Mineral Springs, the Klickitat River cuts through Grande Ronde Basalt
and associated sedimentary interbeds. The Grande Ronde Basalt is part of the Miocene
Columbia River Basalt Group. The Warwick Fault has been projected through the area,
running northwest-southeast, perpendicular to the main trend of the valley. The occurrence
of several parallel lineaments, mostly corresponding to drainages, suggest that the Warwick
Fault may actually be a multi-fault system as it crosses the Klickitat River valley and not a
single linear feature. No offset has been detected along the Warwick Fault in the vicinity of
the mineral springs, but 9 meters of vertical offset and opalization have occurred at the
eastern edge of the Camas Prairie, about 20 km to the northwest on the Warwick Fault.

The springs and wells are located southeast of the King Mountain Fissure Zone and
south and southwest of the Simcoe Volcanics. The King Mountain fissure zone includes
numerous basaltic flows, cinder cones, and shield volcanoes on the south side of Mt. Adams.
The closest centers to Klickitat include Quigley Butte, Red Butte, and Shaw Mountain,
25 to 30 km to the northwest, and the Gilmer Shield Volcano and Rattlesnake Creek
cones about 25 km to the west (Hammond, 1980). Just south of Quigley Butte, and north
of Laurel, an augite-hornblende andesite flow has been identified (Sheppard, 1964). About
22 km west of the springs, between the Gilmer volcano and Snowden, an early Pleistocene
dacite volcanic center and related flows form topographic highs on the plains above Rattle-
snake Creek (Sheppard, 1964, and Hammond, 1980).

The closest volcanic centers in the Simcoe Volcanic Field the two cinder cones
about 4 to 5 km due east in the area called Horseshoe Bend, and a large relatively young

appearing cinder cone, Blockhouse Butte, 12 km to the northeast (Sheppard, 1967).

Heat Flow
A temperature gradient hole was drilled in 1981 on the far southeast side of the

well field, along the highway and just north of the river. C09 charged water was encountered
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at a very shallow depth in the hole, with relatively less mineralized water encountered at
deeper depths. At about 14°C, this water was significantly cooler than most of the other
springs and wells. The temperature gradient was measured to be about 51 °C/km. Using a
thermal conductivity of 1.39 W/m-k, a terrain corrected heat flow of about 52 mW/m2 was
determined. Using the calculated gradient of 56 °C/km and the same thermal conductivity,
the heat flow is calculated to be 78 mW/mz. It is thought that this represents the regional
heat flow for the area.

A down-hole temperature measurement was made for the well which geysers (KLB).
The hole was virtually isothermal, with temperatures from 25 to 27°C. The deepest depth

reached was 100 meters, and the total depth drilled is unknown.

Comments

In spite of the fact that a considerable amount of information is available for
Klickitat Mineral Springs and vicinity, including numerous shallow wells, a heat flow hole,
several chemical analyses, and good geologic maps, the nature of this hydrothermal system
is still open to question. There is very poor agreement between the different geother-
mometers, with significant variation from spring to spring. There is certainly complex
mixing occurring, and the super-saturation of COg is probably contributing to near surface
chemical reactions.

The chemistry of this spring system is very similar to other soda springs in the eastern
part of the south and central Cascades. This is especially true with respect to Ahtanum

Soda Springs (Table 3-2) and Fish Hatchery Warm Springs (Table 3-5).



Rock Creek Hot Springs
T.3N,R.7TE,, SE¥% of NW%4 of NE% Sec. 27

Bonneville Dam (1957) 15', and (1979) 7.5' USGS Quad.

Rock Creek Hot Springs are located within the Rock Creek drainage, about 4 km
northwest of the creek’s confluence with the Columbia River. It is reached by taking road
CG-2000 from the town of Stevenson along the south side of the Rock Creek Valley to
road CG-2030 which descends down to Rock Creek. From the bridge, the creek is followed
on foot down valley to the southeast for a distance of about 1 km. An above-ground con-
crete cistern with a metal rimmed manhole marks the main spring. This structure, and
consequently the spring, are submerged during all but the driest months in the summer and

fall.

Geothermal Features

Only the main spring was found, located during a sampling trip in 1981, but local
residents familiar with the area report that many smaller springs and seeps issue from the
creek bed throughout the area around the main spring. Water from the cistern was piped
along the valley down to the town of Stevenson in the early 1900, and was used to supply
a hotel.

The water, in mid-summer, had a temperature of 33.5°C and flowed at about 40 1/m,
with a conductivity of 400 umhos/cm and pH of 9.7. The concrete cistern measured about
2 meters by 3 meters, and stood about 1 meter above the river bed. Water empties out of
the south side of the cistern from old rus'ty pipes just below stream level. Minor gas bubbling
through the alluvium near the cistern was observed, marking additional thermal seeps.

Chemical analyses for samples collected on two different dates during the summer
of 1981 are presented in Table 3-2. The analyses produced virtually identical results. The

spring is only weakly mineralized, considering its temperature. It is a sodium chloride water,
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with relatively high sulfate. The concentrations of potassium, lithium, and magnesium are all

very low. Geothermometers applied to these waters give the following predicted reservoir

temperatures:
Geothermometer Rock Creek Hot Spring
Measured Temperature 33.5°%C
Na~-K~Ca 21
Mg Correction 0
Na-K~Ca-Mg 21
Na/Li —
S:'LO2 Quartz 93
SiO2 Chalcedony 62

Geology

The basalt flows and volcaniclastic rocks which are exposed in Rock Creek Valley
have been described in detail by Wise (1961, 1970). Flows were first assigned to the Weigle
Formation (Wise, 1961), and have since been included as part of the Ohanapecosh Form-
ation of early and middle-Oligocene age (Wise, 1970). Unlike the silicic subaqueous volcani-
clastic rocks which characterize the type section of the Ohanapecosh near Mt. Rainier,
the Rock Creek section is chiefly subaerial basalt flows, with interbedded volcaniclastics
of fluvial(?) origin. Wise believes this section represents the uppermost portion of the
Ohanapecosh Formation. As such, the area may be underlain by as much as 10,000 to
20,000 feet of additional Ohanapecosh volcanics. The closest Quaternary volcanic centers
are Rock Creek Butte, a pluglike body of platy olivine basalt, located about 2 km to the
northwest. An olivine basalt flow and cinder cone atop the Bonneville landslide, exposed

along Red Bluffs and within Greenleaf Basin, occur about 8 km to the southwest. The
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age of the Rock Creek Butte basalt is not known, but the Bonneville Landslide-Red Bluffs

basalt is thought to be post-glacial (Hammond, 1980).

Heat Flow
The closest temperature gradient holes are at Carson and North Bonneville. They
suggest that the regional temperature gradient may be as high as 50 to 80 °C/km. See

the section on St. Martins (Carson) and Shipherds Hot Springs.

Comments

The chemistry and results from geothermometers are very discouraging for this
spring. About the only unusual aspect is the exceedingly high pH. The high pH, measured
from 9.3 to 9.7, may be due to chemical weathering of mafic to ultramafic material at
depth.

The relatively low salinity of this spring suggests that significant mixing may be
taking place. If this is the case, the results of the geothermometer could be disregarded.
Mixing would also suggest that the original pH is even higher than the measured 9.7.

By chemical species, Rock Creek Hot Springs appears to be related to Bonneville
Hot Springs, 8 km to the south-southwest (Korosec, and others, 1981), and the shallow
thermal aquifers encountered during the Bonneville drilling project (see Table 3-2 and
Chapter 8, this report). The best guess with the available data would predict a reservoir

temperature of less than 100°C.
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Scenic Hot Springs
T.26 N, R. 13 E., SE% Sec. 28

Scenic (1965) 7.5 'USGS Quad

The Scenic area is reached by taking U.S. Route 2, which follows the South Fork
Skykomish River and crosses Stevens Pass. About 8 road km west of Stevens Pass, a few
buildings mark the site of the abandoned town of Scenic. Two kilometers to the east, near
the west portal of the Burlington Northern Cascade Tunnel, a power line access road trav-
erses upslope to the south. An area of hot springs is reached by following the access road up
to the power lines, continuing east along the maintenance road, and by taking the foot path

which climbs a few hundred meters further upslope, in a southwesterly direction.

Geothermal Features

At least four distinct areas of hot springs occur on this moderately steep slope above
the Skykomish River. Although totally surrounded by U.S. Forest Service land, part of the
Snoqualmie National Forest, the main spring area is a private inholding. The four spring
areas are aligned roughly northeast-southwest, with the hottest, and most elevated springs

on the southwest end and the coolest, lower springs to the northeast.

Samples Taken Temperatures Conductivity
Area 1 SEA 39.2 - 46.5°C 160
SEB 42,4 - 44.5 195
Area 2 SEC 14 - 36.5 140
Area 3 SED 31.0 - 32.7 160
Area 4 — 15.0 - 27.0 —_—
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The temperature ranges listed in the table are due to two factors. They represent
variations observed from spring to spring within an area, and substantial seasonal varia-
tions observed over only a portion of the year, in 1981. A more detailed description of
each area follows.

The main spring of the area to the southwest (highest in elevation) flows from a joint
in exposed granitic bedrock into a plastic-lined wooden tub. The water has a slight HoS
odor, and a small amount of white filamentous bacteria clings to the side of the channel and
tub. Temperature and flow changed from late June to late September. Temperature in-
creased from 39.2 to 46.5°C, while flow decreased by roughly 1/3 (estimated at 40 to 50
I/m, down to 25 to 35 1/m). Samples SEA-1 and SEA-2 were collected from this spring.

About 10 meters west of the tub, a small spring issues from under dense brush, at
about the same elevation as the tub. This spring, with a flow of only about 15 to 20 1/m,
had the highest temperature of all the Scenic Springs in the early summer, at 42.4°C. By
late summer its temperature had increased, but was less than the main spring, reaching only
44.5°C. This suggests that this minor spring is less influenced by mixing with the seasonally
affected ground waters,

A second thermal area, downslope to the northeast of the first, includes numerous
small springs and seeps which issue from a muddy water-saturated slope in a broad, shallow
drainage. A small pool had been dug and lined with plastic to catch water from some of the
warmest springs. Most of the temperatures ranged from 14° to 30°C, but a maximum of
36.5°C was measured near the bottom of the plastic lined pool. In early summer, the total
flow from this area was estimated to be 150 to 200 1/m. Many of the springs and seeps had
dried up by late summer, but the warmest springs continued to flow, with somewhat high
temperatures, being less influenced by surface and shallow ground waters.

The third thermal area, downhill and northeast of the second area, consists of a single
large spring which feeds a shallow rock-dammed pool. The flow was about 100 to 130 I/m,

with a temperature of 31.0°C, increasing to 32.7°C by late summer.
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The fourth thermal area is located within the power line corridor, and has obviously
been disturbed by construction of the corridor. Numerous warm springs issue from alluvium
in a poorly defined drainage, forming a marshy area. Temperatures are much cooler than
springs in the other areas, ranging up to 27°C. There is a possibility that the water in this
area originates from warmer springs upslope, flows downslope through the alluvium, and
emerges where the alluvium has been disturbed.

Considering the relatively warm temperatures, the Scenic springs have a very low
salinity. The waters are weak sodium bicarbonate, with high sulfate relative to the concen-
trations of the other anioﬁs. The lithium, potassium, and magnesium concentrations are very
low, and the silica is relatively low.

Geothermometers applied to water samples from various springs at Scenic give the

following results:

Geothermometer SEA-1 SEA-2 SEB-1 SEC-1 SED-1 SED-2

Measured Temperature 39.2°C 46.5°C 42.4° 28.2° 31.0% 32.7%

Na~K-Ca 86 93 84 92 87 102
Mg Correction 0 0 0 0 0 0
Na-K-Ca-Mg 86 93 84 92 87 102
Na/Li - — - - - —
$10, Quartz 93 101 98 88 89 92
SiO2 Chalcedony 62 - 71 68 57 59 61
Geology

The Scenic Hot Springs issue from granodiorite and quartz diorite, part of the Mount
Stuart batholith (Pratt, 1958). Potassium-argon age dates range from 80 to 90 million

years before present, with an average of 88 m.y. (Engels and Crowder, 1971). No struc-
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tural features have been described in the literature for the immediate area of the springs, but
the northeast-southwest alignment of the spring groups, roughly paralleling the Skykomish

River valley to the north-northwest, suggests possible fault or joint control of the springs.

Heat flow

Two heat flow holes were drilled in the vicinity of the Scenic Hot Springs during
the summer of 1981, Scenic No. 1 (T. 26 N,, R. 13 E., SE%* of SW% of Section 28), com-
pleted to 101.5 meters, was drilled less than 4 km north of the hot springs, downslope
about 200 meters in elevation. It produced a gradient of 48 °C/km in the upper one half,
and 68 °C/km in the lower portion of the hole. These are very high gradients for grano-
diorite, and are probably due to the proximity to the hot springs. Using a gradient of
68 °C/km and a thermal conductivity of 2.06 W/m-K, the heat flow (not corrected for
topography) would be 140 mW/mz. A correction for topographic effects lowers the heat
flow to 115 mW/m2.,

Scenic No. 2 (T. 26 N, R. 13 E., NE% of NW¥% of Section 27), was drilled about 2
km to the east-northeast of No. 1. It was completed to 152 meters and penetrated biotite
schist, probably part of the Carboniferous Chiwaukum Schist. The gradient is 36.5 °C/km,
and using a thermal conductivity of 2.68 W/m-K, the heat flow is calculated to be 98
mW/mZ. A topographic effect correction lowers the heat flow value to 70 mW/mz. These

heat flows are much higher than had been expected for the central Cascades of Washington.

Comments

The good agreement between different geothermometers and the relatively con-
sistent results for different spring groups suggest that the thermal waters are in equilibrium
with reservoir rocks at about 90 to 105°C. The very low concentration of salts, however,

and the observed seasonal variations, imply significant mixing.
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St. Martins (Carson) and Shipherds Hot Springs
T.3N.,,R.8E, Sec. 21

Carson (1979), 7.5' USGS Quad

St. Martins and Shipherds Hot Springs are located within the Wind River Gorge north
of the Columbia River. St. Martins Hot Springs, now known as Carson Hot Springs, is a dev-
eloped resort, located on the southwest side of the Wind River Gorge. It is one of only two
hot springs presently being used as developed spas in the State of Washington (the other is
Sol Duc Hot Springs on the Olympic Peninsula). The resort is reached by taking Hot Springs
Road east from the centér of the town of Carson, or by taking the same road north from
State Route 14 at the Wind River Bridge.

Shipherds Hot Springs are undeveloped pools along the east bank of the Wind River,
about 1 km northwest of the St. Martins spring. They are reached by walking northwest
along the east bank of the river from a parking lot at the end of Indian Cabin Road (north-
west of Home Valley). Both springs are on private property, and are surrounded by a mixture

of private, state, and county land.

Geothermal Features

At Carson/St. Martins Hot Springs, a pump house covers a concrete cistern built over
a large joint in the quartz diorite bedrock on the river bank. Water is pumped up to a recently
renovated building which includes a bath house, lobby, restaurant, and banquet room. In
addition, the water is pumped to many individual cabins and outdoor water faucets (for use
by campers). Extending for at least 50 meters northwest from the pump house, hot water
flows from the river bottom in a series of seeps. The individual orifices are marked by periodic
gas bubbling. The volume of flow for these springs and seeps cannot be easily estimated

because of the river flow, and sampling would also be difficult. Water from the main spring
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has a temperature of about 52 °C, and shows some seasonal variation. In addition, river levels
influence static water levels in the main spring cistern and the rate of draw-down from pump-
ing.

Shipherds Hot Springs flows from several orifices in the bedrock near and in the river
bed about 1 km northwest of the Carson pump house. Temperatures range widely, with the
highest, 42.5 ©C, measured from a spring submerged in the river channel. Analyses of water
collected at Carson Hot Springs (SMA), and Shipherds Hot Springs (SPA) are presented in
Table 3-2. Both springs are predominantly sodium chloride water, but Shipherds has only
about 1/10 the conductivity of the Carson Springs, with a higher alkalinity. Both have high
pH’s, at about 8.5 units, with relatively low concentrations of potassium and lithium
and only moderate silica. Geothermometers applied to the results predict the following reser-

voir equilibrium temperatures.

Geothermometer SMA-1 SMA-~-2 SPA-1
Measured femperature 32.0°%C 50.0°¢C 40.8°¢C
Na-K-Ca 102 100 53
Mg Correction 0 0 0
Na-K~Ca-Mg 102 100 53
Na/Li 67 88 —_
SiO2 Quartz 108 103 99
SiO2 Chalcedony 79 73 69

Geology

The Wind River Gorge near St. Martins and Shipherds Hot Springs has been cut into a
northwest trending linear structural weakness (possibly a fault) in a quartz diorite intrusive.
The rock is a holocrystalline, augite-hypersthene quartz diorite intruded into Tertiary volcanics
of the Oligocene Ohanapecosh Formation. The intrusion may be a very large sill. The unit is
informally known as the Buck Mountain intrusive, Wind River Gorge intrusive, or Wind River

fishway sill. If the quartz diorite correlates with similar rock of the Wind Mountain plug, which
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intrudes Grande Ronde Basalt about 4 km southeast of Buck Mountain, the Buck Mountain
intrusive would be middle Miocene in age, or younger (Wise, 1961 and 1970, and Hammond,
1980).

The closest Quaternary volcanic centers include Rock Creek Butte (5 km west), Trout
Creek Hill (9.5 km northwest), basalt of Cedar Creek (5 km north), and Mt. Defiance (5 km
southeast in Oregon). Escept for Trout Creek Hill, these centers are probably monogenetic,
producing basalt flows and related scoria deposits. A possibly polygenetic volcano, Trout
Creek Hill, produced olivine basalt flows of sufficient volume to fill the pre-existing Wind
River valley with up to 500 feet of basalt.

A detailed geologic field study of the Wind River area was completed by Dulcy Berri in
. 1982, The map and report will be released by the Division of Geology and Earth Resources as

an Open-File Report in 1983.

Heat Flow

Two heat flow holes were drilled in the Wind River valley in 1981. The first was located
near the Wind River Nursery, about 8 km northwest of the hot spﬁngs. Drilled primarily in
volcaniclastic rocks of the Ohanapecosh Formation, the gradient was about 87°C/km. Ex-
cluding any terrain corrections and using a thermal conductivity of 1.22 W/m-K, the heat flow
is calculated to be 106 mW/mZ. A terrain correction lowers the heat flow to 92 mW/mz.

The second hole was drilled on the west side of the Wind River gorge in the vicinity
of Shipherds Hot Springs. Passing through Trout Creek basalt and Ohanapecosh volcaniclastic
rocks, the hole bottomed in the Buck Mountain intrusive, with a gradient of 365°C/km. If
terrain corrections are excluded and a thermal conductivity of 1.60 W/m-K is used, the heat
flow is calculated to be 590 mW/mz. The terrain correction lowers this value by only 2
mW/mz. If a top to bottom calculated gradient of 166 ©C/km is used, the heat flow is cal-
ated to be 266 mW/mz. These values are 5 to 10 times the likely regional heat flow and are
due to convective heat flow at depth which is establishing sharp temperature contrasts and

consequent high conductive heat flow above the convective system.
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Comments

As suggested by the geothermometers, the Carson Hot Springs system probably has
a moderate reservoir temperature, at around 100°C. The water is reaching the surface through
a fault or fracture zone in the quartz diorite intrusive. If the regional gradient is 80 to
909C/km, the waters need to circulate downward to only 1 km to obtain the predicted reser-
voir temperature, but if the regional gradient is actually a more conservative 50 to 60°C/km,
the water needs to reach depths of about 2 km.

A relatively high concentration of chloride makes Carson Hot Springs the most extreme
sodium chloride spring in the state. High chloride is often suggestive of a high-temperature
fluid-dominated geothermal system, but very little other evidence supports this type of inter-
pretation for the Carson springs.

Shipherds Hot Springs are very obviously diluted by ground and surface water. If
the hot reservoir water is similar to the water at Carson Hot Springs, then the hot water
is being diluted by at least a factor of ten (Suggested by ion ratios for Carson: Shipherds of
18:1 for Cl, 16:1 for Ca, and 8:1 for Na). But if this were true, and the reservoir waters were
mixing with near surface ground water (at about 15°C), the reservoir temperature would be
predicted to be about 265°C by simple mixing models. This is highly unlikely. The Shipherds
system probably has a different ‘reservoir” chemistry than Carson Hot Springs (due perhaps to
a relatively short residence time and/or nonequilibrium), and is probably undergoing complex

mixing with ground and river water,
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4. PROGRESS REPORT ON THE REGIONAL GRAVITY SURVEY

OF THE CASCADE MOUNTAIN RANGE, WASHINGTON

by

William M. Phillips

Introduction

Since 1974, the Division of Geology and Earth Resources has supported gravity studies
in the Cascade Mountains of Washington State. The purpose of the work has been to gather
baseline gravity data for eventual contribution to geothermal resource evaluation. All gravity
surveys were carried out by Z. F. Danes]:,./ Preliminary results of the gravity work are avail-
able as Division Open-File reports (Danes, 1975, 1979, 1981; Korosec and others, 1981).

The goal of the gravity program has been to obtain sufficient gravity measurements
for preparation of accurate total Bouguer contour maps on a scale of 1:250,000. An average
station density of about 1 gravity station per 5 mi2 is needed to achieve the desired level of

accuracy.

Discussion

Collection of gravity data in the field is now reasonably complete (see Figure 4-1).
Average station density meets or exceeds the 1 station per 5 mi2 criterion throughout most
of the Cascades south of 47° N. latitude. North of 479, rugged terrain and limited access
have restricted the number of stations that could be established within reasonable time and
budget guidelines. Gaining additional gravity coverage in the North Cascades will be an expen-
sive process, as helicopter support is a virtual requirement in many areas.

Observed gravity values have been reduced to the total Bouguer correction, plotted

..1./ Z. F. Danes, Danes Research Associates, 4206 N. 13th St., Tacoma, WA 98406
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on base maps of the north and south Cascades, and contoured at a 5 mgal interval (Danes
and Phillips, 1983a). A reduction density of 2.67 gm/cc has been used to facilitate qualitative
comparison of the Cascade data with other regional gravity surveys. Complete listings of
principal facts have been released as an open-file report so that other workers will have the
ability to reduce observations with the density most suitable for their application (Danes
and Phillips, 1983b).

Work is underway to determine the most appropriate method of residual separation.
Under consideration are graphic techniques, polynomal surface fitting, empirical gridding
methods, and spectral or Fourier analysis. Each method has limitations as well as
advantages. The graphic techniques consist simply of identifying a ‘‘regional” component
of the total Bouguer field via study of gravity profiles. Residuals are computed by subtracting
the regional from the total field. Graphic methods are suitable for profile studies; three-dimen-
sional work is slow and painstaking. In addition, graphic methods are highly subjective and
hence difficult to reproduce. However, good results may be obtained if the interpreter is
well-versed in the geology of the study area.

Polynomial surface fitting (c.f. trend surfaces, Davis, 1973), is a process of fitting,
by a least-squares method, the observed Bouguer gravity anomalies with a surface by a poly-
nomial (Pitts, 1979, p. 61). The surface produced is taken to represent the regional component
of the total field. The method offers a rapid, reproducible means of separating regional ano-
malies from residuals. There is, however, a subjective element in the process in that the order
of the polynomial used to represent the regional surface must be chosen. A more complete
discussion of polynomial surface fitting and gravity residuals is given in Phillips (see Chapter
5, this volume).

The empirical gridding method (Telford and others, 1976, p. 52) is a simple way of
isolating the residual by second-derivative analysis. The regional is considered to be the average
value of gravity in the vicinity of the station. I{: is obtained by averaging observed values of

gravity on the circumference of a circle centered at the station. The method is rapid and
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reproducible, but somewhat subjective in terms of choice of circle radii. If the radius is very
small, the residuals will be zero; if the circle is large, the residuals trend toward the total
Bouguer values.

Spectral or Fourier analysis separates long wavelength (regional) components from
shorter wavelength (residual) components of the total gravity field. The technique involves
fitting an infinite series of sinusoidal waves to the gravity data set and calculating the amp-
litude and phase angle coefficients for the various waves (Pitts, 1979, p. 62). Although Fourier
analysis is the most complex of the residual separation methods, it is probably the least sub-
jective and has been widely used by recent investigators (e.g. Pitts, 1979).

The most significant problem faced by the Cascade gravity program has been associated
with the calculation of terrain corrections. Terrain corrections are estimates of the gravi-
tational attraction of mass (or lack of mass) ignored in the Bouguer correction. In moun-
tainous country such as the Cascades, terrain corrections are a vital part of gravity data re-
duction, often contributing from 15 fo 20 mgals or more to the Total Bouguer station value.
Without terrain corrections, a ficticious correlation between topography and gravity may
occur.

In terms of mathematics, terrain corrections offer no special difficulties in computing.
A standard method due to Hammer (1939) has long been available. Problems are logistical
in nature, as terrain corrections are among the most tedious and cumbersome reductions
in all of geophysics. If a gravity survey consists of many hundreds of stations, and topography
dictates carrying the ferrain correction out to at least 4 miles (Hammer Zone J), hand cal-
culation of the corrections will require weeks t0 months of work. Although the process is
speeded up somewhat with the use of programmable calculators, the time required to select
an average elevation for each Hammer Zone sector remains constant.

Plouff (1977) has written a series of computer programs that calculate terrain correc-
tions using digital topographic files. The programs are widely used by the U.S. Geological
Survey. An enhanced version of the Plouff programs, developed by S. Pitts at Oregon State

University, has been acquired by Danes Research Associates and modified to run on the
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University of Puget Sound computer system. In theory, the terrain correction programs
offer a rapid and accurate means of eliminating the gravity reduction bottleneck. However,
experience in the Cascade Mountains study area has shown the utility of the programs to be
limited to distant terrain corrections.

In areas of considerable relief, the computer terrain correction algorithm may under-
estimate the effect of near-station topography as compared to standard Hammer’s method
calculations. This effect is most pronounced in the area 3000 feet or less (Hammer Zone F)
from the station. The magnitude of the problem is shown in Table 4-1 where computer cal-
culated and hand-calculated terrain corrections for the same stations are presented. (The
Variable Density Slab values are discussed later in this report).

Examination of the program documentation (Plouff, 1977; Pitts, 1979, p. 54) and
discussions with Plouff (personal communication, 1982), revealed the low terrain corrections
to be a consequence of using Y4-minute (approximately 2000 by 3000 feet) blocks for con-
structing digital topographic models in the interval zero to 7500 feet from the station. The
topographic model produced by Hammer’s method uses pie-shaped blocks that vary in size
as a function of the distance from the station (see Figure 4-2). At distances greater than about
3000 feet from the station, the Y-minute blocks are approximately the same size or smaller
than the sectors of the corresponding Hammer Zone (Zone G). At distances less than 3000
feet from the station, the %- minute blocks are much larger than the sectors in Hammer Zone
A through F. As the terrain corrections for Zones A through D are usually estimated at the
time of the survey, the major source of discrepancy in results comes from under-estimating
the gravitational effect of relief in Hammer Zones E and F.

Another factor that can cause potentially large differences in calculating terrain cor-
rections is the accuracy of elevation information. The Plouff programs use elevation data
digitized from 1:250,000 scale topographic maps. The contour interval on maps of this
scale is usually 200 feet, It is the practice of most geophysicists to calculate terrain corrections
from a 1:62,500 to 1:24,000 topographic map base. Contour intervals on these maps range

from 80 to 20 feet.
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Table 4-1. — Comparison of Hammer's Method, Computer Method, and Variable Density Slab Method for Computing
Terrain Corrections.

TERRAIN CORRECTION (mgals)

Station No. Hammer's Method to Zone J Computer Variable Density Slab
A1924 9.56 6.68 17.64
A1925 8.64 4,92 11.49
A1926 6.99 4.18 9.78
A1927 7.26 3.81 9.89
7126 6.62 6.72 10.99

Source: Unpublished Gravity Data from Morton 15' Quadrangle, Z. F. Danes, 1982.
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The programs do possess the option of combining near-startion terrain corrections
calculated via Hammer’s method with distant terrain effects found using the digital files.
In practice, this requires manually performing Hammer Zone computations out to at least
Zone F. However, Danes has elected to make use of an analytical terrain correction technique
for the bulk of Cascade gravity observations. The technique, discussed in some detail below,
has the advantage of being implemented on inexpensive programmable calculators rather
than requiring use of a large computer system.

The terrain correction method used, referred to here as the “Variable Density Slab
Method”’, was developed by Danes (1982). Near-zone terrain corrections are computed out to
Zone J using a modified version of the analytical method described below. Distant terrain
effects are estimated by assuming the presence of a horizontal slab of variable density, reaching
from the base of valley floors to the tops of mountains. Below the valley floors, the density is
assumed to be constant and equal to the Bouguer reduction density (typically 2.67 gm/cc).
Within the interval from the valley floors to the mountain tops, slab density decreases toward
zero. Above the level of the mountain tops, the density is zero.

By constructing a series of topographic profiles throughout the study area, ‘‘average”
valley floor and mountain top elevations may be estimated. Given this information, the effect
of the variable density horizontal slab may be determined by integrating from some inner
radius (usually Hammer Zone I or J; 14,662 or 21,826 feet from the gravity station, respect-
ively) to infinity in a manner directly analogous to the Bouguer infinite plane correction. Re-
sults consistent with or somewhat higher than standard Hammer’s method are obtained if care
is exercised in choosing the valley floor and mountain top elevation parameters (Table 4-1).
The variable density method may produce higher terrain corrections because it does not
end at an arbitrary outer boundary as do the Plouff computer programs or Hammer’s method,
and because the range of elevations between mountain tops and valley floors is used rather

than mean elevations per sector.
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Conclusion

In summary, production of total Bouguer gravity maps at a scale of 1:250,000 for the
Washington Cascades is nearing completion. Gravity station density is adequate south of about
47° N. latitude. North of 47°, low station density will limit the resolution of the gravity maps.

Work is underway to determine the most appropriate method of separating residuals
from the total Bouguer field. Residual maps will facilitate detailed analysis of the gravity
data in terms of relatively near-surface density contrasts.

Terrain corrections remain cumbersome and error-prone despite much work to reduce
the labor and increase the accuracy of the calculations. One solution to the problem would
involve digitization of elevation data from 1:62,500 or even 1:24,000 topographic maps,
and use of available computer programs for automated calculation. The enormous amount
of labor required for digitization at such a large scale may preclude such applications for
some time to come. An alternative approach is the development of new analytical methods
for the calculation of terrain effects, such as Danes’ variable density slab method.

Future work sho;ﬂd include detailed analysis of the regional-scale gravity data in con-
junction with all available Cascade geologic, geochemical, and geophysical data pertinent
to geothermal resource evaluation. As a result of this analysis, several areas should be selected

for detailed gravity surveys and additional exploration studies.

-77-



_References

Danes, Z. F., 1975, Bouguer gravity map of Mount Rainier National Park, Washington:
Washington Division of Geology and Earth Resources Open-File Report 75-5.

Danes, Z. F,, 1979, Bouguer gravity map, Camas area, Washington and Oregon: Washington
Division of Geology and Earth Resources Open-File Report 79-6, 1 map, scale 1:62,500.

Danes, Z. F., 1981, Preliminary Bouguer gravity map, southern Cascade Mountains area,
Washington: Washington Division of Geology and Earth Resources Open-File Report
81-4, 1 sheet, scale 1:250,000.

Danes, Z. F., 1982, An analytic method for the-determination of distant terrain corrections:
Geophysics, vol. 47, no. 10, p. 1453-1455.

Danes, Z. F.; Phillips, W. M., 1983a, Complete Bouguer gravity anomaly map, Cascade Moun-
tains, Washington: Washington Division of Geology and Earth Resources Geophysical
Map GM-27, 2 sheets, 1:250,000.

Danes, Z. F.,; Phillips. W. M., 1983b, Principal facts and a discussion of terrain correction
methods for the complete Bouguer gravity anomaly map of the Cascade Mountains,
Washington: Washington Division of Geology and Earth Resources Open-File Report
83-1, 15 p., 1 appendix.

Hammer, S., 1939, Terrain corrections for gravimetric stations: Geophysics, v. 4, p. 184-194.

Korosec, M. A.; Schuster, d. E.; 1981, The 1979-1980 geothermal resource assessment program
in Washington: Washington Division of Geology and Earth Resources Open-File Report
81-3, 270 p., 1 map, scale 1:24,000.

Pitts, G. S., 1979, Interpretation of gravity measurements made in the Cascade Mountains
and the adjoining Basin and Range Province in Central Oregon: M.S. thesis, Oregon
State University, 186 p.

Plouff, D., 1977, Preliminary documentation for a FORTRAN program to compute gravity
terrain corrections based on topography digitized on a geographic grid: U.S. Geological
Survey Open-File Report 77-535, 45 p.

Telford, W. M.; Geldart, L. P.; Sheriff, R. E.; and Keys, D. A., 1976, Applied Geophysics:

Cambridge University Press, Cambridge, 860 p.

-78-



5. PRELIMINARY INTERPRETATION OF REGIONAL GRAVITY

INFORMATION FROM THE SOUTHERN CASCADE MOUNTAINS OF WASHINGTON.

by
William M. Phillips

Department of Hatural Resources
Division of Geology and Earth Resources
Olympia, Washington 98504

-79-~



5. PRELIMINARY INTERPRETATION OF REGIONAL GRAVITY
INFORMATION FROM THE SOUTHERN CASCADE MOUNTAINS OF WASHINGTON

by
William M. Phillips

Introduction

This report presents a preliminary interpretation of a new complete Bouguer
gravity anomaly map for the Cascade Mountains of Washington (Danes and Phillips,
1983). The map was constructed by the Division of Geology and Earth Resources
as part of a larger program designed to assess the geothermal potential through-
out the Washington Cascade Range. A progress report detailing the status of
the Cascade gravity survey appears in Chapter 4 of this volume.

In terms of station density and contour interval, the new map is a sub-
stantial improvement over previous gravity maps of the area (Danes, 1981;

Bonini and others, 1974). The map, together with recent gravity maps of the
Oregon Cascades (Couch and others, 1982, 1981a, 1981b; and Pitts and Couch,
1978), offers new opportunities for analysis of the structure of the Cascade
Range.

In order to allow preparation of a timely report, this study used a draft,
reduced copy of the Bouguer map which had not been fully edited for possible
errors. Hence, the conclusions reached in this paper must be regarded as
preliminary. In addition, a Bouguer reduction density of 2.67 g/cc was
used 1in preparing the map. As pointed out below, this reduction density may
be too high for portions of the southern Cascade Mountains and may mask im-

portant gravity features.
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Additional work is required to determine the optimum range of reduction densities.
Discussion is also restricted in this report to qualitative correlations of
gravity features with mapped geological structures. No attempt is made to
quantitatively test proposed density models. Despite these Timitations, it

is hoped that this work will serve as a useful overview of gravity interpre-

tation in the southern Cascade Mountains.

Regional Geology

The location of the study area and the major geologic features of the
Cascade Mountain Range are showngin figure 5-1. The following overview of
the geology of the southern Cascade Mountains is after Hammond (1979, 1980).
Figure 5-2 is a simplified geologic map of the region from the same source.

A very complex stratigraphic nomenclature is in use in the southern
Cascades which reflects the area's diverse rock assemblages and long volcanic
history. For the purposes of this report, a simple classification of strata
based upon age relationships will suffice. Only four major rock units are
distinguished: pre-Tertiary rocks; Eocene deltaic and fluvial sediments and
associated andesitic volcanic rocks; upper Eocene to lower Pliocene volcanic
rocks; and Pliocene to Recent volcanic rocks. Other workers (e.g. Hammond,
1979, 1980) use the terms "Western Cascade Group" and "High Cascade Group"
to refer to the Eocene to Pliocene, and Pliocene to Recent volcanic strata
respectively. In this report, the terms "Tertiary volcanic rocks” and
"PTiocene-Quaternary volcanic rocks" will be used as they better reflect
classification based upon age relationships and do not infer any specific
geographic distribution. Basalts of the Columbia River Group, although
volcanic and Miocene in age, are separated from Cascade volcanic units in
order to emphasize their non-Cascade origin and importance as areally extensive

stratigraphic marker horizons. Geologic map units are summarized in table 5-1.
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Figure 5-1. — Index map showing location of the Southern Cascade Mountains

study area and major geologic elements of the Cascade Mountain Range
Dots indicate location of Quaternary Cascade

(after McBirney, 1968).
stratovolcanoes. Rock units are discussed in text.
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Figure 5-2. — Geologic map of the Southern Cascade Mountains study area (simpli-
fied from Hammond, 1980). Table 5-1 identifies map units. Section Tines mark
Jocation of geologic and gravity profiles shown in Figures 5-9, 5-10, 5-11, 5-12,
and 5-13. MR, MSH, and MA mark the locations of Mounts Rainier, St. Helens, and
Adams, respectively. '
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Map Symbol

Qal

Qva

Qvb

Ti

Terb

Tv

Tv

Tv

Table 5-1 — Geologic Map Units

Description

Quaternary alluvium, colluvium, and glacial deposits,
undifferentiated.

Pliocene - Quaternary Volcanic Rocks

Quaternary hornblende and/or pyroxene andesite and lesser

dacite lava flows, mudflows, and debris avalanche and ash-
fall deposits. Erupted from Mt. Rainier, Mt. St. Helens,

Mt. Adams, and Goat Rocks, and several minor centers.

Pliocene to Quaternary high-alumina, tholeiitic olivine
basalt and basaltic andesite lava flows, scoria deposits,
pillow Tavas, and breccias. Erupted from numerous shield
volcanoes and cinder cones along north-south trending
fissure zones, including Indian Heaven and King Mountain
Fissure Zones.

Tertiary intrusive rocks, undifferentiated. Mostly of
granodiorite, quartz monzonite, quartz diorite, and diorite
composition.

Tertiary (middle Miocene) Yakima Basalt Subgroup of Columbia
River Basalt Group. Tholeiitic flood lava flows, aphyric to
plagioclase-phyric. Includes Saddle Mountains, Wanapum, and
Grande Ronde basalts.

Tertiary Volcanic Rocks

Tertiary (middle Miocene to lower Pliocene) volcanic,
plutonic, and metamorphic lithic conglomerates, sandstones,
and siltstones. Interstratified at base with Tcrb. Includes
the Ellensburg and Troutdale formations.

Tertiary (upper Oligocene to middle Miocene) interstratified
andesitic and basaltic lava flows, rhyodacitic-dacitic
pyroclastic flows, and volcanic lithic sediments, including
mudflows. Includes the Stevens Ridge and Fifes Peak formations.

Tertiary (middle Eocene to lower Oligocene) interstratified,
slightly metamorphosed andesitic, dacitic, and basaltic
composition lava flows, pyroclastic flows, and volcanic Tithic
sediments. Base interstratified with Tesv. Includes the
Ohanapecosh and Wildcat Creek formations.
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Map Symbol

Tesv

pT

Tertiary Volcanic Rocks - (Cont'd)

Description

Tertiary (middle to upper Eocene) micaceous, lithic felds-
pathic sandstones, siltstones, shales, and coals. Inter-
stratified with andesitic composition breccias, flows, tuffs,
and volcanic lithic sediments. Includes or correlated with
the Carbonado, Northcraft, and Spiketon formations of the
Puget Group.

Pre-Tertiary (Permian to Jurassic (?) ) rocks, undifferen-

tiated. Includes meta-igneous and metasedimentary rocks of
the Indian Creek amphibolite and Russell Ranch formations.
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The oldest rocks present in the study area are Permian to Jurassic (?)
meta-igneous and metasedimentary units exposed in an uplifted structural block
in the northeastern portion of the map area. These rocks are labeled "pT" in
figure 5-2 and in table 5-1. Compositionally, the meta-igneous rocks are
quartz diorites, tonalites, pillow basalts, and gabbros. Metasediments consist
chiefly of argillite and graywacke of the flysch facies. Details of the
structure within the pre-Cenozoic block have not been fully deciphered.

The rocks are extensively faulted and locally sheared to mylonite.

Ringing portions of the uplifted pre-Tertiary block and outcropping along
the southern Cascade foothills west and south of Mt. Rainier are micaceous
Tithic feldspathic sandstones, siltstones, shales and coals. A sequence of
predominantly andesitic breccias, flows, tuffs, and volcanic sediments is
interstratified with the coal-bearing sediments. On the basis of fossil
leaves and lithology, these strata are correlated with the middle to upper
Eocene Puget Group, a major rock unit of the Puget Lowlands. Correlations
with other non-marine Eocene strata on the eastern slopes of the Cascade Range
and within the Puget Lowlands indicate that the Puget Group represents a
fluvial-deltaic sequence which prograded westward in Eocene time (Buckavic,
1979). These strata are labeled "Tesv" in figure 5-2 and in table 5-1.

Overlying the Eocene sediments and volcanics is a compositionally diverse
assemblage of 5 to 8.5 km of andesite, dacite, rhyodacite, and basalt breccias,
flows, and volcanic sediments. Ages of these strata range from middle Eocene
to Tower Pliocene. In this report, these rocks are termed "Tertiary volcanic
rocks". Three major stratigraphic intervals are recognized within the Tertiary
volcanic rocks on the basis of regional unconformi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>