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FLUID GEOCHEMISTRY AND FLUID-MINERAL EQUILIBRIA IN TEST
WELLS AND THERMAL GRADIENT HOLES AT THE MAKUSHIN GEOTHERMAL
AREA, UNALASKA ISLAND, ALASKA

by
R.J. Motyka,! L.D. Queen,? C.J. Janik,* D.S. Sheppard,* R.J.Poreda,’
and S.A. Liss?

INTRODUCTION

The Makushin geothermal area is located on northern Unalaska Island in
the east~central Aleutian Chain (fig. 1). The explored portion of the
geothermal field Ties on the east and southeast flanks of Makushin volcano,
about 20 km west of the villages of Unalaska and Dutch Harbor. Surface
manifestations of the hydrothermal system include numerous fumaroles, bicar-
bonate-sulfate thermal springs, and zones of intense alteration at the heads
of Makushin and Glacier valleys (fig. 2). Additional fumaroles occur on the
north and south flanks of the volcano, and areas of warm ground are found
near Sugarloaf and at the head of Nateekin Valley. Results of reconnais-
sance investigations indicated these thermal areas are underlain by a boil-

ing hot-water reservoir capped by a shallow vapor-dominated zone (Motyka and
others, 1981; Motyka and others, 1983).

A state-funded exploration dri11ing program was initiated in 1982 by
Republic Geothermal, Inc. (RGI) of Santa Fe Springs, California, under con-
tract to the Alaska Power Authority (APA) (RGI, 1983). In late August 1983,
a test well located near the head of Makushin Valley (ST-1, fig. 2) inter-
sected a Targe fracture at a depth of 593 m from which hot waters were suc-
cessfully produced at the wellhead. The well was flowed over a five-day
period, shut down until early July 1984, then reopened and allowed to flow
for a period of 45 days. The flowing bottom-hole temperature (BHT) in both
cases measured 193°C. Although fluid enthalpy was relatively low, results
of the reservoir engineering tests indicated that productivity of the frac-
ture was sufficient for at least two production wells which could each drive
5 MW generators (RG], 1985).

Through the cooperation of RGI and APA, the authors were able to obtain
samples of ST-1 fluids at the wellhead during the initial testing of the
well in 1983 and again in August of 1984 after the well had flowed for
approximately 40 days. Rock cores extracted from a thermal gradient hole

1D(vision of Geolagical and Geophysica) Surveys, 400 Willoughby, 3rd f1., Juneau, Adaska 99801.
Oivision of Geological and Geophysical Surveys, 3700 Airport Way, Fairbanks, Alaska 99709.

0.5. Geological Survey, lgnecus Geothermal Processes Section, 345 Middlefield Rd., MS-910, Menlo Park,
California 384025.

Department of Science & Industrial Research, We)lington, New Zealand.
Isotope Laboratory A-20, Scripps Institute of Oceanography, La Jolla, California 92037.
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(TGH) drilled near Sugarloaf in 1984 (A-1, fig. 2) were shipped to Fair-
banks, examined for mineral alteration, and compared to well logs for ST-1
and TGH E-1, D-1, and I-1 which were previously examined by Queen (1984}.
This report presents the findings of our geothermal fluid, mineral altera-
tion, and fluid-mineral investigations of well ST-1 and the thermal gradient
holes. Appendix A of this report also contains updated geochemical data on
fumaroles, thermal springs, and cold waters in the Makushin geothermal area
which were first discussed in Motyka and others (1983).

Objectives of our investigations were:

(1) to determine reservoir fluid geochemistry;

(2) to provide a pre-development geochemical data base;

(3) to study fluid-mineral equilibria;

(4) to determine deeper reservoir characteristics and origin of
chemical constituents in the reservoir fluids;

(5) to perform geothermometry;

(6) to analyze mixing relations;

(7) to assess potential scaling and environmental problems;

(8) to compare isotopic and chemical composition of ST-1 fluids to
neighboring fumaroles and springs; and

(9) to reconstruct the history of the hydrothermal system.

The Makushin geothermal system is the first in the Aleutian arc of active
volcanism to have been successfully drilled and to produce fluids at
temperatures above atmospheric boiling. As such, the Makushin program has
provided us with a unique opportunity to study arc-related hydrothermal
systems and the dynamic interactions between volcanism, giaciation, and hy-
drothermal systems.

The findings of our study, combined with our previous observations, and
with results of volcanic investigations by Nye and others (1985}, measure-
ments and tests made by RGI on the thermal gradient holes and test well
(RGT, 1983; 1984; 1985), and the results of an electrical resistivity survey
conducted in 1984 by Shore (1985), have led us to the following model for
the Makushin geothermal system:

(1) The heat source driving the hydrothermal system is presumed to be a
shallow-1lying body of magma as suggested by the geologically young
caldera at the summit of Makushin volcano. The magma chamber is
thought to be related to post-Pleistocene outpouring of homogeneous
Tavas on the northeast flank of Makushin volcano and pyroclastic
flows at the head of Makushin Valley.

(2) The main hydrothermal reservoir has a temperature of 250°C and is
located over the heat source. Hot waters from the reservoir ascend
through the core region of the volcano then cool as they spread
laterally. Steam and gases evolve from the boiling of the cutflowing
plume of hot water as it nears the surface and feed the fumaroles and
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bicarbonate-sulfate thermal springs which abound at mid-elevations on
the south and east flanks of the volcano.

(3) The reservoir is recharged by meteoric waters that infiltrate the
system along fractures Tocated at mid- to lower elevations of the
volcano. The chemical composition of reservoir waters is partially
derived from release of volatile gases from the underlying magma
system, but mainly from interaction with the reservoir rock. ST-1
waters are moderately rich in sodium and chloride and have relatively
high concentrations of calcium. The latter is attributed to the
interaction of hot waters with the gabbronoritic intrusive that
appears to act as the host rock for at least a portion of the reser-
voir waters.

(4) Fluids produced from ST-1 are out of equilibrium with the measured
flowing BHT. Geothermometry indicates the waters were hotter and
must have cooled before entering the borehole. Fluids at the bottom
of ST-1 are below the pressure boiling point, ruling out adiabatic
cooling. The remaining alternatives are that the waters cooled
conductively, or by dilution with colder waters, or both.

(5) Results of electrical resistivity surveys, conducted by Premier Geo-
physics of Vancouver, British Columbia, indicate that the hydrother-
mal system at the head of Makushin Valley is bounded by faults and
fractures north and east of ST-1 and that the hydrothermal system
extends west and south of ST-1 and E-1. The electrical resistivity
survey showed no evidence for any hydrothermal system east of fuma-
role field 1 nor for any linear hydrothermal system offset to the
east from the main volcano. These findings indicate that any future
production wells should be sited at or up-valley of ST-1.

(6) A wealth of evidence derived from mineral alteration and fluid inclu-
sion studies indicates that the chlorine-rich hot-water system
extended to the surface at the heads of Makushin and Glacier valleys
in the recent past and that the near-surface system temperature
reached 250°C. The change in hydrostatic pressure caused by the
advance and retreat of Holocene glaciers is proposed as the cause of
these changes in the near-surface regime of the hydrothermal system.

(7) Paleotemperatures determined from fluid inclusions trapped in
hydrothermal quartz veins are substantially higher than present-day
temperatures in ST-1 and E-1. The temperature change indicates that
at Jeast the upper portion of the geothermal system has cooled.
Nevertheless, ample energy should remain for geothermal resource
development in the foreseeable future.

GEOLOGIC SETTING
The Makushin area is one of over 70 major volcanic centers within the
Aleutian arc of active volcanism. The Aleutian Chain Ties immediately north

of the Aleutian Trench, a convergent boundary between the North American and
the Pacific lithospheric plates. The eruption of Aleutian magmas appears to
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be closely related to the subduction of the Pacific plate beneath the North
American plate.

Makushin Volcano (2,000 m) is a large composite, polygenetic volcanic
center that dominates northwestern Unalaska Island. The broad dome-shaped
summit is capped by an ~5-km-diam. ice-filled caldera with glaciers descend-
ing the Targer valleys to elevations as low as 300 m. Four satellitic late-
Pleistocene to Holocene volcanic cones also occur in the area and are
aligned in a northeasterly trend, roughly subparaliel to the strike of this
portion of the Aleutian arc.

Geology of the Makushin study area, generalized from Nye and others
(1984), is shown in figure 2. The oldest unit exposed in the study area is
the Unalaska Formation which consists of Miocene to early Pliocene volcani-
clastic rocks, dikes, sills, Tava flows, and minor sedimentary rocks. The
upper part of the formation consists primarily of pyroclastic rocks, whereas
lava flows dominate the Jower section. The formation has been metamorphosed
to grades as high as the pyroxene hornfels facies near contacts with an un-
zoned gabbronoritic stock that is extensively exposed at the heads of
Makushin and Glacier Valleys. The intrusive is medium-grained, equigranular
to porphyritic, and consists primarily of plagioclase (50-75 modal percent,
Angg-Anyq) with subequal amounts of clinopyroxene and orthopyroxene (Nye and
others,1984), The gabbronorite is thought to be roughly correlative with
other intrusives exposed on the island and which have been dated at 10-

13 Ma.

Fumaroles and hot springs at the heads of Makushin and Glacier Valleys
emanate almost exclusively from the gabbronorite and hornsfelsic border
2one. The gabbronorite was encountered in all five holes drilled at the
Makushin geothermal area and appears to be acting as the primary reservoir
rock at Teast in the explored portions of the field. Interfingering of the
Unalaska Formation with the gabbronorite is common, suggesting that only the
roof of the stock has been exposed.

The volcanic rocks which comprise Makushin Volcano and the satellitic
vents are discussed in detail by Nye and others (1985). Makushin Volcano is
a polygenetic composite stratovolcano that is primarily composed of basalt
and andesite flows, lahars, and pyroclastic flows. Available K-Ar ages on
the Makushin Tavas are less than 1 Ma, indicating that the Makushin
volcanics in the study area are exclusively Quaternary,

The satellitic cones are post-Wisconsinan monogenic vents consisting
primarily of chemically homogeneous basaltic to andesitic flows and pyro-
clastic flows and cinders. A thick series of chemically homogeneous valley-
filling, post Wisconsinan andesite flows also issued from the east flank of
Makushin Volcano, enveloping Sugarloaf and filling Driftwood Valley. This
large outpouring of post-Wisconsinan lTavas and pyroclastic rocks suggests a
Holocene magmatic pulse of exceptional volume. However, trace element
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geochemical studies (Nye and others, 1985) indicate that the satellitic
cones had source regions and plumbing systems separate from the ones
supplying Makushin Volcano. The huge amount of lavas represented in the
east flank Holocene Makushin eruption suggests that a large volume of
residual magma may have Todged in the subcrustal region of the volcano and
may be acting as the heat source for the existing hydrothermal system.

DRILLING HISTORY ST-1

Test well ST-1 is located near the head of Makushin Valley (fig. 2). The
wellhead sits upon the upper edge of an apron of pyroclastic debris that
fills the bottom of upper Makushin Valley. Details of the procedures fol-
Towed in the drilling of test well ST-1 (and TGH A-1) can be found in RGI's
1984 report to the Alaska Power Authority. The site chosen for ST-1 was
based on (1) proximity to E-1, the hottest of the thermal gradient holes
drilled in 1982; (2) proximity to fumarole fields 1 and 2 and to a fault
which runs up-canyon from ST-1; and (3) convenient logistical staging area
for drilling. The upper part of ST-1 (to a depth of about 215 m) was
drilled to -15 cm diam.; below 215 m to well bottom, diam. is ~7.6 cm. Be-

low the top 10 m, composed of pyroclastics, ST-1 penetrates gabbronorite to
a depth of 593 m (Queen, 1984).

Drillers encountered a pressurized steam-filled fracture at 210 m, Well-
head pressures after shut-in indicated steam temperatures of 140-150°C.
Samples of gases and steam evolving from the fracture were obtained from a
wellhead release valve. Subsequent drilling and downhole pressure measure-
ments showed the pressurized hydrothermal system water table lies ~30 m be-

low this fracture; thus, steam in the fracture probably evolved from boiling
of the water table.

The steam fracture was sealed and drilling continued. No additional open
fractures were encountered until 585 m below surface. The well was shut and
pressure allowed to build. Upon opening of the well hot waters spurted
intermittently from the wellhead exhaust, but continuous flow was not sus-
tainable. Field measurements of chloride concentrations in the flashed
waters ranged from 5,000 to 7,000 ppm.

Brilling was continued to a depth of 593 m whereupon the drill string
dropped an estimated 1 m, indicating a major open fracture had been inter-
sected. The well was immediately shut, and the wellhead pressure was
allowed to increase until it stabilized at approximately three bars. The
well was then opened on August 27, 1983, and the resultant fluid flow up the
borehole became self-sustaining. The well was briefly flowed, and exhaust-
end water samples collected for chemical analyses, to determine if any
adverse environmental effects would occur upon discharge of the well waters
into a local stream. After approval for discharging the waters was obtained
from the appropriate agencies, the well was reopened on August 29 for a
five-day flow test which included downhole pressure and temperature
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measurements by RGI staff scientists. During this period, the authors
collected five separate suites of water and gas samples.

The well was then shut down and wellhead pressure monitored through the
winter months. Static down-hole pressure and temperature measurements were
made on July 5, 1984, and the well was reopened on July 7. The well was
flowed almost continuously over a 45-day peried until shutdown on August 10,
1984, Samples of well fluids were obtained by the authors on August 7 and
again on August 9, 1984. Plans for 1984 originally called for a deepening
of ST-1 after the flow test, but APA decided against deepening so as to
maintain the well for demonstration purposes. Flowing bottom-hole tempera-
tures measured 193°C both in 1983 and 1984 (RGI, 1985). The static downhole
temperature measurements made by RGI on July 5, 1984 gave a maximum downhole
temperature of ~198°C at a depth of -460 m. Static bottom-hole temperature
measured ~195°C.

FLUID GEOCHEMISTRY
Sampling Procedures

Samples of fluids produced from the test well were collected in both 1983
and 1984. Most were taken from the major production zone at 593-m depth
between August 27 and September 3, 1983 and between August 1 and August 7,
1984. The test well was shut down from September 3, 1983 until July 4, 1984,
then run continuously until shutdown on August 8, 1984.

Samples of gases and waters from ST-1 were collected with a Webre type
mini-cyclone separator. (Design and use of the separator are described in
Sheppard and Giggenbach, 1985; fig. 3 shows the separator in use at ST-1.)
The separator was attached to the side of the exhaust manifold at a point
about 5 m from wellhead and 2 m before the throttling orifice. Separator
pressure was monitored with a high-pressure gauge just before the two-phase
fluid entered the separator. Fluid collection pressures and temperatures,
together with sampling dates and steam fractions, are given in table 1.

The separator was first adjusted for collection of the water fraction.
Fluids emerging from the water exhaust port of the separator were routed
through a condensing coil immersed in an ice bath, then collected and
filtered through 0.45-y filters. The sample suite normally consisted of
1 liter filtered untreated, 1 1iter filtered gc1d1f1ed (HC1), 1 Titer
filtered and treated with formaldehyde for §180- S04 determinations, 100 m
of water at a dilution of 1:10 and 1:5 for silica determ1nat1ons, 1 liter of
untreated water for tritium determinations, and 30 m] of water for stable
isotope determinations. In addition, raw untreated samples were collected
for in-field determination of HCO3, pH, H,S, and NH3. In two cases (samples
77 and 02), waters were filtered through 0.1-z filters and treated in the
field for aluminum analysis following methods described by Presser and
Barnes (1974).
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Figure 3. Webre mini-cycline separator in use at well ST-1, Makushin
geothermal area.
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Table 1. Fraction of steam separated from flashed well fluids. 1

Collection Collection

Sample # pressu;e, temperature, Steam
DGGS UsGs Date T1n1e2 bars °C4 fraction
71 1 8-27-83 (+1.5 hr) 2.00 120 0.144
74 2A 8-1-83 17:30 3.17 135.5 0.116
75 38 3-2~83 10:10 3.03 134 0.118
76 4B 9-2-83 16:20 4,48 147.5 0.093
77 SA 9-3-83 18:50 4.55 147.5 0.092
84-~1 - 8-4-84 15:00 2.65 128.5 0.127
84-2 - 8-7-84 13:00 2.78 131 0.124

lF?uids collected using Webre type minj-cyclore separator.

Parenthetical value for 71 {s the time elapsed after initial discharge from fracture zone at 593 m depth.
Well was then shut-off unt{) 3-1-83. Well was recpened at 14:40, 9-1-83 and was run continuously until

3 about 22:00, 9-3-83. Well was reopened again on 7-4-84 and run nearly continuousiy until 8-8-84.

At the separator. These are absolute values calculated from gauge pressure plus atmospheric pressure
which was assumed to be 0.95 bars.

Oetermined from the collection pressure assuming liquid-vapor equilibrium (Keanan and others, 1969).

Steam fraction calculated using a BHT=1839C and reservoir enthalpy value of 821 kJ/kg (Keenan and others,
1369).

As an additional check on water chemistry, water samples were collected
from the end of the exhaust manifold, by placing a large polyethylene beaker

beneath the pipe-end and allowing the flashed water to flow into the con-
tainer.

Steam and gas samples were collected after first adjusting the separator
for pure steam phase flow. The steam and gases were routed through the con-
densing coil then collected in evacuated flasks partially filled with sodium
hydroxide. Additional samples were collected in evacuated flasks without
NaOH for 3He/ He analyses. A 500-ml sample of the steam condensate was col-
lected for chloride analyses as a check against water phase contamination;

30-m1 samples of the condensate were also collected for stable isotope
analyses.

Methods of Analyses

Water

HCO3, pH, H,S, and NH3 were determined in the field by methods described in
Presser and Barnes (1974). The remaining constituents were analyzed at the
DOGGS water laboratory in Fairbanks. Major and minor cation concentrations
were determined using a Perkin Elmer atomic absorption spectrometer and
following standard procedures. Sulfate and bromide concentrations were
determined on a Dionex ion chromatograph. Fluoride was determined by
specific ijon electrode methods. Chlorides were analyzed by Mohr titration
and boron by carminic acid spectroscopy. Silica concentrations were deter-
mined by the molybdinate biue method.

~ 10 -



Stable isotopes (180/150 and O/H) were analyzed at Southern Methodist
University, Dallas, Texas and at U.S. Geological Survey, Menlo Park,
California. Tritium concentrations were determined at the Tritium Labora-
tory, University of Miami, Miami, Florida.

Gases

Residual gases, that is, gases not absorbed in the sodium hydroxide solu-
tion (He, Hp, Ar, 0,, Ny, and CH,) were analyzed on a dual-column gas
chromatograph with goth argon ané helium carrier gases at the U.S. Geologi-
cal Survey, Menlo Park, California. Molies of residual gas were calculated
from measured gas pressures and head space volumes. CO, and H,S concentra-
tions in the sodium hydroxide solutions were determined by titration and by
ion chromatography respectively. Concentrations of these gases were also
checked by gravimetric methods using SrC1z and BaC]z to precipitate SrCO3
and BaSO4. The SrC0; precipitate was then reacted with phosphoric acid to
determine €0, yield. The evolved gas was saved and analyzed for 13C/ 2¢,
Steam content of the gases was determined by weight difference before and
after sampling. Ammonia was analyzed by specific ion electrode method.

Adjustments were made for head space gases dissolved in the solution by
using Henry’s Law. Moles of each constituent collected were then determined
and the mole percentage of each constituent was calculated. If air was pre-
sent in the sample, a correction was made for air by using the ratio of oxy-

gen in the sampie to oxygen 1in air. The gas concentrations in mole percent
were then recalculated on an air-free basis.

Relium isotope ratios (3He/4He) were determined at the Scripps Institute
0{30c?anography, La Jolla, California. Carbon isotope ratios in CO,
(*°C

C) were analyzed at the U.S. Geological Survey, Menlo Park,
California.

Water Chemistry

Results of geochemical analyses of ST-1 waters obtained from the Webre
mini-cyclone separator and from the end of the exhaust pipe are given in
tables 2 and 3. Total discharge water chemistries, given in tables 4 and 5,
were calculated using the separator water and steam fractions given in
table 1, which are based on separator pressure and a discharge enthalpy of

821 kJ/kg (which corresponds to the measured flowing bottom-hole temperature
of 193°C).

End-of-exhaust water analyses gave total discharge constituent concentra-
tions 10 to 15 percent higher than separator values where exhaust water
fraction was calculated on the assumption of atmospheric pressure-boiling
point conditions. However, flashing at the exhaust end apparently occurs at
pressures well below atmospheric (D. Michaels, personal commun., RGI, 1984).
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Cations
Na
K
Ca
Mg
Li
Sr
Cs
NH

4
Total3
Anipns
HCOg
50
F 4
c1
Br
Tota]3

Balance percent

§70
H,S
i

Al

As

fe

T08*

pH, field®

2

Date sampled

h3aska Bivision of Geological and Geophysica) Surveys, Fairbanks, M.A. Moorman and R.J. Motyka, analysts.

Table 2. Chemica} analyses of waters collected from Makushin Valley test well 5T-1, 19331

{Concentrations in mg/) unless otherwise specified}.

From Hebre~separator2

0ff end of exhaust

13| 74 75 76 77 54 74 75 76 77
2120 2020 2010 190¢ 2010 2840 2400 2470 2420 2460
270 280 270 250 250 360 180 EHH 300 310
150 138 140 128 144 216 175 175 175 181
0.2 0.1 0.1 0.1 0.1 0.3 0. 0.2 a. 0.2
11 11 11 10 10 i4 13 13 i3 13
2.4 2.3 2.8 2.5 Z.6 3.1 3. 3.3 3.3 3.1
1.4 1.4 1.4 1.4 1.4 1.6 nd nd nd nd
nd nd nd ng 3 nd nd nd nd ng
108.5 133.5 163.0 87.0 142.6 145.8 118. 126.0 123. 125.7
<5 <5 <5 <5 <1.0 <5 ngf nd nd nd
Gl 86 85 17 80 190 nd nd nd nd
1.2 1.2 1.2 1.G 1.0 1.6 nd nd nd nd
367G 3540 3500 3230 3370 4870 4160 4240 4200 4220
14 i3 ¥4 i2 13 i9 nd nd nd nd
105.7 i0l.8 100.6 83.0 96.9 141.8 117. 119.7 118. 118.1
2.6 1.7 2.4 4.2 5.7 2.7 1. 5.2 4. 5.4
343 335 340 306 323 450 393 395 402 395
nd z.7 1.5 nd nd nd nd nd nd nd
68 84 65 59 52 86 74 76 77 78
ng nd nd nd 0.02 nd nd nd nd nd
12 11 13 12 12 16 14 15 15 15
nd nd ad ad 0.13 nd nd nd nd nd
6760 6500 5450 59490 6280 9070 - - - - - - - -
8.1 8.0 7.8 7.6 7.9 7.8 nd ng nd nd
B/27/83 3/1/83 9/2/83 8/2/83 8/3/83 8/24/83 9/1/83 9/2/83 9/2/83 9/3/83

3Samp]ing conditions and steam fraction given in table 1.
Cation and anion totals in milliequivalents/liter,

Calculated.

5Samp]e 64 measured at T=50"C; al} others measured after coolinmg to 15°C.

nd = not determined.



Table 3. Chemical analyses of waters collected from Makushin Valley test we)) ST-1, 1984}
(Concentrations in mg/1 unless otherwise specified.)

from webre-separatorz 0ff end of exhaust

v 2w 1€ 2E
Cations
Na 1910 1930 2290 2290
K 260 250 300 310
Ca 129 133 155 143
Mg 0.2 0.2 1.3 0.6
Li 10 10 12 11.5
Sr 2.7 2.7 3.2 3.2
Cs 1.4 1.3 1.6 1.5
NH4 3 <} <l nd nd
Total 97.6 98.5 116.9 116.7
Anions
HCO3 26 12 nd nd
SO4 385 97 115 112
F 1.2 1.2 1.4 1.4
c) 3480 3500 4180 4170
fr 3 12 12 14 14
Total 100.9 101.3 120.5 120.2
8alance percent -3.3 -2.8 -3.1 -3.0
5102 - - 328 397 384
HZS <) 1 nd nd
8 - - 67 78 79
Al nd 0.004 nd nd
As 12 1t 15 14
Fe 4 0.26 0.20 0.32 0.24
YDS 5 nd 6360 7560 7540
pH, field 7.7 7.6 ng nd
Date sampled 8/4/84 8/7/84 8/4/84 8/17/84

1Alaska Division of Geological and Geophysical Surveys, Fairbanks, R.J. Matyka and M.A. Moorman, analysts.
Sampling conditions and steam fraction given in table 1.

Cation and anion totals in milliequivalents/liter.

Calculated.

pH measured after waters cooled to 15°C.
ng = not determined.

Supporting evidence for the latter comes from a temperature measurement of
the center of fluid flow from the exhaust made by P. Parmentier (RGI). The
temperature measured was 60°C, which indicated that low-pressure effects
that are not well understood cause increased flashing of the exhaust fluid.
Use of the 60°C temperature in our calculations resuited in an exhaust-end
water fraction of 0.75, and application of this water fraction to exhaust
analyses gave total discharge chemistries which were in close harmony with
those obtained from the separator method (table 6).

Additional support for basing total discharge chemistry on the separator
water analyses comes from RGI’s reported analyses of 1983 ST-1 water
samples. Two of their samples were obtained under high pressures, using an
entirely different technique than the mini-cyclone separator method (RGI
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Table 4, Chemical analyses of 1983 waters from Makushin Valley test well ST-1, corrected to reservoir
conditions without gas.
(Concentrations in mg/1 unless otherwise specified.)

71 74 75 76 77 Average S.0.
Cations
Na 1820 1780 1780 1730 1820 1786 37
K 230 250 240 230 230 236 g
Ca 128 123 124 116 131 124 6
Mg 0.2 0.1 0.1 0.1 0.1 0.12 .04
L1 9 ] 10 8 8 8.2 0.4
Sr 2.1 2.0 2.5 2.3 2.4 2.3 0.2
Cs 1.2 1.2 1.2 1.3 1.3 1.2 0.1
NH4 nd nd nd nd 1.0 1.0 - -
Aniaons
HCO3 <§ <5 <5 <5 <1,0 <5 - -
SO4 78 76 75 70 73 74 3
F 1.0 1.1 1.1 1.1 0.9 1.0 0.1
C1 3140 3130 3080 2930 3060 3068 84
8r 12 11 11 11 12 11.4 0.5
SiO2 294 296 300 278 293 292 8
H,S nd 2.4 1.3 nd nd 1.9 - -
B S8 57 57 54 56 56.4 1.5
Trace
A) nd nd nd nd 0.02 0.02 - -
As 11 10 11 11 11 10.8 0.4
fe nd nd nd nd 0.12 0.12 - -
TDS 5790 5750 5680 5430 5700 5670 141
Date sampled 8/27/83 8/1/83 9/2/83 8/2/83 8/3/83

nd = not determinad
S.D. = Standard deviation

final Report, 1984, pg. XII). These samples yielded total discharge
chemistries nearly identical to our separator samples.

The ST-1 waters are moderately saline and low in bicarbonate. Comparison
of 1983 to 1984 chemistries show the waters to be nearly identical; the 1984
waters are slightly less saline and slightly richer in HCO5. Although the
ST-1 waters are moderately saline when compared to other geothermal systems
in the world, they nevertheless contain more chloride than can be reasonably
accounted for by leaching from the basic gabbronoritic wallrock. Apparently
the reservoir waters either circulate through marine-laid deposits within
the Unalaska Formation or the reservoir is being contaminated by seawater
infiltration. The C1/Br ratio of the Makushin Reservoir water is very
similar to that of seawater (~280). A third possibility is that the chlo-
ride originates from the siliceous magmatic heat source.

The ST-1 waters are high in arsenic which could pose a potential water
pollution problem for salmon spawning areas if exhaust waters are discharged
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Table 5. Chemical analyses of 1884 waters callacted fram the Hakushin
Valley test well ST-1, corrected to reservoir conditions without gas.
(Concentrations in mg/1 unless otherwise specified.)

W 2 Average
Cations
Na 1670. 1690. 1680.
K 230. 220. 225,
Ca 112. 116. 114.
Mg 0.2 0.2 0.2
Li 9. 9. R
Sr 2.3 2.4 2.4
Cs 1.2 1.1 1.2
NH4 <l. <l. <].
Anions
HCO3 23. 1i. 17.
SO4 83. 85. 84,
F 1.0 1.1 1.1
Cl 3040. 3070. 3060.
Br 10. 10. 10.
SIO2 nd 287. 287.
HZS nd 1. 1.
B nd 59. 59.
Al nd 0.004 0.004
As 10. 10. 10.
Fe 0.23 0.18 0.2
DS 5570. 5570.
Date sampled 8/4/84 8/7/84

nd = not determined.

directly into Makushin Valley streams. Compared to waters in other geo-

thermal systems, ST-1 waters are relatively rich in calcium, most likely

from alteration of plagioclase in the gabbronoritic host reservoir rock.

The plagioclase has a composition of Angg-Anyq, which indicates that more
calcium than sodium should be dissolved by the waters. Much of the dis-

solved calcium, therefore, must be removed from reservoir waters through

precipitation of anhydrite, calcite, and formation of zeolites.

Gas Chemistry

Air corrected analyses of gases collected from test well ST-1 in mole
percentages are given in table 7. Gas content in total discharge is given
table 8. MVTW-2G-8 is the least air-contaminated of the 1984 samples, and
its analysis 1s considered the most reliable and representative of the
August 1984 geothermal system.

Gas concentrations in total discharge are extremely low (0.02 percent),
and a slight decline in total gases occurred between 1983 and 1984. Hydrogen
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Table 6. Chemical analyses of exhaust pipe waters from Makushin Valley test well 51-1
corrected for reservoir conditions assuming 60°C end point flash temperature.
{Concentrations in mg/1 unless otherwise specified).

Cations Antons Steam
Sample #  Date Na K Ca Mg Li Sr Cs HC03 504 £ C1 Br 5102 B As Fe T0S fraction
RM83-64  §-24-83 2120 270 160 0.2 1 2.3 i.2 nd 140 [.2 3650 14 337 64 12 ng 578G g.252
ftM83-74  9-01-83 1800 130 130 0.1 5.4 2.4 ng ngd ad nd 3110 nd 294 55 11 nd 5540 0.252
AM83-75 9-02-83 1850 230 130 0.2 9.6 2.5 nd nd nd nd 3170 nd 296 57 11 od 5760 0.252
AMB3-76  9-02-83 1810 230 130 0.1 9.7 2.5 nd nd nd nd 3140 ngd k13 58 11 nd 5690 0.252
RM83-77  9-03-83 1840 230 140 0.1 9.7 2.3 nd nd nd nd 3160 nd 296 58 11 nd 5740 0.252
RMB4-01 8-G4-84 1710 220 120 1.0 8.8 2.4 1.2 nd 86 1.0 313D 10 287 58 ii 0.24 5860 0.252
RMB4-02 §-07-84 1710 230 110 0.5 8.5 2.4 1.1 nd 84 1.0 3120 10 287 59 10 0.18 5640 0.252

1»Mavska Division of Geologicatl and Geophysical Surveys, Fairbanks, Alaska, M.A. Moorman, analyst.
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Table 7. Makushin test wel), air corrected gas analyses, mole percent.

Sample code Date sampled RO2 Xg CD2 HZS H2 CH, NH3 Nz Ar Nz/Ar £/s
MYTW-1 DS/CJ 8-27-83 0.00 0.07¢ 87.74 1.80 0.28 0.008 0.76 9.24 0.18 50.4 48.9
MYTW-2A DS/CI 9-D1-83 0.00 0.098 89.61 z.Nn 0.46 0.007 0.18 6.92 0.10 67.3 33.0
MVTW-38 0S/CJ 9-02-83 0.00 0.081 92.54 2.27 0.17 0.006 0.25 4.68 0.07 B6.8 40.7
MYTW-4B DS/CJ 8-02-83 0.00 0.:09 a1.8] 3.15 .12 0.007 0.20 4.84 0.08 £63.8 23.1
MVTW-5A 0S/CJ 8-03-83 0.00 0.105 82.73 2.28 0.10 0.006 g.18 4,63 0.07 §3.2 40.7
MYTW-1G-C RH/CJ 8-04-84 0.27 0.089 86.26 2.52 0.04 tr 0.46 10.57 0.15 F0.5 34.2
MYTW-26G-A RM/CO 8-07-84 0.50 0.055 85.94 2.52 0.06 tr 0.67 10.68 .12 89.8 34.1
MVTW-2G-B RH/CJ 8-07-84 0.14 0.064 831.81 2.02 0.02 tr 0.30 3.77 C.07 51.7 46.3

DS/CJ = D. Shepparg, Department of Scientific and Industrial Research, New Zeatand, and C. Janik, U.S. Geological Survey, Menlo Park, analysts.

RH/CJ = R. Motyka, Alaska Division of Geological and Geophysical Surveys, Fairbanks, and C. Janik, U.5. Geological Survey, Menlo Park, analysts.

Xg = Ratio, moles gas to moles steam in percent.
RO2 = Ratio, oxygen in sample to oxygen in air.



Table 8. Mass percent gas content of tatal discharge, using 02 corrected gas analyses,

Steam Mass percent Mass percent gas

Sample no. fraction gas in steam tota) discharge
MVTW-1 DS/CJ 0.144 0.163 0.023
MVTW-2A 0S/CJ 0.116 0.231 0.027
KVTW-38 DS/CJ 0.119 0.192 0.023
MVTW-48 DS/CJ 0.093 0.260 0.024
HVTW-5A DS/CJ 0.092 0.252 ¢.023
MVTW-1G-C RM/CJ 0.127 0.208 0.026
MVTW-2G-A RM/CJ 0.124 0.132 0.016
MVTW-2G-8 RM/Cd 0.124 0.154 0.018

content in particular seems to have decreased significantly, nearly an order
of magnitude since the well was first opened. Methane concentrations appear
also to have declined and were present only in trace amounts in the 1984
samples. Hydrogen sulfide, although 2 to 2.5 percent of total non-steam
gases, has such a low concentration in the total discharge that it should
not pose significant pollution problems.

The C0,-HpS-No composition of ST-1 gases are plotted on a tri-lateral
diagram which also shows compositions of fumarolic gases in the Makushin
geothermal area (fig. 4). The ST-1 gases are similar in composition to
gases from fumarole fields 1 and 2, which suggests they are derived from a
common source at depth. Gases from the superheated fumarole (3sh, 150°C)
show the highest relative concentrations of H,S. Gases from other fumaroles
and from ST-1 trend to increasingly greater proportions of N2, which indi-
cates that the H,S in these discharges is being selectively remaved by
oxidation with air or air dissolved in water. At ST-1, H,S may also be
being removed by reactions with the drillhole casing.

The decrease in H, during the 1983 well-test period and the nearly order-
of-magnitude decrease in the proportion of H, between 1983 and 1984 may also
be attributable to interaction of hot water with the casing. Once a protec-
tive scale is deposited on the casing, excess Hyo gas generation would
decline. Alternatively, the decrease in Hz may indicate a preferential out-

gassing of the lighter gases from the reservoir fluids early in the well-
test.

The ratio of Ny to Ar is plotted against H, to Ar in figure 5. The N,/Ar
ratios in the atmosphere and for air dissolved in water at 25°C are also
shown for comparison. Except for 688, all ST-1 samples fall between these
two values, indicating air is the primary source of N, dissolved in the
reservoir waters.
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Figure 4. CO,-HyS-N, compositions of well ST-1 and fumarolic gases from
Makushin geothermal area.
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Reservoir Fluid Composition

Concentrations of chemical species dissolved in the aquifer waters feed-
ing ST-1 at the 593 m fracture were calculated using ENTHALP, a program
originally developed by Truesdell and Singers (1973) and recently updated by
Singers and Henley {personal commun., 1984). Results of the computer cal-
culations in molal units are given in table 9. Water analysis 2W was used
with both gas analyses 2G-A and 2G-B. Because the 2G-B gas sample is con-
sidered more reliable, only the 2W, 2G-B modal composition was used in
determining the average constituent concentrations and standard deviations.
The average pH of ST-1 waters at the reported flowing down-hole temperature
is 5.6, compared to neutral pH of 5.65 for waters at this temperature.

The partial pressures of CO, and H,S in the aquifer waters are given in
table 10. The average PCO, in 1983 was 0.58 bars compared to 0.49 bars in
1984. PH,S also declined from 0.005 bars in 1983 to 0.004 bars in 1984.

The oxygen partial pressures, PO,, of the ST-1 fluids can be estimated
from the relation between temperature and POZ determined by D’Amore and
Panichi (1980),

log PO, = 8.20 - (23643/T) (1)

where T is the fluid temperature in °K. For 193°C, the PO, of the ST-1
fluids is on the order of 10°%3 atm. A check can be made on PO, using the
equation

Tog POy = 12.5 - 26888/T - 9/7 log (PH,S/PCO,)
+ 6/7 Tog PCO, (2)

(D’Amore and Panichi, 1980). Using values from table 10 in equation (2)
gives results nearly identical to those derived using equation (1).

Fluid Saturation

Three hydrothermally deposited minerals were found layered on the gab-
bronorite wallrock retrieved from the open fracture at the bottom of ST-1.
The innermost layer was composed primarily of quartz; the second layer was
mostly calcite; while the outermost layer consisted primarily of anhydrite.
The degrees of saturation of Si10,, CaC03, and CaS0, were examined to deter-
mine whether any of these minera?s are presently being deposited in the
system.

The solid curve in figure 6 is the solubility of quartz in water at the
vapor pressure of the solution from Fournier and Potter, 1982. All the
samples obtained from ST-1 are slightly supersaturated with respect to the
measured bottom-hole temperature of 193°C. The quartz-silica equilibrium

- 20 -



Table 9. Concentrations of chemical species in m moles/1000 gm HZD for reservoir waters at 193°C with gas.

Sample
Water Gas

o
x

—

Na

=

Cs

Mg Ca
71 1 5.9 1.4 78.6 5.9 0.00% 0.004 2.9
74 24 5.9 1.4 75.3 6.3 0.008 0.002 2.8
75 38 5.7 1.4 74.7 6.0 0.008 0.002 2.9
76 48 5.4 1.3 72.7 5.7 0.010 0.002 2.7
77 5A 8.7 1.3 77.0 5.7 0.010 D.002 3.0
¥ 16-C 5.1 1.3 70.2 5.7 0.008 0.004 2.7
v 26-A 5.9 1.3 7.2 5.5 0.009 0.004 2.7
4] 26-8 5.8 1.3 t.2 5.5 0.00% 0.004 2.7
Average” 5.6 1.3 74.0 5.8 0.009 0.003 2.8
Std, dev.,* 0.3 0.1 2.4 0.2 0.003 0.001 0.1

Sample
Vater Gas Fe Al F HF C1 Nal) KC)
71 ! nd ng 0.052 0.002 86.7 2.4) 0.077
74 25 nd nd 0.053 0.003 86.3 2.36 0.083
75 a8 nd nd 0.051 0.005 85.1 2.32 0.079
76 4B nd nd 0.041 0.006 80.8 2.17 0.072
77 SA 0.002 0.000868 0.045 0.003 84.3 2.36 0.074
1V 16-C 0.004 nd 0.040 0.015 83.9 2.17 0.075
b3y 26-A 0.003 0.00013 0.053 0.003 B4.7 2.21 0.073
P4 26-8 0.003 0.00013 0.082 0.003 84.7 2.21 0.073
Average* 0.003 - 0.048 0.006 B84.5 2.3 0.076
Std. dev.’ 0.002 - 0.005 0.004 1.8 0.1 0.003
Sampls
Water Gas 8r 504 HSO‘ N.:SO4 KSO‘ Mgé‘»o‘1 CaSO4
n i 0.15 0.22 0.002 0.44 0.02%1 0.003 0.13
74 2A 0.14 0.22 0.003 0.43 0.022 0.002 0.12
75 38 0.13 0.2} 0.004 0.42 0.021 0.002 0.12
78 48 0.4 0,20 0.006 0.38 0.019 0.002 0.1t
77 SA 0.1% 0.20 0.003 0.41 0.019 0.002 0.12
IV 16-C 0.13 0.24 0.017 0.45 0.023 0.003 0.13
2N 2G-A 0.13 0.25 0.002 0.48 0.023 0.003 0.14
raAl 2G-B 0.12 0.25 0.003 0.48 0.023 0.003 0.14
Average* 0.14 0.22 0.005 0.43 0.021 0.002 0.12
Std. dav.* 0.01 0.02 0.005 0.03 0.002 0.001 0.0l
Samp le
Vater Bas I-IBO2 BOz ‘5102 H“‘.HO4 H3SSO‘ As
n 1 5.4 0.007 4.8 4.8 0.009 6.14
74 2A $.3 0.00S 5.0 5.0 0.607 0.13
75 a8 5.3 0.004 5.0 .0 0.005 0.15
76 48 5.0 0.002 4.6 4.6 0.002 0.158
17 SA 5.2 0.004 4.8 4.9 Q.006 0.15
1w 16-C nd nd 4.8 4.8 0.001 0.14
4] 2G-A 5.5 0.006 4.8 4.8 0.008 0.13
¥ 26-8 5.5 Q.005 4.8 4.8 0.006 0.13
Average” §.3 Q.00s 4.8 4.8 0.005 0.14
Std. dev.* 0.2 0.002 0.1 0.1 0.002 0.0l
Samp )

Water Gas H2C03 HCO3 Cat03 CaHCO3 HZS HS
n 1 4.3 0.38 0.0010 0.20 0.09 0.009
74 2A $.2 0.34 0,0007 0.17 0.23 0.017
75 a8 4.8 0.22 0.0003 0.11 0.15 0.008
76 48 5.0 0.13 D.000! 0.06 0.18 0.005
77 SA 4.7 0.25 0.0004 0.14 0.14 0.008
I 16-C 5.3 0.06 0.0002 0.03 0.16 0.002
] 2G-A 3.1 0.25 0.0006 D.12 0.11 0.010
2w 26-8 4,0 0.25 0.0005 0.12 0.11 0.008
Average™ 4.7 0.23 0.0004 0.12 0.15 0.008
Std. dev.* 0.5 0.10 0.0003 0.05 0.04 0.004

*Average and standard deviation does not include 2W, 26-A.
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Table 10. Partial pressure of CO2 and HZS in solution, reservoir conditions.

millimole fraction Partial pressure
in total fluid bars

Sample (',02 HZS COZ HZS
1983:
MVTW-1 0.0882 0.0018 0.5% 0.0036
MVTW-2A 0.1026 0.0031 0.64 0.0062
MYTW-38 0.0883 0.0022 0.56 0.0043
MVTW-48 0.0943 0.0033 0.60 0.0065
MVTW-5A 0.0308 0.0023 0.57 0.004S
Average 0.0831 0.0025 0.58 0.0050
Std. dev. 0.0052 0.0008 0.03 0.0011
1984:
MVTW-1W 0.0878 0.0029 0.62 0.0057
MYTW2G-A 0.0601 0.0018 0.38 0.0035
KVTW2G-B 0.0748 0.0018 0.47 0.0032
Average 0.0776 0.0021 0.49 0.0041
Std. dev. 0.0158 0.0006 0.10 0.0011
A1) samples
Average 0.0873 0.0024 0.55 0.0047
Std. dev. 0.0128 0.0006 0.08 0.0012

temperature for the ST-1 waters is ~207°C, which suggests that the waters
have cooled before entering the borehole.

The solid curve in figure 7 is the calcite saturation curve, and the
crosses are the values for ST-1 waters as determined by ENTHALP. The ST-1
waters are all undersaturated at 193°C. However, calcite was found
deposited on an instrument cable that was Teft in the borehole for several
days in mid-July, 1984. The ST-1 waters apparently became supersaturated
with respect to calcite as they boiled upon ascending the borehole. The
potential for calcite scaling of production well boreholes therefore exists
and must be reckoned with in future development.

An estimate of the temperature of depos1tioq}of the calcite was obtained
by determining the degree of fractionation of 18y between the water and the
calcite. The 6180 of the calcite scale was analyzed by the Stable Isotope
Laboratory at Southern Methodist University and determined to be +0.6 with
respect to standard mean ocean water (SMOW). Using a value of -10.2 for 518p
of the water (cf. table 13) and the fractionation equation of 0’Neil and
others (1969) gives a temperature of deposition of -177°C.

The state of anhydrite saturation in ST-1 waters is shown by crosses in
figure 8. The anhydrite equilibrium solubility curve (solid) is taken from
Helgeson (1969), with the activity product of anhydrite as defined by Helge-
son plotted on the Y-axis. Activity coefficients and molal concentrations
for Ca and SO, ionic species were determined using ENTHALP. As can be seen
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Yable 1). 180/150 in anhydrite obtained from test well core.l

Depth, 180/2% - caso,, , T equil.? .
m (ft) WRT SMOW (") ("
148 (486) -2.98 asy 249
592.5 (1944) -1.87 319 226
593.1 (1946) -0.91 205 208

1Ana]yzed at U.S. Geolagical Survey, Menla Park.
T ‘C, equi). = equilibration fractionation temperature assuming 180/150 for HZO js -10.2, the current
reservoir water value (U.S. Geological Survey analysis).
3Ternperature computed using Lloyd {1968) fractionation equation:
1000 1n = 3.88 {10%)/1% - 2.90, T = k.
4Temperature computed using fractionation equation of Chiba and others {1881):
1000 10 = 3.21 (168)/1% - 472, T = "

from the figure, the waters would have to be somewhat warmer for anhydrite
deposition to occur at ST-1.

An estimate of the temperature at which the anhydrite deposition occurred
was obtained by determining the degree of fractionation of 180 petween the
anhydrite and the reservoir waters (table 11). Usin? the fractionation
equation of Chiba and others (1981) and assuming a & 80 of (-10.2) for the
reservoir waters gives a temperature of deposition of ~208°C for anhydrite
found at the bottom-hole fracture. In contrast, using the same technigue,
anhydrite found in a vein 592.5 m deep has an estimated temperature of depo-
sition of 226°C, whereas anhydrite found in a vein 148 m deep has an esti-
mated temperature of deposition of 249°C.

ISOTOPE ANALYSES
Oxygen 18 and Deuterium

Results of oxygen and deuterium isotope analyses of water and steam
samples that were collected using the mini-cyclone separator at the ST-1
wellhead are given in table 12. The corresponding pre-flash isotopic compo-
sitions of ST-1 waters are given in table 13 and plotted in figure 9.
Because of suspected sampiing and analyses problems, samples 76 and 84-1 are
not included on figure 9. Also plotted on figure 9 are isotopic com-
positions of Tocal meteoric waters (LMW), low Cl, high HCO,;-SO4 thermal
spring waters, Cl-rich thermal spring waters, the meteoric water line
defined by Craig (1961), and the Adak precipitation 1ine (Motyka, 1982).

The majority of meteoric and Tow-chloride thermal spring water samples
plot to the left of both meteoric water lines; chloride thermal spring and
ST-1 waters plot to the right. Meteoric stream waters whose source regions
lie at mid- to Tower elevations on the volcano have heavier isotopic compo-
sitions than meteoric stream waters whose source regions are at higher ele-
vations. The range of isotopic compositions for low-chloride thermal spring
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Teble 12. Makushin Valley test we))l SY-1, oxygen and deuteriim isotope analyses--steam and water.
(Parts permi) with respect to SMOW).

Sample Water Steam

06GS  USGS 0/H 18,16, 18,18, o/H 18,469 18,18,
no. no, Date (SMU) (SM0) (USGS) (SMU} (SMU) (USGS)
71 1 8/27/83 -79 -9.7 -9.2 -97 -13.9 -13.45
74 2 8/1/83 =77 -10.05 -8.5 -80 ~-13,2 -13.05
75 3 9/2/83 -77.5 -9.95 -8.6 -30 -13.2 -13.05
76 4 '8/2/83 -77.5 -8.4 -9.6 -87.3 -13.15 -12.85
77 5 9/3/83 -77.6 -9.8 8.8 -88.3 -13.1 -13.0
84-1 8/4/84 -66 -10.25 - -86 -11.25% -

84-2 8/7/84 -81.5 -9.85 - -80 -12.3 -

SMU = Southern Hethodist University, Stable Isatope tLaboratory; R. Harmon and J. Borthwick, analysts.
USGS = U.S. Geologica) Survey, Menlo Park, C. Janik, analyst.

Table 13. Makushin Valley test well ST~1, stable tsotope analyses corrected to reservoir conditions.
{Parts permi1 with respect to SMOW).

1983 21 24 15 16 17 Average 3.0,
D/H (SHU) -81 -78.5 -79 -78.5 -78.5 791 1.1
180180 (sMu) -10.3  -10.4 -10.3 {-8.8)} -10.1 -10.3 0.13
18,16

o/t (uses)  -10.2 9.9 -10.0 -3.9 9.9 -10.0 0.13
1984 84-12  g4-2
D/H (SMU) -69 -83
/180 (smuy  -10.4  -10.2

lSuspect valve; not used in computing average.

A large amount of chloride was detected in the 84-1 condensate indicating incomplete
separation. Values for this sample are tharefore not considered to accurately represant
reservoir {sotope composition.

waters directly overlaps the mid-range for meteoric waters, which indicates
that thermal waters are derived from meteoric waters at mid-elevations.

On the basis of similarities in deuterium composition of meteoric and
thermal waters, reservoir waters in the majority of explored hydrothermal
systems are thought to be derived mostly from meteoric sources (Craig,
1963). The Makushin system is no exception, although the high chloride con-
centration suggests a small amount of seawater contamination. The seawater
mixing would tend to shift the deuterium to slightly heavier values. Deu-
terium vatues of ST-1 waters correlate with the mid- to upper range for
meteoric waters, which suggests that waters charging the reservoir feeding
ST-1 originated as precipitation on the mid- to lower flanks of the volcano
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if seawater contamination is minimal. These meteoric waters probably
filtrate in the reservoir system through fractures on the periphery of the
hydrothermal system.

ST-1 waters show a positive shift of 1 permil in 6180 with respect to the
two meteoric water Tines and a shift of about 1.5 permil with respect to
Makushin meteoric waters. Such shifts are commonly observed in geothermal
systems and are caused by high-temperature oxygen isotope exchange between
the thermal waters and the reservoir rock. Similar shifts are not seen for
deuterium because of the lack of hydrogen-bearing minerals in the reservoir
rock. The magnitude of an oxygen isotope shift is a function of water
temperature, duration of contact, and the magnitude of the difference in the
water vs. rock isotopic composjtions. The gabbronorite reservoir rock at
Makushin was found to have a 6180 composition ranging from -4.0 for highly
altered rocks to +2.8 for slightly altered rocks (table 14). The difference
in unaltered vs. altered composition indicates isotgge exchange has occurred
in the Makushin hydrothermal system, and thus the 6°°0 shift observed for
ST-1 waters is probably due to high temperature exchange. However, a part
of the shift could also be due to seawater mixing.

Table 14. ST-1 whole rock oxygen {sotope data.1

Sample # lB0/180 Description
ST-1-201 ~4.0 Gabbro. Plagioclase altered to clays.
ST-1-664 -2.7 Gabbro altered to watirakite. Steam entry.
$T-1-1088 ~2.0 Albite-K spar-biotite-epidote vein.
ST-1-1638 +2.8 “Unaltered" gabbro. Pyroxenes altered to anthophytlite-
cummingtonite.
S$T-1-1837 ~0.} Chloritica)ly altered gabbro.
- - +b.4 Average of 11 Makushin area volcanic rocks.

1Ana1yzed at U.S. Geological Survey, Menlo Park, CA., }. Barnes lab.
Tritium

Results of tritium analyses for waters collected from ST-1 and from
various springs and streams are given in table 15 and plotted in figure 10.
Panichi and Gonfiantini (1978) have reviewed the use of tritfum as an indi-
cator of age and mixing of waters in geothermal systems. Tritium was intro-
duced into the atmosphere in large quantities during the years of thermo-
nuclear weapons testing following 1952. Since the test ban treaty of 1963,
tritium in the atmosphere has steadily diminished, but far exceeds pre-1952
levels. Because of its relatively short half-life (12.3 yr), tritium pro-
vides a good marker for waters of recent age. To provide a comparison for
Makushin waters, the tritium levels in 1980 precipitation at Anchorage

- 27 -



(the nearest station and most recent year for which data are available) are
also plotted on figure 10. The weighted-average tritium content of
precipitation in Anchorage in 1980 was 29 Tritium Units (T.U.), with a
seasonal variation ranging from a winter minimum of 16 T.U. to a late-spring
maximum of 51 T.U.

Table 15. Analyses of tritium in waters from Makushin geothermal area.

Date

Sample code Locality collected TU

MVTW-3 $T-1 9-02-83 0.46x0.08
HVTW-5 ST-1 9-03-83 0.2920.08
RM82MV-cs cold str., Mk. Val 7-21-82 11.3£0.3
RMBZMV-ru hot spr. M-c 7-22-82 16.440.4
RAMB2GV-E hot spr. G-j 7-20-82 36.510.8
RMB2GV-wv hot spr. G-1 7~20-82 28.2¢0.7
RMB2GV-24 hot spr. G-m 7-20-82 10.5¢0.3
RMB2PV hot spr. G-p 7-20-82 6.120.2

Analyst: H. Gote Ostlung, U. of Miami, Miami, Florida.
TU = Tritium units.

A water sample collected from a cold stream in Makushin Valley fed by
snow melt has a tritium level of 11 T.U., which is consistent with winter
precipitation. Tritium concentrations in low-Cl, HCO04-504 thermal springs
ranged from 16 to 36 T.U., which indicates these waters are very young and
probably originated as local precipitation. The two samples collected from
Cl-rich thermal springs, although lower in tritium (6 and 10 T.U.) than any
of the other spring waters sampled, are sti1l high enough in tritium to
indicate that thermal waters are probably mixing with meteoric waters near
the surface before emerging as springs.

In contrast, two water samples collected from ST-1 have tritium con-
centrations of 0.3 and 0.5 T.U. Concentrations this low indicate the waters
are at least 25 yr old, probably older (Panichi and Gonfiantini, 1978).
Furthermore, the low level of tritium in the ST-1 waters arques against any
mixing of present-day meteoric water at ST-1. Tritium concentrations in
waters older than 60 yr would be expected to be <0.1 T.U. (Truesdell and
Hulston, 1980). If we assume this value as the 1imit for deep thermal
waters at Makushin and use 29 T.U. for a cold water end member, then the
fraction of any present-day meteoric water would be at most 1.4 percent.

Carbon 13 in Carbon Dioxide

Results of analyses of s13¢ composition of CO, gas collected from ST-1
are given in table 16 and plotted in figure 11. Also plotted are §13¢ com-
positions of CO, gas collected from var]ous fumaroles and hot springs.
Mantle-derived €O, is thought to have § 3¢ compositions ranging from -4 to -

8 permil (Craig, 1953; Welhan, 1981), while €0, from organic-sedimentary
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Table 18. Makushin Valley test well $7-1, Unalaska Island, Alaska, carbon isotope analyses, (:02 in
gas and steam.

13

Sample # Date collected T, % Sep Coog
WVTW-1 8/27/83 120 -13.3
MVTW-3 9/02/83 134 -13.5
HVTW-4 9/02/83 148 -13.3
MVTW-5 9/03/83 148 -13.3
HVTW-16-C 8/04/84 130 -15.1
MVTW-26-A 8/07/84 131 -15.0
HVTW-26-B 8/07/84 131 -15.1

lC. Janik, U.S. Geological Survey, Menlo Park, California, analyst.

sources have §13¢C values < -11 permil. The heaviest §13¢ compositions at
the Makushin geothermal area were found for the samples from the summit and
from the superheated fumarole in field 3. The majority of sampled gases,
inciuding those from ST-1 in 1983, fall in the narrow range of -11.5 to
-13.5 per‘mﬂ3 which 1ies at the upper end of values for organic-sedimentary
CO0,. The g C-C0, in 1984 ST 1 fluids was found to be -15 permil, 1.5 per-
mi% less than the 1983 values. This change could be attributable in part to
fractionation between the CO, and the calcite being deposited on the well
casing.

The 8136—602 compositions at Makushin suggest that the CO, is being
generated in part from thermogenic breakdown of organic-sedimentary material
underlying the volcano, with a magmatic intrusion acting as the heat source.
These thermogenic gases then mix with CO, outgassing from the magma body
itself and migrate into the hydrothermal reservoir.

Helium Isotopes

Samples of gases obtained from ST-1 were analyzed for helium isotope com-
positions. Enrichments in e with respect to atmospheric levels have been
correlated with magmatic activity on a worldwide basis, and the excess 3He
js thought to_be gerived from the mantle (Craig and Lupton, 1981). Samples
of gases for 3He/ He testing were collected in 50-cc glass flasks (Corning
1720) fitted with high-vacuum stopcocks. The procedures followed for gas
extraction, measurement of absolute heljum amounts, mass spectrometer
measurement of 3He/4He ratios, and application of He/Ne correction for air
contamination are described in Lupton and Craig (1975), Torgersen and others
(1982), and Poreda (1983).

Table 17 presents helium isotope data for ST-1 and for gases collected
from fumaroles and hot springs in the Makushin geothermal area. The R/R,
value (“He/"He ratio of sample vs. air) of 7.8 obtained for the summit
fumaroles falls within the range of values of 5 to 8 found at other volcanic
vents in the Aleutian Arc and convergent margin volcanic arc settings else-
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Table 17. Heltum isotope cdata, Makushin geothermal area.1

Year

Location collected R/Ra2 (He/Ne)/air Rc/Ra3
Fum. field #1 1980 8.6 110.0 6.6
Fum. field #2 1880 4.9 37.0 5.1
Fum. field #2 1881 5.0 94.0 5.1
Fum. field #3, sp 1881 3.8 24.0 4.0
Fum. field #3 1981 4.4 53.0 4.5
fum. field #3, SH 1982 4.1 11.4 4.4
Fum. field #5 1882 5.0 50.0 5.1
Fum. field #6, SU 1982 7.8 1500.0 7.8
Fum. field #7 1983 5.9 300.0 5.8
Spring G-p 1983 (1.3)% (1.5)% (1.9)"
Test well ST-1 1383 3.6 41.0 3.7

lR. Poreda analyst, Scripps Institute of Oceanography, Stable Isatope Lab.

2R = 3He/dHe ratfo in sample, Ra = 3He/ He ratio in air.

3Rc = Sample ratio corrected for air contamination vsing He/Ne ratios.
Helium concentration in sample was extremely low.

where in the world (fig. 12) (Craig and others, 1978a; Poreda, 1983). R/R,
values for gases from the flanks of Makushin are all lower than those from

the summit, with the lowest values occurring at fumarole field 3 and for
ST-1.

Variations in R/R, have been found at other volcanically related geo-
thermal systems (Craig and others, 1978b; Welhan, 1981; Torgersen and
others, 1982; Torgerson and Jenkins, 1982). A high value for R/R, in gases
from geothermal systems suggests a more direct connection to magmatic
sources with 1ittle or no crustal contamination--although it may also result
from leaching of young volcanic rock (Truesdel]l and HulstoR, 1980). Lower
values indicate a greater crustal influence of radiogenic "He.

If the summit value of R/Ra is taken to represent the 3He/4He ratio of
the parent cooling magma, then the R/R, values for sites on the flanks of
the volcano represent varying degrees of mixing with a crustal e com-
ponent. One effective method for increasing the amount of She present in
the gases 1s by hot-water interaction with and leaching of reservoir wall
rock. At Makushin the host reservoir rock is a gabbronoritic pluton. Cal-
culations by Torgersen and Jenkins (1982) indicate that the R/Ra ratio in an
intrusive would fall to <0.1 through radiogenic decay of U and Th for
emplacement ages >1.0 Ma. A mixing of 55 percent crustal He and 45 percent
magmatic He would produce an R/R, value of 3.7 with 7.8 for the magmatic
component and 0.1 for the crustal component.
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GEOTHERMOMETRY

The results of applying water, isotope, and gas geothermometers to ST-1
thermal fluid geochemistry are given in tables 18, 19, and 20 and compared
in figure 13.

Nearly all the geothermometers that were applied to ST-1 predict tempera-
tures substantially higher than the reported flowing bottom-hole temperature
of 193°C. Only two of the geothermometers, the chalcedony geothermometer of
Fournier (1981) and the Na-Li geothermometer of Foullic and Michard (1981),
give temperatures in agreement with the flowing bottom-hole temperature of
193°C reported by RGI. Free quartz is found in the gabbronorite, and, for
temperatures greater than 180°C, quartz is the silica phase most likely to
control dissolved silica (Fournier, 1981). Thus, for ST-1 the guartz

temperatures which average about 207°C are the more appropriate estimates to
use.

Of the three Na-K geothermometers that have been proposed, Arnorsson’s
(1983) equation for basaltic rocks is chosen as the most appropriate for
ST-1 since the host reservoir rock is a gabbranorite. The average
temperature of 225°C given by this geothermometer is slightly higher than
Truesdell’s (1976) Na-K geothermometer and 17°C lower than Fournier’s (1981)
geothermometer for Na-K. Because calcite appears to have precipitated
during the ascent and boiling of the ST-1 thermal waters, caution must be
exercised in applying the Na-K-Ca geothermometer of Fournijer and Truesdell
(1973). Disequilibrium removal of Ca from the ST-1 water would yield
temperature estimates that are too high. However, the close agreement of
the Na-K-Ca geothermometer with the results of Arnorsson’s (1983) Na-K
geothermometer suggests Ca removal by calcite precipitation is too small to
appreciably affect the Na-K-Ca geothermometer.

The gas geothermometer of D’Amore and Panichi (1980) is based on an
empirical relationship between ratjos of H,S, Hy, and CHy to CO, and the
partial pressure of CO, in the reservoir. For analyses in which CHy was
present in only trace amounts, a value of 0.001 mole percent was used in the
computations. The H,S geothermometer of D’Amore and Truesdell (1983) is
based on equilibria getween constituents affecting H,5 concentrations. The
€0, geothermometer of Arnorsson and others (1983) is based on an empirical
re%ationship between temperature and PCO, observed in geothermal waters from
drillholes in Iceland. The average temperature given by the gas geother-
mometers, 217, 217, and 219°C, respectively, are in close agreement with
each other and the Na-K geothermometers of Truesdell (1976) and Arnorsson
(1983) and the Na-K-Ca results. However, calcite precipitation and inter-
actions between the thermal fluids and the well casing could be affecting
gas compositions, and caution must be exercised in interpreting these
geothermometers.
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Table 18. Geothermometry for Webre separator waters from Makushin Valley test well ST-1 corrected for reservoir conditions. (Temperatures in "C.}

Qz. cong Chal. cond Na/K Na/K Na/K Na-K-Ca Na/Li
Sample # Date (1) (2) (3) (4) (5) i8) (7)
RMB83-71 B-27-83 208 191 40 216 ze2 224 183
RMB3-74 2-01-83 08 192 247 226 231 229 194
RMB3-75 9-02-83 209 193 243 221 227 227 196
RMB3-75 -02-83 203 185 241 2is8 224 225 194
RMB3-77 9-03-83 208 191 238 213 220 223 193
RMBA-1W B8-04-84 nd nd 245 223 229 227 194
RMB4-2W 8-07-84 206 188 240 217 223 224 183
Average 207 180 242 219 225 226 194
Std. dev. ¢ 2 3 4 4 2 1

lFournier and Potter, 1982, improved Si[)2 {quartz).

Fournier, 1981, chalcedony.
Fournigr, 1981, Ha/K.
Truesdel}, 1976, Na/K,
Arnorsson, 1983, Na/K, basalt.
Fournier and Truesdell, 1873.
Fouillac and Michard, 198l.
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Table 19. Sulfate-water 180/150 isotope temperatures, Makushin Valley test well, ST-l.l
Temp 180/1%0-1,0 180/1%0-1,0,
Date sep. 180;150—504, WRT SHOW WRT SMOW
Sample # collected ¢ WRT SHOW at sep res 1,-¢ 12, ¢
HYTW-T74 9-01-83 135 3.8 9.5 8.9 245 256
MYTW-75 9-02-83 134 -3.4 -$.6 -10.0 215 245
MY TH-76 9-02-83 148 3.4 9.6 9.9 235 248
MYTH- 77 9-03-83 148 3.3 4.6 9.9 235 244
HYTW-1W 8-04-84 130 3.9 -10.32 -10‘43 230 246
MV T -2 8-07-84 131 3.6 -10.0 -10.2 232 246
Average 235 248
Std. dev. 5 4

1lsotope analyses performed at U.5. Geological Survey, Menlo Park, except as noted.
Analysis performed at Southern Methodist University, Stable Isotope Laboratory.
Temperature caiculated usiﬂg mﬁ;hod described in McKenzie and Truesdel} (1977) for the case of single-stop steam-loss. The separator water

composition was used for 70/ 70 - H,0.
4Ternperature calculated vsing the 180/ 60 - H,0 vatus determined for the reservoir water and the equilibrium fractionation equation of Mizutani and
Rafter (1369): 1000 n - 2.88 (10%/7%) - 4.1, T="k.



Table 20. Gas geothermometers applied to Makushin test well.

Sample # Date sampled 1! 1c? e’
MVTW-1 DS/CJ 8-27-83 228 212 220
MVTW-24 DS/CJ 9-01-83 250 222 227
MVTW-38 0S/CJ 9-02-83 217 216 222
MVTW-48 0S/CJ 8-02-83 213 223 223
MYTW-5A DS/CJ 9-03-83 204 216 222
MVTW-16-C RM/CJ 8-04-84 218 220 225
HVTV-26-A RM/CJ 8-07-84 216 211 199
MVTW-26-B AM/CJ 8-07-84 190 212 213
Average 217 217 219
Std. dev. 17 5 9

;Gas geothermometer of D'Amore and Panachi, 1980.
3H S geothermometer of D'Amore and Truesdell, 1380.
C62 geothermometer of Arnorsson and aothers, 1983.

The water-sulfate oxygen isotope geothermometer of McKenzie and Truesdell
(1977) predicts significantly higher temperatures than all but Fournier’s
(1981) Na-K geothermometer (table 19). Using the isotopic composition of

ST-1 waters (cf. table 13) the average temperature given by this geother-
mometer for the reservoir is 248°C.

The highest reservoir temperatures predicted by the geothermometers indi-
cate that the ST-1 fluid chemistry is in equilibrium with hotter parts of
the reservoir and that the reservoir fluids have cooled before entering the
ST-1 borehole. Differences in the gquartz, cation, and sulfate-water oxygen
isotope geothermometers have been observed at many other high-temperature
hot-water systems and have been commonly attributed to the combination of
cooling of the thermal fluids upon ascent and the differences in the re-
equilibration times of the various geothermometers {fournier, 1981). For
example, quartz equilibrates fairly rapidly, on the order of days to weeks
at T ~200°C, whereas the cations in saline solution equilibrate on the order
of weeks to months for T ~200°C.

In contrast, the sulfate-water oxygen isotope geothermometer takes much
longer to equilibrate at lower temperatures. Experimental studies by Chiba
and Sakai (1985) on the fractionation of 180 between H,y0 and S04 showed the
equilibration time to be weakly dependent on pH and strongly dependent on
temperature. For a pH of 6 (similar to ST-1 waters) and a temperature of
250°C, the equilibration half time, T)/z is on the order of 10 to 20 yr.
Thus, the sulfate-water oxygen isotope geothermometer is a good indicator of
deep reservoir temperatures.

Temperature-pressure conditions at the bottom of ST-1 preclude boiling as
a cooling mechanism and leave conduction and dilution as alternatives. The
correlation of lower calculated temperatures with shorter equilibration
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times for the geothermometers applied to ST-1 fluids suggests that the
thermal waters have cooled slowly by conduction upon ascent, before entering
the ST-1 borehole. However, dilution may have also played a role in cooling
the reservoir water and could explain the differences between the guartz and
cation geothermometer temperatures. Cation geothermometers, which are based
on ratios of constituents, are not as susceptible to the effects of dilution
as the silica geothermometers which are directly related to silica con-
centrations. The effect of dilution on the Na-K-Ca geothermometer is
generally negligible if the high-temperature geothermal water is much more
saline than the diluting water and the diluting fraction is less than 20 to
30 percent (Fournier, 1981}).

Following methods described in Truesdell and Fournier (1977), the mixing
line shown on the silica vs. temperature diagram (fig. 6) uses a cold-water
end member similar to surface meteoric waters (Si0, = 10 ppm; T = 10°C) and
the average for the analyzed ST-1 silica concentrations corrected to bottom-
hole conditions (291 ppm). This mixing tine intersects the quartz
solubility curve at a temperature of 220°C, in close agreement with both the
cation geothermometers and the gas geothermometers. The estimated cold
water fraction for this mixing model is 12 percent. Thus, waters entering
ST-1 could have cooled by a combination of conduction from 248°C to 220-
225°C and by dilution from 220-225°C to 193°C. As seen from the results of
the tritium analyses, mixing with present-day cold meteoric waters appears
minimal. If the mixed water is assumed to have a tritium concentration of
0.4 T.U., the average of the two ST-1 analyses, then the tritium concentra-
tion of the diluting water must be on the order of, at most, 4 T.U. If sur-
face meteoric waters having a tritium concentration of 20-30 T.U. are the
ultimate source of the diluting waters then 25-35 yr would be required for
these surface waters to reach the zone of mixing. Such infiltration times

are not unreasonable for most confined aquifers (Panichi and Gonfiantini,
1978) .

HYDROTHERMAL ALTERATION
Methods

The description of 1ithology and minerals is based largely on hand-
samples. As a control, selected samples were chosen for additional study by
X-ray diffraction and optical petrography. Locations of the samples taken
from the cores are shown on the core logs (figs. 14, 15, 16, 17, 18).
Alteration minerals that could not be immediately identified by physical
properties, because of either their fine-grained nature (clays) or their
rarity (zeolites), were identified using X-ray diffraction. Once positively
identified, these minerals could be located elsewhere in the core by their
physical properties. Thin sections of representative samples, both from the
core and from similar rocks at the surface, were used to assist in the
description of the lithology. The lithologic units used in this paper are
those of Nye and others (1984).
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Surface Alteration

Alteration minerals related to the active hydrothermal system in the
Makushin area occur both at the surface and at depth. The aiteration
minerals at the surface reflect the vapor-dominated nature of the upper por-
tion of the Makushin hydrothermal system. Since surface alteration may not
reflect the conditions of the deep production zones, this study focused
mainly on subsurface alteration. Distribution and mineral assemblages of the
surface alteration are discussed in Parmentier and others (1983). A brief
discussion of the surface alteration follows.

At the surface, hydrothermal alteration is restricted to areas around
fumarale fields--both active and fossil. Alteration minerals also occur to
a lesser degree near active and fossil hot springs. Both active and fossil
fumarole fields exhibit the same alteration assemblage. Kaolinite is the
dominate mineral in the fumarole fields with lesser amounts of pyrite, iron
oxides, and amorphous silica. Sulfur and pickeringite have been identified
from the fumarole encrustations. Pyrophyllite is also locally present,
Outside the area of the main vents montmorillonite becomes the major clay
mineral. This assemblage is interpreted to be a result of acid alteration

caused by the shallow vapor-dominated zone (Parmentier and others, 1983;
Reeder, 1982).

The active hot springs in the area are low-chloride bicarbonate, sulfate
springs. Active formation of authigenic minerals around these springs
appears restricted to travertine, However, in Glacier Valley there are
several altered zones, interpreted to be fossil hot spring deposits, in
recent moraina) deposits which contain significant amounts of halite.
Motyka and others (1983) suggested that this is evidence of chloride-rich
hot springs in the area in the recent past

Alteration Minerals in the Core

Quartz is common in all the alteration groups. Its habit varies from gray
cryptocrystalline veins to clear, doubly terminated, 1-2 cm long crystals in
an anhydrite matrix. The most common occurrence is as veins ranging in
width from 0.5 mm to 2.0 cm. The quartz in the veins is often an opaque
milky-white. The grains of quartz in the veins are anhedral to euhedral and
range in size from cryptocrystalline to 1 cm in Tength. The finer grained
material typically contains numerous fluid and clay inclusions while the
larger euhedral crystals contain only a few scattered fluid inclusions. The
quartz veins occasionally show fracturing and resealing by second generation

quartz, but more frequently the quartz veins are cut by calcite and
anhydrite veins.

Calcite occurs in veins, as fine-grained mixtures with clay alteration,
and as euhedral crystals in open-space quartz and calcite veins. Most of
the calcite veins are thin (1-2 mm) and contain fine-grained (<0.5 mm)
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anhedral calcite. The calcite crystals in open-space veins are principally
scalenohedral, but in the upper parts of well A-1 bladed calcite crystals
also occur. At the bottom of well D-1, calcite is present in the brecciated
hornfels as a sparry breccia filling with pyrite. The sparry calcite is
translucent and is relatively free of inclusions. These calcite grains are
anhedral and are ~2 mm diam.

Anhydrite is present in two distinct habits. The more common is as a
fine-grained vein filling. These anhydrite veins also contain calcite,
quartz, pyrite, and occasijonal zeolites. Some veins are vuggy and Tined
with terminated anhydrite crystals. The fine-grained anhydrite veins are 1-
20 mm wide and are composed of subhedral anhydrite blades 0.5-1.0 mm wide
and 1-3 mm long. The alteration around these anhydrite veins is about
equal to the thickness of the veins. Plagioclase in the atteration envelope
is typically altered to montmorillonite. The mafic minerals are altered to
either chlorite or pyrite.

The second habit of anhydrite is as sparry, coarsely crystalline (to 3 mm
wide and 15 mm long) vein and breccia fillings. The sparry anhydrite occurs
with quartz, calcite, and magnetite. Vugs containing euhedral crystals of
anhydrite, quartz and calcite are common in the breccia zone of ST-1. The
veins and breccia clasts commonly exhibit an alteration envelope of chlorite
rather than montmorillonite. The fine-grained anhydrite veins are younger
than the sparry anhydrite veins.

Epidote occurs both in veins and as disseminated anhedral grains in the
gabbro. When present in a vein it is never the dominant mineral. Epidote is
absent from the fine-grained anhydrite veins and is uncommon in the other
vein types. The epidote-bearing quartz and calcite veins are among the old-
est veins in the core and many show multiple stage fracturing and deposi-
tion. Epidote occurs as euhedral crystals in irregularly shaped miarolitic,
albite-epidote-quartz veins. It can make up to 10 percent of the mode in
the albite-quartz-epidote veins. In its disseminated form epidote occurs as
anhedral grains {(0.5-1.0 mm diam.) scattered throughout altered zones,
especially those near contacts between hornfels and gabbro.

Albite and K-feldspar are among the oldest alteration minerals. The
albite occurs as white subhedral to euhedral crystals (0.5-1 mm) in short
(1 cm) pegmatitic veins found scattered throughout the gabbro. K-feldspar
occurs with the albite in these veins. The K-feldspar grains are typically

larger (3-4 mm) than those of the albite and are a pinkish gray. They are
always anhedral.

Chlorite and actinolite were logged together because of their intimate
association in some assemblages and the general difficulty in distinguishing
them in the hand samples. They are pale green and appear fibrous in hand
sample. They occur in veins and as disseminated replacement of pyroxenes.
The veins are generally short (0.5-1.5 cm), thin (<2 mm), and monomineralic.
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They lack alteration envelopes. The disseminated alteration is more common
than the veins. Pyroxenes in much of the pluton have been completely
altered to chlorite-actinolite. The alteration of pyroxenes is the only
alteration present in some parts of the core.

The alteration of pyroxenes, particularly orthopyroxenes, to anthophyl-
lite-cummingtonite is probably the most widespread alteration in the core.
It is difficult to see in hand specimens, but in thin section it is readily
apparent that most of the orthopyroxene has been altered to anthophyllite-
cummingtonite, and much clinopyroxene shows some degree of alteration. Like
the chlorite-actinolite alteration, it appears to be unrelated to hydro-
thermal vein alteration. The anthophyllite-cummingtonite is thought to be
the oldest alteration in the area.

Sphene is locally present in the alteration envelopes around anhydrite
veins and less commonly in the veins themselves. It is most abundant in the
altered rock of the hydrothermal breccia found in ST-1. It commonly occurs

as irregularly shaped aggregates of grains, although some subhedral crystals
have been found in the veins.

[11ite is found at a single occurrence, a clay zone in I-1 at a depth of

358 m. The clay is greenish gray and contains a mixture of montmorilionite,
i1lite, chlorite and calcite.

Montmorillonite is the most abundant clay mineral in the Makushin
Geothermal Area. It is the dominant mineral in the clay zones which occur
throughout the upper portions of the cores. Generally the clay zones do not
occur much deeper than 40 m below surface, but in well I-1, montmorillonite
clay zones occur to a depth of 450 m below surface. The clay zones are 2-to
20-cm-wide fractures filled with a friable, fine-grained mixture of clay,
chlorite and calcite. The clay mixture is gray-green to gray to blue-green.

Montmorillonite also replaces plagioclase in the alteration envelopes
around the anhydrite veins. The montmorillonite forms soft, white pseudo-
morphs after plagioclase laths.

Kaolinite is rare in the core samples from Makushin, even though it is
abundant in the fumarole fields in the area. It has been identified in some
of the clay samples from the upper portions of wells ST-1 and E-1.

taumontite is the most common zeolite from the core. 1t occurs as white,
euhedral crystals in open-space calcite veins. The crystals are typically
2-3 mm in length and may locally form clusters.

Mordenite occurs as white acicular crystals in an open-space calcite-
quartz vein in well I-1. The crystals are 6-7 mm in length.
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Yugawaralite is restricted to two occurrences in well E-1. The

yugawaralite occurs as tiny, 0.5-mm euhedral crystals in an altered gabbro
honeycombed with small vugs.

Wairakite has been identified in two samples from ST-1 and one from E-1.
The sample from E-1 occurs at 426 m. The wairakite in this sample occurs as
white, euhedral crystals on calcite crystals which, in turn, are on a quart:z
vein. The wairakite from ST-1, at 158 m and 202 m, forms massive, white
alteration zones in the gabbro. In thin-section, euhedral crystals of
wairakite can be seen. The alteration zones are about 15-20 cm wide. The
202-m occurrence is associated with a steam producing fracture.

Stilbite is restricted to a single occurrence at 65 m in well ST-1. The
stilbite forms numerous small (0.5 mm) euhedral crystals on the faces of
quartz crystals in a vuggy quartz-clay vein.

Hematite is present as stains, small crystals lining fractures, and
rarely, as replacement of magnetite. The hematite crystals are <0.5 mm
euhedral and metallic red. The occurrences seem restricted to the upper-
cooler portions of the system,

Pyrite is ubiquitous throughout the core. The most common habit is as an
anhedral replacement of the primary magnetite and pyroxenes. Pyrite also
replaces some of the authigenic magnetite.

Pyrite may occur in veins as an accessory mineral. In the veins it oc-
curs as small euhedral cubes (0.5-1.0 mm). Euhedral pyrite is also a common
phase in the vein alteration envelopes.

Authigenic magnetite is present in all wells except E-1, occurring as
large sooty anhedral grains associated with sparry anhydrite. The magnetite
grains commonly appear somewhat rounded. In polished section they are homo-
geneous and quite distinct from the ilmenite-bearing primary magnetite.
Rarely, targe grains of magnetite will occur in the gabbro, seemingly
removed from other alteration.

Marcasite has been found in several of the open-space quartz veins. The
marcasite is tarnished and has cockscomb habit.

Paragenesis and Alteration Assemblages

The paragenetic sequence for the authigenic minerals was determined from
the depositional sequence of vein minerals, cross-cutting relationships
between veins, and replacement textures. Figure 19 is a paragenetic chart
for all the authigenic minerals found in the drill core. Co-deposition of
minerals as shown on this chart does not imply equilibrium among the phase
being deposited. Local equilibrium is the rule in near-surface hydrothermal
systems. Conditions can vary greatly over short distances. Minerals which
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Figure 19. Paragenetic chart of Makushin alteration minerals.

cannot coexist can thus form at the same time in different parts of the

system. The paragenetic chart, therefore, tells very little about equilib-
rium in the system.

The utility of the paragenetic chart is that it allows one to see major
changes in the Makushin hydrothermal area over time. For example, minerals
such as biotite, hornblende and albite were deposited early on while the
zeolites were deposited more recently. From the paragenetic chart and
information about mineral stabilities, two major alteration events can be
identified. The early alteration event is the result of deuteric alteration
of the pluton and is unrelated to the active hydrothermal system. The late
alteration is the work of the Makushin hydrothermal system.

The deuteric alteration comprises two assemblages: an albite z biotite t
hornblende t actinolite t epidote t quartz assemblage found in comagmatic
breccias and aplite dikes, which occur randomly throughout the pluton, and
an anthophyllite + cummingtonite t actinolite t magnetite * pyrite
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assemblage which replaces mafic phases, in particular the orthopyroxenes, in
the gabbronorite and hornfels. The deuteric alteration occurs throughout
the pluton so that it is difficult to find unaltered orthopyroxenes.

Perfit and Lawrence §£979 found that the rocks of the Captain’s Bay
pluton showed depleted 1 0/1 0 values with respect to normal igneous rocks.
They interpreted this to be a result of the interaction of circulating
meteoric water with the cooling pluton. Samples of the Makushin gabbro were
analyzed for oxygen isotopes. The results are shown in tabge 14, Like
those of the Captain’s Bay pluton, they show depleted 180/1 0 values
compared to normal igneous rocks. It is therefore likely that the Makushin
piuton also interacted with circulating meteoric water as it cooled. The
greenschist metamorphism of the Unalaska Formation is also believed to be
related to hydrothermal systems set up by the cooling plutons (Perfit and
Lawrence, 1979).

The alteration related to the Makushin geothermal system is divided into
two periods of deposition; an early and late period. The early period
authigenic minerals seem to be a single assemblage of anhydrite * magnetite
t calcite * pyrite t chlorite t epidote * sphene. This will be referred to
as the ‘magnetite’ assemblage. The authigenic minerals of the Tate period
form two distinct assemblages; a montmorillonite t chlorite 1 calcite t
pyrite assemblage, the ‘argillic’ assemblage, and anhydrite 1 calcite %
quartz t zeolite t epidote t pyrite * sphalerite t sphene assemblage, the
‘zeolite’ assemblage.

The magnetite assemblage occurs principally in the hydrothermal breccias
which are abundant in the upper 220 m of ST-1. The breccias occur less fre-
quently in the other wells. The breccias consist of clasts of gabbro sur-
rounded by a matrix of sparry anhydrite, anhedral magnetite, euhedral quartz
crystals, and rarely, calcite crystals. The clasts are angular, 0.5-4 cm in
diam, and almost always have a chloritic alteration rind. In well D-1, the
breccias are slightly different: hornfels clasts in a matrix of sparry cal-
cite and anhedral pyrite. The clasts are approximately the same size and
shape and have chloritic alteration rinds.

The sparry anhydrite, as opposed to the finer grained anhydrite of the
zeolite assemblage, and the magnetite serve to distinguish this assemblage.
The anhydrite and magnetite appear to have formed together. This is most
unusual for a geothermal system. While anhydrite is common in explored
geothermal areas, authigenic magnetite has been reported from only two other
geothermal areas: Tongonan, Philippines, and Tatun, Taiwan (Browne, 1978;
Lan and others, 1980). The Tongonan system has temperatures of above 300°C,
much higher than those so far encountered in the Makushin system.

The Makushin hydrothermal system clearly cannot have formed the magnetite
assemblage under the present conditions, The breccias found in ST-1 are
above the water table, and the magnetite assemblage must have formed in a
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1liquid-dominated system. It also does not appear possible to deposit
anhydrite and magnetite together at the present temperatures. Despite this,
the magnetite assemblage does appear to be related to the Makushin system.
No evidence of any earlier hydrothermal systems can be found in the Makushin
area. Extensive exploration of the pluton at the surface indicated only the
deuteric alteration and the alteration around the fumaroles and hot springs.
An unpublished geochemical study of the Makushin well drill chips by R. Bam-
ford for Republic Geothermal, Inc. indicated no other hydrothermal activity
than the present system. Finally, salinity data from the fluid inclusions
(discussed later in this report) indicate the fluids that formed the mag-
netite assemblage are similar to the present fluids. Taken together, this
is good evidence that the magnetite assemblage was formed by the Makushin
system at an earlier stage.

The 2eolite and argillic assemblages are much more easily related to the
present system. The argillic assemblage is fairly typical of the vapor-
dominated and cooler l1iquid-dominated portions of other geothermal systems
(E¥1is, 1979). It is basically confined to areas above the known water
table to 1iquid-dominated zones with temperature below ~ 100°C.

The zeolite assemblage is representative of the Tiquid-dominated portions
of the active system. The assemblage occurs in every core and is the most
common of the hydrothermal assemblages. There is a rough temperature zoning
for the zeolites. Mordenite was only found in I-1 and is assumed to be
stable below 100°C. Laumontite is by far the most common zeolite in the
Makushin system. It has been found at temperatures as low as 70°C. How-
gver, this may be a relict of the early stage. More reasonable is the
occyrrence in A-1, which starts at about 125°C. The upper temperature limit
is probably around 190°C. Wairakite, like the Taumontite, is found at
temperatures that are too low to be reasonable for formation. In other
systems wairakite first appears around 175°C and disappears at about 250°C.
Yugawaralite is rare in the Makushin core but probably has stabilities
similar to wairakite.

The only other zoning seen in the Makushin system is the zoning between
bladed and scalenohedral calcite. In well I-1 bladed calcite occurs from
100 m to about 340 m, below which point the calcite is scalenohedral.

As mentioned, there are occurrences of the zeolite assemblage which, Tike
the magnetite assemblage, are outside the stability limits for the
assemblage. In ST-1, wairakite occurs at 137 m and at 190 m. Both zones
are above the present water table and are at temperatures well below those
reasonable for wairakite formation. The 190-m occurrence is gabbro altered
to wairakite surrounding a steam-producing fracture. In order for wairakite
to form, the fluids must be supersaturated with respect to quartz. This is
impossible in a vapor-dominated system. Wairakite has been found in vapor-
dominated systems, but these occurrences are rare and always at temperatures
close to 200°C. The wairakite in ST-1 must have formed during an earlier
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period when the water table was higher than at present, and the temperatures
near the surface must also have been higher.

Evidence from the authigenic minerals, therefore, indicates that a change
in the Makushin hydrothermal system has taken place. This change certainly
involved a drop in the water table and a lowering of the temperature in the
upper parts of the system.

FLUID INCLUSIONS
Methods

The fluid inclusion study was undertaken to determine the temperature and
salinity of the fluids which formed the early hydrothermal minerals. Three
samples from E-1, three samples from ST-1, and one sample from I-1 were
selected for the homogenization and salinity investigation. The samples
were selected on the basis of four criterja: (1) the samples had to contain
quartz; (2) the quartz grains had to be larger than 2 mm in diam; (3) the
veins the quartz came from had to be of hydrothermal origin; and (4) the
sample depths had to be varied to allow a paleogeotherma) gradient to be
determined. Descriptions of the samples are given in table 21.

Table 21. Description of flutd inclusion samples.

Samp le

number Description

SY-277 Clear, euhedral quartz crystals (0.5 cm diam.) from a vuggy anhydrite, quartz, magnetite
breccia tnfilling. Primary and pseudo-secondary inclusions present. Some primary
inclusions form phantoms within the quartz crystals.

ST-295 Clear, evhedra) quartz crysta) (1.0 cm 6iam.) from an anhydrite, quartz, calcite, magnetite
breccia infilling. Inclusions are rare. Primary and secondary inclusions.

£-1-791 Quartz from a calcite, quartz, epidote vein. Quartz grains are euhedral and surrounded by
calcite. Some epidote grains in the calcite. Surrounding gabbro only slightly altered.
Plagioclase to montmorillonite. Mafics to chlorite and pyrite.

£-1-1155 Quartz crystals from sealed quarts vein. Veln is 2 cm wide. Individva) quartz crystals
are subhedral. Crystals are 1 cm Yong and 0.3-0.5 cm wide. Surrounding rock is
extensively altered.

E-1-1396 Quartz vein, Wairakite is present in vug along one side of vein. The wairakite is younger
than the quartz vefin.

1-1-164 Fine grained quartz vein (2.5 cm wide). Much of the sample can not be used because of

numerous clay inclusions and most of the inclusions are too small. Acceptable inclusions
are present {in the small (1.0-0.5 mm) subhedral crystals which praoject into the occasional
small vugs. The host rock is highly altered to the argi))ic assemblage and only pyrite
traces of the mafic minerals remain.
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Although anhydrite and calcite also contain fluid inclusions and are
abundant in the core, they were not used in the fluid inclusion study. They
were judged unsuitable for the study for two major reasons: First, grains of
anhydrite and calcite large enough to have usable inclusions were not as
abundant as Targe grains of quartz. Second, anhydrite and calcite are

thought to be more susceptible to possible re-equilibration during retro-
grade events than is quartz.

The fluid inclusion samples were prepared according to procedures out-
1ined in Roedder (1984). Special care was taken to avoid heating the
samples above 80°C during preparation. The melting and homogenization
measurements were done on a Linkam 600 heating-cooling stage. To determine
fluid salinities, the sample was cooled to -40°C, then heated at a rate of
10°C/min unti) the sample temperature reached -5°C. The sample was allowed
to equilibrate at this temperature for one minute. Heating was then con-
tinued at 1.0°C/min until the last ice melted. After the last ice melted,
heating was continued at the same rate to +12°C in order to check for
clathrates.

To measure homogenization temperatures, the sample was heated at 20°C/min
until the sample temperature reached 180°C. The sample was allowed to
remain at 180°C for one minute. The rate of heating was then reduced to
5°C/min and heating continued until homogenization was achieved. Multiple
homogenization runs were made on selected inclusions to determine the
repeatability of the results. Homogenization temperatures measured at heat-
ing rates of 1°C/min were within t1°C of homogenization temperatures mea-
sured at heating rates of 5°C/min.

The inclusions used in the study ranged from 0.0l mm to 0.5 mm in diam.
Most of the inclusions were primary, but some psuedo-secondary and secondary
inclusions were also used. The vapor fillings were between 5 and 10 per-
cent. The vapor bubbles were slightly darker than one would expect for pure
H,0 vapor. Typical inclusions are shown in figure 20.

About half the inclusions contained thin, transparent, daughter minerals
(fig 21). The daughter mineral did not show any visible dissolution even at

400°C. This may indicate that the minerals are accidental inclusions and
not true daughters.

Fluid Salinity

Figure 22 shows the temperature of last ice melting for 80 inclusions
from five samples (ST-1:277, ST-1:295, E-1:791, E-1:1155, E-1:1396). The
variation shown by the melting temperatures is within the error 1imits for
the cooling stage. Thus it is reasonable to assume that the composition of
the fluid inclusions is constant.
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Figure 20. Fluid inclusions in quartz from the Makushin geothermal area.

Figure 21. Fluid inclusions showing daughter minerals.



Using the equation given by Potter and others (1978) to determine the
inclusion salinity in NaCl molar equivalents from the temperature of last
ice melting, one obtains for the mean temperature a salinity of 0.106 M NaCl
or 6,194 ppm. The measured salinity of the ST-1 waters is 0.098 M NaCl or
5,868 ppm. Even ignoring the difficulty in measuring the salinity of low
salinity inclusions, the agreement between present system salinities and the
fluid inclusion salinities is remarkable.

After the Tast ice melted, the samples were checked for clathrates.
Although the dark vapor bubble indicated the presence of some C0y, no
Cclathrates were observed. The active hydrotherma) system has €0, partial
pressures of 0.5 bars, which are much too Tow to allow clathrate formation.

Thus, from the compositional information that can be obtained by freezing
the inclusions, the paleofluid and the present fluids appear the same. This
seems to rule out any major changes in composition during the life of the
Makushin hydrothermal system. Although it would be desirable to obtain
quantitative chemical analysis of the fluid inclusion, this seems unlikely
at present, because of the dilute nature of the fluid inclusions.

Homogenization Temperatures

Figures 23a, b, and ¢ show the fluid inclusion homogenization tempera-
tures (given by mean) at appropriate sample depth in each well. Also shown

are the measured thermal gradients(MTG) and the hydrostatic reference boil-
ing curve (RBC).

The degree of vapor filling in the inclusions at 40°C was essentially
constant, being between 5 and 10 percent by volume. A1l of the inclusions
homogenized to a high density fluid (that is, the vapor bubble shrank).
These observations are generally taken to indicate that the fluid inclusions
were formed in a liquid-dominated environment and that the liquid was not
boiling. However, experience in other geothermal fields indicates that
similar inclusions can form from fluids which are boiling (Roedder, 1984).
Therefore, one cannot say that boiling has not occurred, but only that there
is no evidence for boiling.

The lack of evidence for boiling prevents the determination of the pres-
sure correction to be applied to the homogenization temperatures to get the
true temperature of trapping. However, in many explored geothermal system
the pressure is close to hydrostatic. Since the Makushin samples came from
fairly shallow depths, the pressure correction should be smatl. Neverthe-
less, the homogenization temperatures should be regarded as minimum tempera-
ture of trapping.

The most striking feature of the homogenization temperatures is that they
are all above the measured well-temperatures for the sample depth. In some
samples the highest homogenization temperatures are >100°C above the maximum
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bottom-hole temperature so far measured in the Makushin system. Despite
this, the inclusions do probably represent the conditions of the early
Makushin Geothermal System. As discussed earlier in this report, the evi-
dence strongly suggests that al) the hydrothermal alteratijon in the wells is
related to one hydrothermal system.

Fluid inclusion homogenization temperatures are ofien significantly
greater than the present measured temperatures for a well {Bargar and
Beeson, 1984; Bargar and others, 1984; Keith and others, 1984; Huang, 1977;
Taguchi and others, 1980; Taquchi, 13983)}. The lower homogenization tempera-
tures are, however, in most fields within £5°C of the preproduction measured
temperature curve. The higher homogenization temperatures are, therefore,
usually interpreted as evidence that the geothermal system has cooled. Thus
the fluid inclusion homogenization temperatures suggest that the Makushin
geothermal field has cooled as much as 100°C in places.

The difficulty with this interpretation lies in the fact that most of the
homogenization temperatures are above the hydrostatic boiling curve. As can
be seen in figures 23a, b, and ¢, the mean temperature of homogenization of
all the samples is at or exceeds the hydrostatic boiling curve--indicating
boiling should have taken place. The fluid inclusion data do not rule out
boiling at the time of the inclusion trapping, but if boiling were taking
place, the homogenization temperatures could not exceed that of the boiling
curve. The boiling curve must have, therefore, been shifted toward higher
temperatures for a given present depth in the early geothermal system.

A shift of the boiling curve can be affected by an increase in salinity
or an increase in pressure. For the Makushin geothermal system the increase
in salinity can be ruled out, on the basis of the fluid inclusion freezing
data. This means the shift in the boiling curve must have been due to
increased pressure in the past. Additional pressure can be supplied if the
system is self-sealed, so that lithostatic, rather than hydrostatic, pres-
sures apply. The Tithostatic pressures are nonetheless too small to prevent
boiling in all but the deepest samples. Self-sealed geothermal systems can
over-pressure; however, the over-pressure cannot exceed the Tithostatic
pressure by more than approximately 30 per cent (Muffler and others, 1971).
In the case of the Makushin system, the over-pressure required to prevent

boiling in the upper samples exceeds the lithostatic pressure by a factor of
3.

We must therefore invoke another mechanism to increase the hydrostatic
and/or the lithostatic pressure. This can be done only by increasing the
overburden on the system. In many fossil systems the overburden is assumed
to be rock. If we assume that the Makushin system was solely under hydro-
static pressure, then the amount of rock that has been eroded must exceed
300 m. A lithostatic load would require 100 m of rock.
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This is probably an unreasonable amount of material to erode during the
expected lifetime of this geothermal system. Rates of erosion by two large
glaciers in Iceland were calculated to be 6.4 and 55 ¢m/100 yr, respectively
(Okko, 1955). Assuming these values to be an upper and lower limit to the
erosion rate in the Makushin area, we can estimate the amount of time
required to erode the 100-300 m of rock overburden; the result would be
20,000-500,000 yr. While these numbers are reasonable given the length of
time the geothermal system could exist, the surface alteration suggests that
this is not what occurred.

If the additional pressure were supplied by rock now eroded away, one
would expect to find evidence of the Tiquid-dominated system at the surface.
The evidence would be in the form of veins and liquid-dominated alteration.
As discussed earlier the surface alteration is confined to vapor-dominated

alteration. Thus, it does not seem 1ikely that rock was the source of the
additional pressure.

Instead, as we will discuss in a subsequent section, we propose that the
additional pressure was supplied by gltacial loading.

Alteration Equilibrium in the Makushin System

Having established the 1ikely temperatures and pressures of the paleo-
geothermal system, it is now possible to apply thermodynamic data to the
alteration mineral assemblages and check for consistency.

The authigenic minerals of a hydrothermal system are the end result of
the interaction among several physical-chemical factors. Browne (1978)
grouped these factors under six major headings: (1) temperature, (2) pres-
sure, {3) rock type, (4) fluid composition, (5) permeability, and
(6) duration of activity. These factors vary from field to field, and in
most cases vary greatly even within an individual field. Most of these
factors can be more or less directly measured to determine the present con-
ditions. Chemical thermodynamics allows us to predict the results of some
of the factors. The model created by chemical thermodynamic data can then
be compared to what is actually seen.

Figure 24 is the chemical potential diagram for the system Ca0-Al 04-
$i0,-H,0. The phases shown are all found in the Makushin system. Reliable
thermogynamic data are unavailable for some phases, and this precludes their
being shown on a standard activity diagram. One can, however, obtain
information about the system from the shape of their fields and their loca-
tion on chemical potential diagrams. There are some restrictions which can
be applied to the chemical potential diagram shown.

Wairakite is known to form only at or above quartz saturation. This
means, that for a given temperature, all the phases to the right of
wairakite form at silica activities above quartz saturation. Margarite is
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also known to form only at silica activities below quartz saturation. Thus,
one would not expect to find zeolites and margarite together, and indeed,

this is the case; zeolites are present in the Makushin system, and margarite
and gibbsite are absent. Prehnite is also absent in the system. This could

indicate that Ca activity is Timited by some mechanism or that H+ is too
Tow.

The zoning of zeolites on the diagram reflects the zoning of zeolites
with temperature shown in the system. Similar zoning patterns are seen in
other systems. The mechanism for this zoning appears to be related to the
change in the silica activity buffer with temperature. At temperatures
above 180°C, water is usually saturated with respect to quartz; at lower
temperatures, however, the stable silica phase becomes chalcedony or apal
(Arnorsson, 1975). This allows the higher silica zeolites to form at the

tower temperatures and thus creates the zoning pattern {Browne, 1978; Henley
and E1141s, 1983).

Figure 25 is the activity diagram for the Ca0-A1,03-Si0,-Hy0 system at
200°C. As one can see, the Makushin water plots in the ka %1n1te stability
field. However, kaolinite is not an abundant mineral in the cores. This
might be caused by: (1) the actual temperature of the water being 195°C and
the diagram therefore being drawn at an inappropriate temperature;

{2) kaolinite being present but in such small amount it was overlooked; or
(3) the water not plotting correctly. The Tast cause appears to be the
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case. The difference between the actual temperature of the fluid and that
on the diagram is not enough to change the relative position of the point in
the fields. If kaolinite is present in small quantities that have been
overiooked, then it would indicate a non-silicate mineral represents the
bulk of the calcium bearing alteration. This is possible, but it would be
unusual for most geothermal systems. The water is saturated with respect to
quartz at about 207°C. The change from 207°C to 195°C would allow silica
activity to rise, but would not be sufficient to allow the deposition of
wairakite--it would be sufficient to allow for the deposition of laumontite.
Laumontite is close to its upper thermal boundary at 200°C, but in the
Makushin system it does appear to be stable.

Laumontite might well be the stable zeolite in the Makushin system under
present conditions. The wairakite may have formed shortly after formation
of the magnetite assemblage while the system was cooling. If this were ac-
complished in a rapid fashion (that is, boiling), then the silica activity
would have been allowed to rise considerably above the quartz saturation
Timit. This would in turn have allowed the formation of wairakite. Thus
the wairakite may be more indicative of the past conditions than present.

Figures 26 and 27 are activity diagrams for the systems KZO-A1203~Ca0-HZO
and NaZO-A120 -Ca-HZO, respectively. The Makushin waters in these diagrams
fall in the white mica fields. Although white mica is not shown in the
alteration charts, it is present in the cores. The plagioclase around some
of the recent veins always has some white mica alteration--the amounts are
small but significant. White mica has also been reported as the most recent
mineral from vein material recovered from the bottom fracture of ST-1. In
this case it does seem likely that the activity diagrams do reflect the
equilibrium in the present system.

A final phase diagram has been drawn to help explain the unusual mag-
netite assemblage from the ST-1 breccias. All the available evidence indi-
cates the magnetite breccias formed during or shortly after the end of the
high temperature stage of the Makushin hydrothermal system. Figure 28 is a
fO,-pH diagram for the system Fe-0-S at 250°C. Also shown are the calcite
ang anhydrite insoluble lines. From the homogenization temperatures, 250°C
is a reasonable guess at the temperature of the high temperature stage.

The original fluid must have had a pH and fO, such that calcite and
anhydrite were soluble. Furthermore, the fO, cannot have been lower than
the pyrite-pyrrhotite line, since pyrrhotite is not present in the Makushin
system. For geothermal systems at 250-300°C3 E]lVis and Mahon (1977) have
proposed f02 values of between 10740 and 10737-3, If we assume these f0
values for the original system, then anhydrite, calcite and magnetite could
not have formed (if the system had a pH similar to present-day conditions).
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Figure 28. Fugacity of oxygen vs. pH diagram for the system Fe-S-H20 at
250°C (after Crerar and Barnes, 1970).

Deposition could be accomplished by changing the f02 values, but changes
in oxidation are difficult and slow at these conditions. Instead, it is much
easier to change the pR. One simply allows the fluids to boil. The pH
change in the present Makushin waters from boiling is over 2.0 pH units,
because of loss of CO, and H,S to the vapor phase. Since fluid inclusion
data indicate that the composition of the paleofluids were similar to the
present fluids, it is reasonable to assume similar changes in pH if the
early Makushin system boiled rapidly. Such a change could result in the
deposition of anhydrite, magnetite, calcite and quartz.

GLACIER UNLOADING: CAUSE OF RECENT CHANGE IN THE GEOTHERMAL SYSTEM

We have accumulated evidence indicating that a rapid decline in the water
table and a cooling of the upper part of the Makushin hydrothermal system
occurred in the geologically recent past. The current depth to the pres-
surized hydrothermal system, as determined from drill holes, lies at 230-

240 m below the surface in upper Makushin Valley. A vapor-dominated zone
presently extends from this depth to the surface. By inference, 2 shallow
vapor-dominated zone of similar magnitude is thought to exist at the head of
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Glacier Valley in the vicinity of fumarole field 3. VYet halite was found
coating hydrothermally cemented rocks in neoglacial moraines and outwash
deposits in the upper part of Glacier Valley (Motyka and others, 1983).

These salt deposits are thought to be relicts of fossil chioride-rich
thermal springs and indicate a hot-water system reached the surface in
recent times in a region that is now dominated by fumarole activity and
HCO3-50, thermal springs.

The hydrothermal-alteration mineral-assembliages found in the upper parts
of holes E-) and ST-1 (which include quartz, calcite, anhydrite, wairakite,
and montmorillonite) could only have been formed under hot-water neutral to
slightly alkaline conditions, and not the acid-steam conditions that
presently exist in this zone. Furthermore, trace-element enrichment and
depletion studies of core from the Makushin geothermal area indicate neutral
pH hot-water rather than acid-steam conditions in the upper parts of the
drill holes (Isselhardt and others, 1983). The apparent absence of steam-
dominated mineral assemblages and trace-element geochemistry in these zones
indicates the hydrothermal system water level dropped fairly recently.

The evidence from our fluid inclusion studies indicates that the tempera-
ture of the hot-water hydrothermal system, at the time the fluid inclusions
were entrapped in vein-deposited quartz in the upper parts of the system,
were substantially hotter than present-day temperatures. Examination of
figure 23 shows that paleotemperatures at depths as shallow as 100 m below
the present surface were as high as 250°C. The studies also indicate that
the waters from which the quartz was precipitated had a salinity nearly the
same as the present-day system. If the paleofluid is assumed to have had a
6§°0 composition similar to present reservoir waters, we can then apply the
equilibrium fractionation equation of Chiba and others (1981) to anhydrite
found in a vein at a depth of 149 m (cf. table 11). The result gives a
temperature of formation of ~250°C, which is similar to temperatures of
formation of fluid inclusions in the associated quartz.

The pressure required to sustain such high temperatures at saturation
boiling point conditions is about 40 bars--equivalent to a hydrostatic head
of over 400 m. To produce such high pressures, the system either must have
been self-sealed or some other mechanism of pressure loading must have been
in effect. We reject the hypothesis of 1ithostatic self-sealed pressuriza-
tion, because of the high pressures involved and because of the highly frac-
tured nature of the host gabbronorite, as evidenced by the numerous
fumaroles and hot springs that exist throughout the area.

We prefer instead to invoke ice-loading of the hydrothermal system during
a neoglacial advance to explain the anomalously high temperatures recorded
by the fluid inclusions. Ice thicknesses of 400-500 m are common in present
valley~type glaciers in Alaska, and it is reasonable to assume such ice
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thicknesses existed in Makushin and Glacier Valleys in neoglacial times.

The increased hydrostatic pressure exerted by the ice would be sufficient to
produce the elevated temperatures recorded by the fluid inclusions. Such
interactions between ice loading and hydrothermal systems exist today in
[celand, particularly in the Vatnajokull Grimsvotn caldera area {Bjornsson,
1974), and are also thought to have occurred during glacier advances and
retreats in the Yellowstone National Park geothermal areas (Muffler and
others, 1871; R. Fournier, USGS, personal commun.)

The thermal fields at Makushin 1ie at the heads of valleys on the flanks
of a volcano which still maintains a sizeable ice-cap and a system of valley
glaciers. At least two neoglacial advances that reached tidewater have been
documented elsewhere in the Aleutians (Black, 1981; 1983}, and it is
reasonable to assume that correlative glacial advances occurred at Makushin.
There are, in fact, abundant neoglacial moraines, outwash deposits, and
glacial scouring marks in Glacier, Makushin, and Driftwood Bay Valleys. The
most recent advance and retreat in the AJeutians is estimated by Black
{1983) to have occurred about 3,000-4,000 yr ago.

At the Vatnajokull in Iceland, meltwater generated by subglacial geothermal
heating becomes entrapped in large, hydrostatically sealed subglacial
chambers. The seals on these subglacial meltwater reservoirs are
periodicatly broken, resulting in a catastrophic release of entrapped water,
known as a jokulhlaup (Bjornsson, 1975). Similar pressure-release phenomena
probably occurred at the Makushin geothermal area during neoglacial times
and could have caused the breccias found in the ST-1 and D-1 drill cores.
As discussed previously, vigorous boiling would increase the pH and could
explain the curious co-precipitated mineral assemblage of quartz-calcite-

anhydrite-magnetite that is found in the breccias in the upper parts of ST-1
and t£-1.

Subsequent deglaciation would decrease the hydrostatic pressure and cause
boiling to increase in the upper part of the hydrothermal system. A net
loss of water, from boiling and from the decrease in recharging glacier
meltwater, would in turn result in a decline of the system’s water table.

[f our hypothesis is correct, the drop in temperature in the upper part
of the hydrothermal system may largely reflect an episode of intense boiling
and water loss rather than cooling in the deeper part of the system. The
sulfate-water oxygen isotope geothermometer does predict a deep reservoir
temperature of -~ 250°C which is similar to fluid inclusion temperatures
found in the upper part of the system.

DISCUSSION OF PREMIER GEOPHYSICS ELECTRICAL RESISTIVITY STUDY
At the recommendation of DGGS scientists, an electrical resistivity sur-
vey of upper Makushin Valley was incorporated into the geothermal explo-

ration program for the summer of 1984. The rationale for the survey was
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that data on reservoir fluid composition and drill hole temperature profiles
were now available to guide the survey and that the survey could potentially
delimit the lateral boundaries of the subsurface hydrothermal resource.
Economic feasibility of developing the resource would be greatly enhanced if
the resource could be shown to exist further down Makushin Valley or at the
head of Oriftwood Valley. The electrical resistivity survey would also help
test the proposed hypothesis that the geothermal system is offset east-
southeast of Makushin Volcano as suggested by the regional alignment of fu-
marole fields and thermal springs.

The electrical resistivity survey was conducted by Premier Geophysics of
Vancouver, Canada. The outcome of the electrical resistivity survey is dis-
cussed in detail by G. Shore of Premier Geophysics in Appendix E of RGI’s
final report of 1985. The surveyed area, reproduced in figure 29, covered
all of upper Makushin Valley and the plateau at the head of Driftwood Val-
ley. The survey penetrated to depths of 2,000 m. A brief summary of
Shore’s more pertinent findings are reviewed here:

(1) The survey defined the north and east boundaries of a main
resistivity anomaly which was taken to be indicative of the main
hydrothermal reservoir. These boundaries, shown on figure 29, are
located in Fox Canyon on the north and east of ST-1. The conductive
zone extends west and south for at least 2 km and 1s then beyond the
range of the survey.

(2) A sloping lower boundary separates the conductive reservoir rocks
from an underlying higher resistivity regime as depicted in figure

30.
(3) No resource 1s thought to underlie the part of Fox Canyon covered by
the survey.

(4) No other parts of the survey coverage area, including Sugarloaf,
yielded results comparable to those of the known reservoir area.
(5) A major near-vertical discontinuity in resistivity occurs in a zone
extending south from Sugarloaf. The discontinuity is inferred by
Shore to be a fault zone. An alternate explanation for the dis-

continutty is a change in bedrock mineralization.

We now attempt to resolve the conclusions of the resistivity survey with
data from geologic mapping and geochemistry. No known geological boundary
corralates with the change in resistivity demarcating the eastern edge of
the main resistivity anomaly. The northern boundary is on strike with the
block fault found to the southeast and is perhaps an extension of this
fault. An alternate explanation for the discontinuity is that the canyon is
the approximate boundary between the gabbroic intrusive and the hornfelsed
Unalaska Formation border zone. Pyritization was found to occur mostly
along the hornfelsic border zone, and thus the resistivity change could
reflect sulfide mineralization.
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We beljeve the sloping contact between Tow and high resistivity zones
found by the survey in the vicinity of E-1 and ST-1 is the large open frac-
ture at bottom of ST-1. The surface location of the dipping horizon is con-
strained to 350 m of the position shown in figure 30. However, the
uncertainty in the slope of the boundary increases with depth, and the
boundary could be very well be placed at the bottom of ST-1.

It is possible that the fracture and the dipping horizon are related to
the fault mapped through the canyon adjacent to fumarole field 2 (fig. 2).
The fault dips steeply to the north-northwest, and its projection passes
through the vicinity of fumarole field 1. The fault, which is also the con-
tact between Unalaska Formation rocks to the south and hornfelsic rocks to
the north, could be acting as a conduit for thermal fluids that are feeding
the fumaroles and hot springs.

No surface expression could be found of any major fauit through the
Sugarloaf region as suggested by the resistivity data. We prefer Share’s
alternate explanation for the resistivity contrast: that of a steeply dip-
ping contact between rock types. The nature of the subsurface contact
between the two different Unalaska Formation rock types is concealed by the
thick sequence of Holocene Tavas that fill upper Driftwood Valiley. The east-
ern valley wall consists mainly of Unalaska Formation lava flows while the
west side is mostly pyroclastic flows. The pyroclastic flows were found to
be much more altered and pyritized than the lava flows. Thus, the change in
resistivity could be due to a change in mineralization.

Although drill hole A-1 encountered temperatures as high as 180°C at a
depth of ~580 m, the electrical resistivity survey found no indication of a
hydrothermal resource in this area. The ST-1 site and the region upvalley
from it therefore appear to offer the best potential for future resource
development.

The resistivity survey results have strong implications regarding the
source of the geothermal fluids. The resistivity models indicate that the
hydrothermal system extends in a wedge shape towards the south and west of
ST-1 and E-1. The boundaries on the main resistivity anomaly essentially
rule out any major hydrothermal system offset from the volcano. Instead, the
resistivity data support a model in which thermal fluids ascend from a
reservoir overlying a centrally located heat source beneath the volcano.

The fluids migrate upward, then spread Taterally as they approach the sur-
face, with fractures and faults acting as conduits which feed fumaroles and
ST-1.

MODEL OF MAKUSHIN GEOTHERMAL SYSTEM

Our investigations lead us to believe that the Makushin geothermal system
is geologically very young. Nye and others (1985), using geochemical
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evidence derived from Makushin volcanic rocks, argue that prior to the late-
Pleistocene, any shallow magmatic heat source at Makushin would have to have
been relatively small--1/2 km® or less in volume. A magma chamber this size
appears much too small to sustain geothermal activity over an area as large
as that presently found at Makushin for any reasonable length of time.
Instead, Nye and others (1985) suggest that the heat source driving the
Makushin geothermal system formed relatively recently and is related to a
voluminous post-Pleistocene outpouring of chemically homogeneous lavas and
pyroclastic flows that issued from the east flank of Makushin Volcano. The
targe volume and rapid outpouring of these flows, and the fact that these
volcanics are considerably more siliceous than Pleistocene Makushin volcanic
rocks, suggests that the post-Pleistocene flows had become fractionated in a
newly formed and much larger shallow magma system than had previously
existed.

Based on past-Pleistocene glacial history, the age of the lava flows
f1)1ing Driftwood Valley is estimated to be 3,000-11,000 yr, with a most
probable age of 7,000-11,000 yr. Thus, the shallow magmatic system would
have been in place by the late-Pleistocene to early Holocene.

Evidence from investigations of hydrothermal alteration mineral
assemblages and fluid inclusions indicates that there has been only one
hydrothermal system active at Makushin, but that this system has undergone
changes and has been affected by interactions with post-Pleistocene
glaciers. The hot-water system at Makushin at one time extended to the sur-
face and was substantially hotter than at present, at least within the ex-
plored upper portions. During a neoglacial advance, the hydrostatic
pressure exerted by glacier ice increased the boiling point and caused
temperatures to reach as high as 250°C at depths as shallow as 100 m at the
head of Makushin Valley. Periodic release of meltwaters trapped in
geothermally generated subglacial vaults caused rapid decreases in pressures
in the hydrothermal system. The ensuing vaporization caused expleosive
brecciation of the gabbronoritic host rock near the ground surface.
Increased pH and saturation of chemica)l constituents in the flashed waters
caused co-precipitation of anhydrite, magnetite, calcite, and quartz.
Subsequent deglaciation resulted in a gradual decline in pressure and a
decrease of meltwaters that may have been charging the hydrothermal system.
The combination of boiling and loss of charging waters led to a general
lowering of the hydrothermal system water table.

Although geothermometry predicts deep reservoir temperatures as high as
250°C, similar to the fluid inclusion temperatures found in near-surface
quartz veins, an overall cooling of the hydrothermal system may also have
occurred. Battom-hole temperatures measured in both test well ST-1 and in
TGH E-1 (~200°C) are well below the pressure boiling point for their re-
spective depths below the water table. Fluid inclusion studies of cores
from both locations gave temperatures of formation of 250°C or higher
throughout the cores. If cooling of the deeper system has not taken place
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since the formation of the fluid inclusions, then hydrostatic boiling point
temperatures would be expected throughout most of the depth of the drill
holes, unless the upper part of the system has become more fractured and
therefore more open. In the latter case, pressures within the system may not
be great enough to sustain the higher temperatures in its upper parts.
Despite the apparent overall coaling of at least the upper part of the
Makushin geothermal system, we hasten to point out that more than ample

energy exists for geothermal resource development over the foreseeable
future.

The present-day Makushin geothermal system possesses many characteristics
found at other geothermal systems associated with island-arc volcances else-
where in the world. A model of such systems as proposed by Henley and Ellis
(1983) is shown in figure 31. As discussed above, the heat source for the
Makushin system is thought to be a relatively recently emplaced body of
magma that is associated with the eruption of large volumes of magma during
the early Holocene. The magmatic heat source is assumed to be approximately
centrally located beneath the volcano, although the east flank eruptions
suggest that a portion of it may be slightly offset to the east. The deep
hydrothermal system is assumed to reside over the heat source so that the

heated waters ascend upwards and then spread laterally as they approach the
surface.

As the hot waters ascend, the reduction in hydrostatic pressure causes
boiling to occur. Steam and gases evolving from the boiling water table
feed the numerous fumaroles located at mid-elevations, and heat perched
aquifers which resuit in a profusion of bicarbonate-sulfate springs below
the fumarole fields. A low water table and high relief of the volcano

result in a scarcity of chloride hot springs except at low elevations some
distance from the central upflow.

At Makushin, the hydrothermal system is charged primarily by meteoric
waters which fall at mid- to lower elevations and infiltrate along fractures
located on the periphery of the volcano. Much of the recharge may come from
the west flank of the volcano which Ties in the track of incoming storm
systems. The large thickness of highly permeable volcanic flows found on
the west flank allow percolation of the meteoric waters into the deeper
portions of the volcano’s interior. Such a system of recharge could
effectively block establishment of fumarolic activity on the west flank.

The host rock in the explored portions of the hydrothermal reservoir is a
gabbronoritic pluton. Apparently this pluton possesses an optimum degree of

fracture permeablity which permits waters to reside long enough to become
heated.

The Makushin hydrothermal system is moderately saline in comparison to
other hydrothermal systems in the world but nevertheless contains more chlo-
ride than can be reasonably accounted for by leaching from the gabbronorite.
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Figure 31. Generalized model of a geothermal system typical of active
island-arc andesite volcanoes (reproduced from Henley and E1lis, 1983).

Apparently, either reservoir waters circulate through marine-laid deposits
within the Unalaska Formation or the reservoir is being contaminated by sea-
water infiltration. A third possibility is that the chloride originates
from the siliceous magmatic heat source. The high concentration of Ca in
the thermal waters is attributed to breakdown of calcium-rich plagioclase in
the gabbronoritic wall-rock.

The Makushin reservoir water has a relatively low concentration of gases
and a €0, partial pressure of approximately 0.5 bars. Helium isotope ratios
reflect the magmatic influence on the hydrothermal system and indicate some
of the gases are of magmatic origin. Gas composition of the reservoir
fluids is similar to that found for fumarole fields 1 and 2, which suggests
a2 possible interconnection between these vents and ST-1. Carbon 13 isotope
ratios in the reservoir (0, gas indicate an organic sedimentary origin for
some of the CO, gas. Fluctuations and decrease of H, found in test well gas

samples may be due to reactions of the hot waters and H,S gas with drillhole
casing.
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Thermal fluids entering the borehole at ST-1 were found to be slightly
out of equilibrium with the measured bottom-hole temperature. Application
of various geothermometers to the ST-1 fluids gave temperature estimates of
207-226°C, with 250°C estimated for the deep reservoir. These temperatures
suggest the thermal fluids cooled siowly by conduction and then by dilution
with cold recharge waters before entering the borehole. The ST-1 fluid was

found to be oversaturated with respect te quartz and slightly undersaturated
with respect to calcite and anhydrite.

Figure 32 is a schematic cross-section through the Makushin geothermal
field which incorporates available geological, geochemical, and geophysical
information. The cross-section is taken as close as possible to the thermal
gradient holes, test well ST-1, and fumarole fields 1, 2, and 3 (AA’ in
fig. 2). Results of the electrical resistivity survey indicate the main
geothermal reservoir lies south and west of E-1 and ST-1 and does not extend
under the Fox Canyon plateau or the Sugarloaf area. The southwestern baund-

ary of the main reservoir is constrained by drillhole data to lie upslope of
I-1.

We believe the hydrothermal fluids which feed ST-1 are derived from a
deep parent reservoir, approximately centrally located beneath the volcano.
Fluid flow towards ST-1 is controlled primarily by fracture- and fault-
related conduits and, in particular, by a large fracture that dips towards
the volcano at ~60°. As the fluid rises along this conduit, it cools by
conduction to adjacent wallrock. Some of the fluid ascends secondary frac-
tures and, when the boiling point pressure is eventually reached, the
resulting steam and gases continue to ascend to feed fumarole fields 1 and
2. fortuitous intersection of the primary fracture by ST-1 led to the suc-
cessful confirmation of the Makushin geothermal field. Future production
wells should be sited at or upvalley from ST-1.
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Table Al. Chemica) analyses of sulfate-carbenate spring waters in the Makushin geotherma! area.
{Vatues in mg/] unless otherwise specified.)

Site

name Date 72 sz Ha K Ca Mg Lt Sr HC032 304 F C1 SiO2 B Fe 708 sC
GY-Gdl 8-11-80 97 5.4 52 4.8 12 4.0 0.01 0.1 37 129 0.1 10.¢ 94 0.5 .10 325 360
Gv-Gd2 8-11-80 82 6.5 b7 5.7 32 t D.02 0.3 288 85 0.3 5.6 125 0.5 0.01 504 580
GV-5d3 7-05-81 18 4.3 62 5.2 25 8.0 0.01 0.2 3 z18 0.1 6.1 120 0.5 ad 447 nd
GV-Ge 7-05-81 68 nd 61 3.3 260 9.6 0.Db4 1.1 nd 491 0.3 2.3 138 0.5 0.02 nd 1400
GV-Gf 8-11-80 70 6.1 78 4.5 nd nd nd nd nd 42 nd 10.0 125 nd nd nd ngd
Gv-Gf 7-05-81 79 5.4 81 4.8 210 7.8 0.03 L.} 256 476 0.2 7.5 142 0.5 0.21 1050 1200
GV-Gh 7-11-82 61 6.0 64 3.8 240 11 0.03 1.2 358 472 1.0 5.8 145 t.5 0.40 1120 1320
GV-G) 7-10-82 4} 6.1 53 3.4 280 11 0.03 1.4 33z 551 1.0 6.6 j20 G.5 0.70 1220 1430
GV-G1 7-13-82 52 6.0 63 4.5 260 10 0.03 1.2 325 542 1.0 6.6 135 0.5 0.50 1180 1370
MV-Ma 7-17-82 B4 §.0 54 8.0 85 13 0.02 0.3 nd 344 1.0 nd 155 0.5 2.5 nd ng
My-Hb 8-13-80 87 5.5 28 5.9 &7 12 0.01 0.3 191 155 0.1 5.0 140 nd 0.09 508 600
MV-Hc 7-04-81 58 5.3 24 3.2 23 5.5 0.01 G.1 nd 25 0.1 7.8 88 0.9 0.07 nd 250
MV-Mg 7-18-82 55 5.8 32 4.3 34 6.1 0.01 .1 201 15 1.0 7.9 105 0.5 0.10 305 351
My-Md 8-13-80 67 5.3 14 3.4 23 8.0 0.01 0.1 116 21 0.1 5.0 88 na 0.03 220 255
Nv-Na B-20-83 23 6.1 88 4.2 390 36 0.14 3.1 678 710 0.7 5.6 116G 0.5 ng 1680 ng

GV = Glacier Valley, MV = Makushin Valley, NV = Nateekin Valley

lAlaska Division of Geological and Geophysical Surveys, Falrbanks, Alaska, ¥.A. Moorman, analyst.

Determined in the field.
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Table AZ. Chemical analyses of chloride spring waters in the Makushin gecthermal area.

{Values in mg/1 unless otherwise specified.)

P 2 Cations s Anions
Site name Date T pH Na K Ca Mg Li Sr HCO3 504 F €1 Si02 ] fe F0S sC
DV - stream 8-21-83 14 §.9 36 3 6.8 2 .15 0 35 6 nd 56 43.6 0.7 nd 175 nd
GY - Gm 7-20-82 39 5.9 18¢ 15 200.0 15 0.48 1.1 463 350 1.0 160 113 4,2 1.7 129¢ $380
GY - Gn 7-20-82 g7 5.8 180 18 180.0 23 0.40 1.0 563 az 1.0 140 118 4.0 1.9 1260 1760
GY - Gp 7-20-82 40 6.3 ang 31 160.0 39 0.86 1.4 530 189 1.0 380 104 8.9 2.1 1500 nd
OV = Driftwand Valley, GV = Glagier Valley
1A1aska Division of Geological and Geophysical Surveys, Fairbanks, Alaska, M.A. Moorman, analyst.
Oeterminad in the field.
fa s}
o
1
Table A3. Chemical analyses of cold waters in the Makushin gecthermal area.l
{Vatues in mg/! unless otherwise specified.}
Cations Anions
Site name ate T¢ oH? MNa K Ca Mg Lt s Wt so,  F ¢ e s, B As Fe S  SC
DV - stream 8-21-83 14 6.8 3b 3.4 g8 2.0 0.15 0.1 35 B nd 56 nd 43.6 0.7 0.10 nd 175 nd
&Y - Gd spring 7-05-81 5 ng 4.7 0.8 8.9 1.9 0.01 @.1 nd 29 0.1 5.6 nd 26.0 0.5 nd nd nd 100
GV - Gd stream 8-11-80 7 6.0 78 4.5 nd 0.1 0.0l nd nd 418 nd 10 nd 125.0 nd nd nd nd nd
GY - Gk spring 7-15-82 16 6.8 4.1 0.3 20 1.1 .0 0. 18 27 1.0 5.9 nd 9.4 ¢.5 ndl 0.10 88 141
GY - G) stream 7-18-82 5 6.5 8.5 1.4 52 6.8 0.0i 0.1 13 150 1.0 12 nd 28.0 0.5 nd 0.40 2564 375
GV - Gn spring 7-09-83 6 6.4 56 0.2 6.4 1.0 0.0} D.2 26 4 nd 5.5 nd 6.0 0.10 ¢.002 ng §2 nd
GV - clear river
mouth 7-19-83 7 6.4 7.5 0.5 53 1.8 0.01 0.1 7 14 nd 8.8 nd 14.2 0.02 .00t nd 117 ng
GY - kettle pond 8-18-84 nd nd 1.9 0.1 0.5 0.3 0.0} 0.1 nd 1 nd 2.0 0.1 3.8 0.04 0.001 nd nd nd
GV - muddy river
movth 7-19-83 5 6.5 6.3 0.7 14 2.2 0.0% 0.1 31 a6 nd 7.0 nd 12.0 0.16 0.001 nd 82 nd
MV - spring 7-19-82 6 §.6 2.6 0.2 1.8 0.5 0.01 [+ 39| 11 3 1.4 3.7 nd 13.0 0.5 ng 0.1 32 4

DY = Driftwood Valley, GY = Glacier Valley, MV = Makushin Valley

IAiaska Division of Geological and Geophysical Surveys, Fairbanks, M.A. Moorman, analyst.
Determined in the field.



Table A4. Stable isotope analyses of sulfate-carbonate spring waters in the Makushin gecthermal area.l

Site name Date e 0/Hb 18,162
&V - Ga 7-05-81 nd -83 -11.9
oV ~ Gb 7-05-81 nd -80 12,2
v - Ge 7-05-81 nd -83 -12.5
oV - Gdl 8-11-80 a7 -70 -8.9
oV - Gd2 8-11-80 82 -80 -11.6
6V - Gd3 7-05-81 78 -83 -11.9
&V - Ge 7-05-81 68 -80 2.2
&V - Gf 7-05-81 73 -83 -12.5
GV - Gh 7-11-82 61 -82 1.7
oV - 6J 7-10-82 " -79 11,0
oV - G 7-13-82 62 -83 -11.3
W - Ma 7-17-82 84 277 1.1
MY - Mo 7-04-81 nd -81 12.4
MV - Mb 8-13-80 87 -78 -11.9
Y - Me 7-08-81 58 -81 -12.4
WY - Mo 7-18-82 55 -84 -11.7
MV - Hd 8-13-80 87 -81 1201
AV - Na 8-20-83 23 -78 11,3

GV - Glacier Valley
MV - Makushin Valley
NV - Nateekin Valley

lAnalyzed at Stable lsotope Laboratory, Southern Methodist University, Dallas, Texas.
Values are in permi) with respect to SMOW.

Table AS. Stable isotope analyses of chloride spring waters in the Makushin geotharmal area.1

Stte name Date T°C D/Hb 180/16 2
DV - stream 8-21-83 {4 -16 -9.9
GV - Gm 7-20-82 39 -80 -11.1
GV - Gn 7-20-82 27 -82 -11.1
QY - Gp 7-20-82 40 -18 -10.9
&V - Gp 7-18-83 44 -80 -11.2
DV - Driftwood Valley

GV

Glacier Valley

lAna]yzed at State Isotope Laboratory, Southern Methodist University, Dallas, Texas.
Values are in permi) with respect to SHOW.
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Table A8, Stable isotope analyses of cold waters in the Makushin geothermal area.1

Site name Date T°C D/Hb 18,1642
OV - stream 8-21-83 14 -16 ~9.9
FF 1 - stream 7-18-83 nd -81 -11.2
FF 3 - stream 7-11-83 ngd -89 ~13.5
FF 6 - snow 7-18-82 nd -121 -15.9
FF 7 - snow melt 8-20-83 nd -88 -12.7
FF 9 - snow melt 7-11-83 nd -65 -11.0
GV - &6d spring 7-05-81 5 -93 -14.2
GV - Gd spring 8-11-80 nd =77 -11.1
GV - GJ stream 8-11-80 7 -87 ~12.0
GY - Gk spring 7-15-82 16 =77 -10.0
GV - G) stream 7-18-82 5 -88 -12.6
GV - Gn spring 7-09-83 nd -78 -11.3
GV - West Fork River 7-05-81 5 -93 -14.2
GV - clear river mouth 7-19-83 7 -17 -11.5
6V - muddy river mouth 7-19-83 S -85 -12.8
GV - snow melt 8-11-80 ng -78 ~11.2
MV - Camp spring 7-19-82 nd -87 -9.7
MV - Mb stream 8-13-80 nd -89 -13.0
MV - Mc stream 7-04-81 nd -82 -11.9
MV - Md stream 8-11-80 nd -83 ~11.3
MV - spring 7-19-82 [ -82 -11.9
NV - stream 8-20-83 nd -88 -12.7

OV - Driftwood Valley
fF - Fumarole field
GV - Glacier Valley
MV - Makushin Valley
NV - Nateekin Valley

1Analyzed at Stable (sotope Laboratory, Southern Methodist University, Dallas, Texas.
Values are in perm{] with respect to SMOW.
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Table A7. Geothermometry of chloride spring waters in Makushin geothermal area.

{Temperatures in "C.)

Qz Chat.
cond. cond. Na/K LEVES Ra/fK Na-K-Ca Na-K-Ca Hi/Li
Site name Date (1} (2) {3 {4) (5] (5) (7] {8}

DV - stream §-21-83 a5 8% 210 178 187 157 71 171
GY - Gm 7-20-82 144 118 225 197 205 166 129 139
GY - Gn 7-20-82 147 122 225 187 z04 167 59 128
GY - Gp 7-20~82 138 113 221 182 200 175 54 143
DY = Driftwood Valley, GV = Glaciar Valley

1

2Fournier, 1881 (chalcedony).
3Fournier, 1881, Ma/K.
roesdell, 1976, Na/K.
Arnorsson, 1883, Ka/K, Basalt.
Fournier & Yruesdell, 1973.
Fournier & Potter, Mg-corrected (Fournier, 1981).
Fouillic & Kichard, 198l.

Fournier and Potter, 1982, improved Si02 {quartz).



Table AB. Apalyses of gases colilected from fumaroles and hot springs, Makushin geothermal area, in mole percent.
Analyses corrected for air contamination using ratio of 02 in sample to Cr2 in air (ROZ}’

Gas

Date geothennuneter3
Sample code Location samp le R02 Xg CO2 HZS H2 CH, NH3 N2 Ar N2/Ar c/s T1 T2
Sod fum-hydroxide charged F]asks:l
AM 83-48 FFEL 7-17-83 0.01 0.17 §2.18 2.28 g.21 0.039 0.38 14.73 6.17 86.4 35.1 227 206
AM 83-GV1-A FFE3 Superheated 7-08-83 0.00 0.16 68.04 6.38 0.95 0.010 0.13 4.43 6.08 80.2 13.8 298 272
RM 83-11tb FF#3 West 7-10-83 0.06 0.50 Bi.72 1.69 0.22 0.001 ¢.04 14.18 0.17 84.1 49.4 256 234
RM 83-31 FF#3 Far west 7-13-83 0.05 0.36 88.10 4.58 0.25 0.001 0.01 6.94 0.14 51.3 19.3 273 249
RM 83-57 FFa7 8-20-83 g.01 2.63 gz.15 1.81 1.10 2.482 0.18 12.21 G.08 i61.¢ 46.7 230 210
RM 83-19 FF#9 7-11-83 0.00 0.78 81.5% 3.94 0.85 D.004 0.01 3.63 6.02 146.3 23.2 234 268
DS 83 BWY DS FF#3 Supegheated 8-29-83 .60 0.18 88.93 5.85 0.588 0.006 0.08 3.22 0.03 113.1 13.0 302 275

(98°C)

DS 83 BNi3 DS FF#3 Far west B-29-83 0.00 0.25 84.93 6.25 .66 0.003 ¢.06 §.06 0.01 - 13.8 253 273
RM 82-GV1 FF#3 Superheated 7-09-82 0.02 0.15 82,23 12.25 1.84 0.070 ngd 3.56 0.07 54.7 6.7 313 285
RM 82-Ma sum FF#6 Summit 7-18-82 ¢.00 1.87 §7.47 5.53 0.21 0.047 nd 6.63 0.11 60.2 i5.8 235 214
RM 82-MV FF#2 FF#2 7-17-82 ¢.00 -- 80_40 2.82 6.35 G.012 nd 6.24 0.07 87.8 30.9 252 22%
RH 82 Ma west f1. FF#5 7-13-82 0.01 1.39 91.16 0.95 0.51 0.004 0.03 7.29 ¢.05 137.0 96.4 257 234
RP 81-AL3 FF#2 7-14-81 ¢.00 0.00 87.17 5.26 0.75 G.002 ad 6.76 0.06 120.2 16.6 308 280
RP 81-A15 FFE3 7-05-81 0.00 0.00 B7.42 1.23 1.80 0.002 nd 9.43 0.11 86.4 70.9 309 281
RM 80-MVZ FF#1 8-13-80 0.00 0.41 91.68 2.63 0.24 0.629 nd 5.36 0.07 78.4 34.8 231 210
RM BO-MVI FE#2 8-13-80 0.00 0.59 87.90 2.65 0.54 0.002 nd 8.81 0.0% 95.4 33.2 283 258
Uncharged, evacuated ﬂasks:2
/4 83 G-p Spring G-p 7-16-83 -- -- 98.22 G.02 0.605  0.052 nd ¢.96 0.02 48.0 -~ -- -
RM 83 G-j Spring 6-j 7-21-83 0.04 -- 25.43 0.02 0.02 0.019 nd 74.13 1.02 72.4 - - --
RM 82 GV UW FF#4 7-14-82 0.01 -- 92.73 Q.82 1.21 0.01 nd 5.50 0.05 104.8 113.5 295 269
AM 82 Ma WF FF#5 7-13-82 0.00 -- 94,89 0.68 0.59 0.01 nd 3.78 0.05 7.6 139.3 268 244
AM 82 Ma Sum FF¥6 7-158-82 0.00 -- a0.50 5.68 0.12 0.02 nd 3.43 0.01 -- 16.0 226 206
RM 82 GY W FF#9 7-14-82 0.00 -- 93.36 2.01 0.72 6.01 nd 4,33 G.04 108.3 46.4 293 267

lSamples AM 83 and RM 82 analyzed by R.J. Motyka, Alaska Division of Geological and Geophysical Surveys; samples DS 83 analyzed by B.5. Sheppard, Department of
Scientific and Industrial Research, Rew Zealand; samples RP 81 and RM 80 amalyzed by J. Whelan, Scripps Institute of Oceanography. La Jolla, and R.J. Motyka,

Alaska Division of Geological and Geaphysical Surveys, Fairbanks.
Analyzed by W, Evans, U.S. Geological Survey. Menle Park, and R.J. Motyka, Alaska Division of Geological and Geophysical Surveys, Fairbarks.

0'Amore and Panichi, 1980. Tl uses P CD2 = | bar; T2 uses P C02 = 0.5 bar.

nd = pot determined.
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Table A9. Makushin geothermal area, analyses of 13C/lzc in COZ emanating from fumaroles and hot springs.

Year
Lacation collected mc. POB Type Analyst
fum. field #1 1883 -14.3 SrC03/Na0H USGS
1983 -13.8 SrCO3/NaOH USGS
Fum. field #2 1981 -12.2 SrCOs/NaOH GC
-12.5 SrCO3/Na0H SMU
1982 -11.6 SrC03/Na0H USGS
fum. field #3,sp 1981 -11.8 Sr003/NaOH GC
-12.4 SrCOs/NaDH SMU
Jower 1981 -13.0 €0,-gas 6C
super heated 1882 ~-10.2 C02-gds S10
1983 ~13.4 SrCOalNaOH USGS
west 1883 -11.3 Srcos/NaOH USGS
Fum. field #4 1882 ~12.3 COZ-gas USGS
Fum. field #5 1982 -12.4 SrCOs/NaOH USGS
-12.4 COZ-gas USGS
Fum, field #6 1982 -10.0 C02-gas USGS
-11.5 SrCOBINaOH SMU
Fum. field #9 1982 -12.1 C02-gas UsGS
Spring G-j 1883 ~-15.4 COZ-gas UsGS
Spring 6-p 1983 -13.3 CDz-gas USGS
USGS = U.S. Geological Survey, Menlo Park, California.
SHU = Southern Methodist University, Stable lsotope Laboratory, Dallas, Texas.
6C = Global Geochemistry, Inc., Canoga Park, California.
SI0 =

Scripps Institute of Oceanography, Stable lsotope Laboratory, La Jolla, California.
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Table ALD. Makushin geotherma) area, miscellaneous stable isotope analyses.

136/12C - HCG,. therma} waters (USGS).
Year
Locat ion callected 3¢ poa
Spring G-h 1982 -11.1
Test well ST-1 1984 -23.0
13C/lzc and 180/180 in CaCOS, calcite sinter deposited on downhole
instrument cable in test well ST-1, mid-July, 1884. (SHU analysts).
13012, ppg 189/'%, pos: co,
RMBA-MYTW CaCO3 -12.5 ~28.3
130/120 in methane, fumarole gases.
Year
Location collected 13C‘ ?DB Analyst
Fum. fielg #2 1982 -42.3 usGs
Fum. field #5 1882 -30.6 SI0
0/H in hydrogen and methane, fumarole gases.
Year D/H - H2 D/H ~ CHA'
Location collected SMOW SMOW Analyst
Fum. field #3, sp 1881 -601 - 6C
fum. field #3, superheated 1982 -582 --- UsGS
Fun field #6, summit 1982 -719 -132.6 USGS
USGS = U.5. Geologica) Survey, Menlo Park, Califarnia.
SMU = Southern Methodist University, Stable Isotope Laboratory, Dallas, Texas.
6C = Globa) Geochemistry, Inc., Canoga Park, California.
S10 = Scripps Institute of Oceanography, Stable Isotope Laboratory, Ls Jolla, California.
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