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GEOLOGY AND GEOCHEMISTRY OF THE GEYSER BIGHT
GEOTHERMAL AREA, UMNAK ISLAND, ALEUTIAN ISLANDS,
ALASKA

By
C.J. Nye,! R.J. Motyka,? D.L. Turner,3 and S.A. Liss!

BSTRACT

The Geyser Bight geotherma! area is located on Umnak Island in the central Aleutian Islands. It contains
one of the hottest and most extensive areas of thermal springs and fumaroles in Alaska and i8 the only documented
geyser site in the state. The zone of hot springs and fumaroles lies at the head of Geyser Creek, 5 kan up a broad,
flat, alluvial valley from Geyser Bight. At present, central Umnak Island is remote and undeveloped.

This report describes results of 2 combined progrem of geologic mapping, K-Ar dating, detailed description
of hot springs, petrology and geochemistry of volcanic and plutonic rock units, and chemistry of geothermal
fluids. Our mapping shows that ptutonic rock is much closer to the area of hotsprings anrd fumaroles than
previously known, which increases the probability that plutonic rock hosts the geothermal system. X-Ar dating of
23 samples provides & time framework for the eruptive history of voleanic rocks and a plutonic cooling age.

Heat for the geothermal system is derived from the Mt, Recheshnoi volcanic system. Mt. Recheshnoi is a
large calcalkaline stratocone that has been active over at least the past 500,000 yr. Petrochemical studies indicate
that successive passages of magma have probably heated the crust to near its minimum melting point and produced
the only high-SiOy rhyolites in the oceanic part of the Aleutian arc. There i8 no indication of a large, shallow
magma chamber under Mt. Recheshnoi.

Surface expressions of the geothermal system include six zomes of thermal springs and small geysers
dispersed over a 4-km? area and three zones of fumarolic activity. Thermal-spring water chemistry indicates that
at least two intermediate-level hydrothermal reservoirs underlie the geothermal area,  Their minimum
tomperatures are 165° and 200°C, respectively, as estimated by geothermometry., Sulfate-water isotope
geothermometers suggest that a deeper raservoir with a8 minimum temperature of 265°C underlies the shallower
reservoirs. The 3He/4He ratio of 7.4 found in thermal-springs gases provides evidence for a magmatic influence
on the hydrothermal system. The 7.4 value is nearly the same as the average value for summit fumaroles in
circum-Pacific volcanic arcs.

The thermal-spring waters have low to moderate concentrations of Cl (650 ppm) and total dissolved solids
(1760 ppm), but are rich in B (60 ppm) and As (6 ppm) compared to most other geothermal systems. The As/Cl
ratios in Geyser Bight thermal spring waters are among the highest reported for geothermal areas. The source of
B and As is unknown, but may be in part of magmatic origin. Convective heat discharge by springflow is
estimated at 17 MW for 1988. The resarvoir system probably contains about 5.4 to 7.3 x 10!8 J of thermal
epergy, sufficient to produce 132 MW 10 225 MW of electrical power for 30 yr.

INTRODUCTION AND BACKGROUND
DESCRIPTION OF THE GEYSER BIGHT GEOTHERMAL AREA

The Geyser Bight geothermal ares,? located on Umnak Island in the central Aleutian Islands (fig.t), containg
one of the hottest and most extensive areas of thermal springs and fumaroles in Alaska. It is the only area in

U Alaska Division of Geological & Geophysical Surveys, 794 University Avenue, Suite 200, Faitbanka, Alsaks 99709-3645
2Alaska Division of Geological & Geophynical Surveys, 400 Willoughby Avenue, 3rd Floor, Juncau, Alasks, 99811
3Geo¢hyticd Ingtitute, University of Alaske Fairbanks, Faichanks, Alaska, 99775
¢ Qeyser Bight geothermal arca iz conwined within the Geyser Springs Batio Known Geothermal Resource Area. We use the name
Geyser Bight geothermal area becauns it is the most commonly used name in the Litsraturs, deepite the fact thal the springs, geyseen, and
fumaroles are localed on Geyser Creek, rather than in Geyser Bighl.
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Alaska where geyser activity has been documented. Although Geyser Bight is remote and undeveloped, its
gceessibility from the sea and its large estimated reserve of geothermal energy should make the area an
economically attractive future source of power. Our estimates of minimum temperatures for intermediate level
reservoirs are 165 and 200°C; our minimum estimate for an underlying deep reservoir is 265°C. Estimates of
convective heat dissipated by spriang flow range from about 25 MW in 1947 to 16.7 MW in 1988, Muffler (1979)
estimated that 136 MW of electrical energy are available over 30 yr at Geyser Bight, a resource comparable to
Beowawe and Brady Hot Springs in Nevada.

The site is located at lat $3°13'N., long 168°28'W., at the approximate ceater of the north side of Umnak
Island (fig. 1). The thermal area consists of five zones of numerous thermal springs and small geysers dispersed
over a 4 kmy area in the upper reaches of a broad glacial valley that has excellent access to the Bering Sea (fig. 1).
The hot springs occur mostly along Geyser Creek and its tributaries and emerge in the valley floor and at the base
of steep valley walls. Two small fumarole fields are located at elevations of 140 and 300 m ir a small tributary
valley at the headwaters of Geyser Creek. We discovered a third, superheated fumarole field about 2.5 km south
of the previously reported fields.
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REGIONAL GEOLOGIC SETTING

Recent reviews of the geology and tectonics of the Aleutian arc region are given by Scholl and others (1987)
and Stone (1988). These reviews provide a convenient entry into the extensive literature about the Aleutian arc
and the Bering Sea, and are summarized here.

The part of the North American plate that underlies the Aleutian arc is oceanic west of 166°W., composed of
a broad continental shelf betwesn 166°W., and about 156°W., and continental east of 156°W. The Pacific plate
ig oceanic throughout, except for a small sliver of continental crust at its easternmost margin. Umnak Island and
the Geyser Bight geothermal area are located just west of the oceanic-continental transition. There are no major
tectonic anomalies in the arc in the vicinity of Umnak Isjand.

Formation of the oceanic part of the Aleutian arc began during early Tertiary time (approximately 55 Ma)
when the Kula plate buckled and began to subduct beneath itself. A piece of oceanic crust that was trapped
between the arc and the edge of the Bering shelf was accreted to the North American plate. That trapped piece of
ocednic crust 18 now the floor of the southwestern half of the Bering Sea.

Since that time, the Kula plate and then the Pacific plate underthrust the margin of the North American plate.
The broad geometry of the subduction system did not change during Tertiary and Quaternary time. Subduction
under the continentat part of the arc occurred at least intermittently during much of Mesozoic and Cenozoic time,
although that part of the arc was not yet accreted to North America (see Panuska and Stone, 1985; Coe and
others, 1985, for reviews).

The oceanic part of the Aleutian arc formed as an igneous and sedimentary welt on abyssal oceanic crust and
grew to sea level by the end of Eocene time. During the Oligocene and Miocene Epochs, arc growth stowed, and
erosive processes became relatively more important. The transition from early, rapid growth to waning activity
was approximately coincident with the demise of the Kula-Pecific spreading center and the change in subduction
angle. Starting in Pliocene time, wave action truncated to a shallow, < 100-km-wide platform at the summit of

the ridge. The Aleutian Islands are the emergent portions of this platform. Quaternary volcanism is confined to a
narrow pelt in the northern part of the summit platfocm.

Rocks deposited during the early phasce of rapid growth-the lower seties (Scholl and others, 1987)-consist of
volcanic rocks, hypabyssal intrusives, stocks and plutops, and locally derived sedimeatary rocks. They are
pervasively altered and lightly metamorphosed, generally at less than greenschist facies. Lower series rocks are
often broadly folded and regionally tilted. Rocks of southwestern Umnak Island belong to the lower series and
appear to have accumulated in summit basins adjacent to active volcanic centers (McLean and Hein, 1984). Ia the
Geyser Bight area, the lower scries is represented by Tertiary sedimentary and volcanic rocks (Tvs, see p. 12).
Although exposures are [imited, the unit in Geyser Creek valley appears to have a higher proportion of volcanic
rocks than the unit (to the southwest) described by McLear 2nd Hein (1984).

The middle series includes rocks deposited as volcanic activity waned during the Oligocene and Miocene
Epochs (Schol! and others, 1987). This series consists mostly of a blanket of slightly deformed, diagenetically
altered, marine sedimentary rocks that drape the outer flanks of the arc. These rocks are not exposed on Umnsak
[sland. The plutonic rocks in the Geyser Bight area also belong to the middle series. Plutonic masses comprise
mtch of the middle series along the crest of the arc (see Scholl and others, 1987, for a summary of occurrences).

Large-scale structural features of the arc are described by Geist and others (1988). These features consist of
tear-away canyons and summit basins that formed by the rotation of at Jeast five discreet blocks, each 150 to
400 km long and 125 km wide. This block rotation wes presumably in response to oblique subduction in the
western part of the arc, Within these blocks, deformation is restricted to broad folding and minor faulting (Scholl
and others, 1987). Volcanoes are generally located at or continentward of the continentward limit of the blocks.
The analysis by Geist and others (1988) does not extend as far east as Umnak Island.



PREVIOUS WORK

Reports of the Geyser Bight hot springs appear in Grewingk (1850), Dall (1870), and Waring (1917), and
their existence was probably known to Aleut villagers at Nikolsks since ancient times. Byers and Brannock (1949)
conducted an extensive survey of the thermal spring aress during their reconnaissance geologic mapping of
Umnak [sland (1946-48) and reported analyses of water samples from two springs. Samples from four thermal
springs were collected and analyzed by Ivan Barnes (written commun., U.S. Geological Survey, 1981) in 1975 s
part of a U.S, Geological Survey's reconnaissance investigation of hot-spring sites in the Aleutian arc. In 1980, a
party from the Alaska Division of Geological and Geophysical Surveys sampled and analyzed seven Geyser Bight
thermal springs and measured spring discharges during a regional assessment of geothermal resources in the
Aleutian Islands (Motyka and others, 1981). Their preliminary studies suggested that these hot springs are fed by
multiple reservoirs, with temperature ranges from 160° to 190°C. These multiple reservoirs are related 1o &
deeper parent reservoir with temperatures as high &8 265°C.

Prior to this study, the most detailed geologic map of the Geyser Bight geothermasl ares was & 1:96,000-scale
map of southwestern Umnak Island produced during & 6-wk reconngissance in 1947 (Byers, 1959). This map
shows the major rock units that we subsequently mapped in more detail during 1988. McLean and Hein (1584)
provide additional detail on Testiary rocks southwest of Umnak's volcanoes. Byers (1959) provides petrographic
descriptions and some chemical analyses of many rock units found in the Geyser Bight area, and Byers (1961)
provides detailed petrogenetic interpretations of the chemistry and mineralogy of central Umnak voleanic rocks.
However, his interpretations focus on petrogenetic processes rather than the temporat and stratigraphic evolution
of volcanic systems that are the focus of this study.

PURPOSE AND SCOPE OF THIS STUDY

The purpose of this resource aseessment is twofold: (1) to obtain new geotogic and geochemical data for one
of Alaska's most promising geothermal resource aress, and (2) to produce an integrated analysis of the resource
with more accurate estimates of reservoir temperatures and the magmnitude of energy available for future
development,

As fossil fuels become scarce, industry may be forced to locate in regions with readily available energy.
Thus, the Geyser Bight area may become attractive to epergy-intensive industries such as ore-processing,
hydrogen production by electrolysis of water (for later use in fuel cells at other locations), or seafood irradiation.

Altough the central Aleutians are sparsely populated and remote, rapid growth of the American bottom-fish
industry in the Bering Ses and northern Pacific Ocean, and increased oil and gas exploration in the Bering Sea are
generating an increased need for power in the region. This industrial growth may make development of high-
quality, relatively remote geothermal resources atteactive. Economic feasibility studies at Dutch Harbor (145 km
east on Upalaska [sland) show that the cost of electrical production using the Makushin geothermal resource is
competitive with diesel-fired generators given sufficient!ly high flow rates in the peothermal wells (Spencer and
others, 1982). The high cost of developing the Makushin geothermal resource is in part due to its relative
inaccessibility; it is situated inland on the flanks of & rugged volcano.

We believe that Geyser Bight is a particularly attractive alternative to Makushin if the Makushin field proves
insufficient for industaial development or if logistical expenses prectude development.

LAND STATUS AND ACCESSIBILITY

The Geyser Bight geothermal area is located on federal land under the jurisdiction of the U.S. Bureau of
Land Mapnagement (BLM). It, as well as the Hot Springs Cove geothermal ares 6 km to the northeast (fig. 1) are
conteined in the Geyser Springs Basin Known Geothermal Resource Area (KGRA). BLM, and under a
cooperative agreement, the U.S. Fish and Wildlife Service, will be involved in lease sales, drilling permits and
any further exploration or development of this resource.



Under the guidelines of the 1971 Afasks Native Claims Settlement Act (ANCSA), pative Alaskan groups and
the State of Alaska can select federal land up to their entitlement limits. The Aleut Native Corporation, the
St. George Viilage Association, and Tanadquisix Village Association from St. Paul Island bave each selected the
entire KGRA and some surrounding areas. The State of Alaska has also tentatively selected land in the southern
part of the KGRA, ip an area that includes the superheated fumarole site (F3, sheet 1), but does not includs any
hot spring areas. The State hes until January 2, 1994, to make additional selections. BLM is responsible for
adjudicating land claims, and, by the rules of ANCSA, gives preference to native groups, once the Stats
determines that its interests are not compromised.

Hot Springs Cove and Russian Bay are two (of several) semi-protected bays near the Geyser Bight
geothermal area. With breakwater construction and/or dredging, a suitable deep-water harbor could be
constructed at one or more of these sites. Thke flat floor and gentle slope of Geyser Creek valley would
accommodate & road from the beach to the thermal area, a distance of only S km. In addition, a large airfield is
located at Fort Glenn (World War 11, abandoned) on the east end of the isiand, about 50 km from Geyser Creek
valley, and an unimproved road leads from Fort Glenn to within 15 km of Geyser Bight.

Field work for this project was conducted on foot from a tent camp in the lower Geyser Creek valley. Field
gear was flown from Fairbanks to Nikolski, the nearest village to Geyser Bight. Gear and personnel were
transporied from Nikolski to the field site by two inflatable boats and one aluminum skiff. We ran through light
surf into the mouth of Geyssr Creek and then lined and motored halfway through the dune field to our campsite.
We also used the inflalable boats to locate a spike camp at Hot Springs Cove. Surf conditions at Geyser Bight
generally make small boat operations unsafe. Any larger field effort, or a field effort requiring heavy equipment,
would probably be best conducted using a landing craft from Dutch Harbor.

GEQLOGY OF THE GEYSER BIGHT AREA
OVERVIEW

The oldest rocks on centra! Umnak Island are fine-grained Tertiary volcanic and sedimentary rocks of low
metamorphic grade (Tvs, sheet 1). These rocks, along with the late Miocene dioritic pluton that intrudes them
(Tdp, sheet 1), form the base of a broad, wave~cut platform 100 to 200 m above sea level. Plutonic rocks as
young as 9.5 Ma (this report) are cut by this surface at Geyser Bight. This major unconformity was formed in
Pliocene time and is regional in extent (Scholl and others, 1987).

Quaternary volcanic rocks spanning at least 1.5 m.y. (thig report) were srupted from several volcanoes and
deposited on this platforrn. These volcanoes and their etoded remnants provids 600 m of relief in the immediate
vicinity of Geyser Bight valley. The older of these volcanoes had vents northeast of Geyser Bight (fig. 2). The
remnants of these volcanoes comsist of cemtral vent complexes surrounded by lava flows which dip radially
outward. Extensive erosion has obecured the constructional morphology od these volcanoes.

Mt. Recheshnoi, the closest of the Pleistocene ~-alcances, erupted ina Holocene time. It is about 2,000 m
high and its summit is 8 ki southwest of Geyser Bight. Mt. Recheshnoi is predominantly calc-alkaline basalt and
andesite. Flank eruptions of quartz-andesite, andesite, and rhyolite have occurred within the last 140 ka; the
youngest flank eruption occurred 3,000 yr B.P. (Black, 1975). The rhyolite flank vents comprise one of only two
known rhyolite occurrences west of the Valley of Ten Thousand Smokes (1,000 km to the east).

Mt. Vsevidof, 6 km west-southwest of Mt. Recheshnoi, is an active volcano that appears to be dominantly
Holoceoe in age. Flows from Mt. Vsevidof do not crop out in the Geyser Creek area.

The hot springs, fumaroles, and geysers of the Geyser Bight area are located at the head of a large
Pleistocene valley cut in the bedrock units discussed above.

The remainder of this report describes the geology of the Geyser Bight area in more detail. The discussion is
organized by map unit (sheet 1) in chronologic order from youngest to oldest. Some rock units described in this
seclion lie outside the area of the detailed geologic map. With few exceptions, the rock units are those of Byers
(1559).
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Figure 2. Location of some volcanic centers on cerural Umnak Island.

DESCRIPTION OF ROCK UNITS

BEACH SAND (Qb)

Active beaches at Geyser Bight and Russian Bay are composed of well-sorted, medium- to coarse-grained
sand. Beach faces are moderately steep due to frequent moderate to heavy surf.

ALLUVIUM (Qal)
Alluvial silt, sand, and gravel fill the bottoms of Geyser Creek valley and Russian Bay valley. Modem

streambeds contain pebbles up to a few centimeters in diameter. Areds adjacent from the streams can be underlain
by pesat and overbank mud of undetermined thickness,



These valleys presumably formed when the glacially carved Pleistocene valleys were drowned by post-glacial
rise {n sea lavel. The resultant desp bays were isolated by bay-rmouth bars to produce lakes that were then filled
by altuvium and overbank silt, lagunal and lacustrine deposits, and tephra. Till probably underlies the alluvium.
If this model is correct, fill in Geyser Creek valley and Russien Bay valley may be quite thick and formed of a
complex intertonguing of till, alluvial sand and gravel, very fine grained overbank and lacustrine silt and peat,
and tephra. Because substantial deposition may have occurred at or below sea level, average grain-size may be
quite small. Alluvium in Geyser Creek valley is probably very thin near the head of the valley.

Makushin valley ia simitar in size and, perhaps, history to Geyser Creek valley. Near its downstream ead, it
contains sbout 7 m of sod and organic-rich silt upderlgin by 22 m of water-saturated silt and fine sand, in turp
underiain by 20 m of titi(?) (Krause, 1986).

DUNE SAND (Qd)

The beaches at Geyser Bight and Russizn Bay are backed by extensive fields of inactive, vegetated dunes
composed of well-sorted, medium- to coarse-grained sand similar to beach sand. Older dunes (farther from the
beaches) are often mantled by onem-thick red and black tephra layers with an aggregate thickness of a few
meters, Dunes are typically 15-20 m high (locally as much as 45 m high) at Geyser Bight and 35 m high at
Russian Bay.

TILL (Qgt)

Irregular piles and hummocks of unstratified, locally derived boulders and cobbles lie in shallow, gently
sloping basins perched above major valleys. These deposits are probably latest Pleistoceme in age. Totat
thickmesses of individual deposits are at least several meters. These are the only late Pleistocene glacial deposits
in the map area. Byers (1959) shows Pleistocene and neoglacial moraines on the flanks of Mt. Recheshnoi,
southwest of the area shown on sheet 1. Similar hummocky dnift deposits occupy similar shallow alpine valleys
elsewhere on the islend, usually on the flanks of Mt. Recheshuoi. An older glacial drift unit (Qgd) is described
bejow.,

ALLUVIAL-COLLUVIAL FANS (Qf)

This unit comprises coarse, poorly sorted alluvial and coliuvial material deposited in short, steep fans on the
sides of main valleys at the mouths of minor streams and gullies.

UNDIFFERENTIATED COLLUVIUM (Qc)

Colluvium of undetermined origin was mapped where it was thick enough to prevent accurate determination
of underlying bedrock. Thers are no associated landforms to indicate the nature of the material.

HOLOCENE TEPHRA (Qt)

Orange, brown, and black tephra units <4 m thick have accumulated in some low-relief upland areas.
Individual beds are typically several centimeters thick, but can be saveral tens of centimeters thick. The tephra is
primarily medium to coarse ash, with at least one promineat bed of lapilli-sized pumice. This unit was mapped
where it was thick enough to obscure underlying bedrock units, and includes some small bedrock outerops too
smal] to show at map scale.

RHYOLITE {(Qr)

At least seven small rhyolite bodies occur along an east-west zone south of Russian Bay vailley. The
outcrops range from 0.5 to 0.1 kan? (sheet 1). The rhyolite forms dense, flow-banded outcrops in which the flow
banding is typically subparallel to the trend of the outcrops and steeply dipping. The rhyolite is glassy to
devitrified and sparsely phyric. Phenocrysts consist of plagioclase, biotite, quartz, and minor opaque oxides.
The unit also contains rounded inclusions of typical Recheshnoi andesite up to several centimeters in diameter.



These inclusions contgin approximately 10% plagioclose + clinopyroxene + olivine get in 4 fine-grained,
quenched groundmass and appear to have been incorporated when the rhyolite was molten. Biotite from one
rhyolite outcrop was dated at about 135 ka (see p. 16).

The strongly linear outcrop pattern, high density, steeply dipping and contoried flow banding suggest that ail
rhyolite outcrops may be part of a single, near-vertical, dike-like body. The lack of any associated subareal
deposits or subhorizontal structure indicates that the rhyolite is not the eroded remnant of an ashflow or subareat
tava flow. The larger bodies may be eroded remnants of domes, and the smaller bodies may be feeders to domes
that were subsequently removed by glacial erosion. Rhyolite outcrops are spatially discreet, and rhyolite is not
exposed in gullies between outcrops, which suggests that only fingers of the postulated dike reached the surface.

HOLOCENE ANDESITE (Qaf)

Holocene andesite flows extend from small vents high on the eastern and western slopes of Mt. Recheshnoi
(fig. 2). None of these flows are within the map area of sheet 1. We sampled the two eastermmost flows
identified by Byers (1959). The older flow erupled from a vent at about 700 m elevation and flowed about one
km horizontally and 350 m vertically down the flank of the volcano. The younger flow erupted from a vent at
about 1260 m elevation and flowed 6 km down the flank of the volcano to terminate among Holocens beach
ridges. The flows are narrow and were apparently quits fluid.

The flows are 58 percent SiO; andesite with 10 to 1S volume percent phenocrysts dominated by plagioclase
and including clinopyroxene, olivine, orthopyroxene, and magnetite. Most plagiociase i8 normally zomed, but the
older flow contains a small proportion of resorbed, reversely zoned, and/or spongy plagiociase phenocrysts. The
younger flow contains rounded inclusions of highly vesicular olivine + clinopyroxene + plagioclase-phyric
basaltic andesite (about 55 percent SiO;). The inclusions which appear to have been mixed into a liquid host
andeaite, resemble the quenched basaltic blobs described by Eichelberger (1975) from Glass Mountain in Oregon.

Although moss and some grass cover the older flow, most aspects of flow morphology are unaltered. The
younger flow is much less vegetated with well-preserved lateral levees and concentric ropy flow structures in its
lower part; the upper part of the flow is blocky. Black (1975) states that the younger flow was deposited during a
neoglacial advance and is thus about 3,000 yr old.

QUARTZ-BEARING ANDESITE (Qrq)

Basaltic andesite scoria and stubby lava flows erupted from a small vent on the nidge crest between Hot
Springs Cove and Partov Cove. The outcrop area is about 2 km by 1 km, elongated to the east-northeast. A
closed depression about 250 m diam and 10 m deep in the west-central part of the ugit ig probably the original
vent. The northern part of the unit is composed of agglutinated scoria and bombs {a few 1o several centimeters
diameter) that probably represent the remains of a cinder come. Steep-fronted concentric lobes that represent
stubby flows that issued from the base of the former cone make up the eastern pact of the unit. Flow tops are
massive andesite cut by shallow eastward drainages. Although rubbly flow tops and cinders were not found they
probably formed during the initial eruption and were removed when Umnak Island was buried by glacial ice.
Because these flows erupted about 89 ka (see p. 16), they were exposed to most of the last glacial cycle.
However, glacial erosion was not severe enough to radically alter the initial volcanic morphology perhaps of its
location at the top of a high Adge.

The unit 8 composed primarily of basaltic andesite with about 54 percent SiO2. The lavas are
compositionally similar to other lavas from the area except for the high MgO content which may reflect magma
mixing withio the unit. As noted by Byers (1959), the mineralogy of these lavas is unusual ia that they contain
plagioclase, magnesian olivine, clinopyroxene, orthopyroxene, magnetits, and some embayed beta-quartz. The
complexity of this mineral 2ssemblage suggests magma mixing.

The unit also contains mafic clots with about 65 volume percent crystals that are dominantly hornblende
psendomorphs. The clots also contain phenocrysts of plagioclase, olivine, and clinopyroxene. The groundmass
consists of quenched plagioclase, pyroxene, and glass (mostly devitrified).



LAVAS OF CINDER POINT (Qcp)

Cinder Point is a smaltl, 178-m-high cindec cone on the northeast edge of Inanudak Bay (fig. 2). Its two
lobate tava flows are nearly circular in map view and about 200 m diam. Because the summit cone is only slightly
modified by erosion, it is probably early Holocene in age. The Cinder Point cone is equi-distant from Okmok
Calders to the northeast and Mt. Recheshnoi. It is the westernmost of five aligned vents near Inanudak Bay
(Byers 1959).

Cinder Point lavas are highly porphyritic, high-alumina basalts. Dominant phenocrysts are subhedral
plagioclase crystals up to S mm long (average 1.5 mm) with thin, corroded rims; the crystals are free of spongy
zones. There are occasional multigrain aggregates of plagioclase. Cinder Point lavas contain lesser amounts of
clinopyroxene and olivine crystals that are subhedral, subequant, and 0.1 to 0.2 mm long.

LAVAS OF MT. RECRESHNOI (Qral, Qra, Qrd)

Mt. Recheshnoi is a large, heavily glaciated stratocone on central Umnak Island, southeast of Geyser Creek
(fig. 2). Tt is mostly late Quaternary in age (see p. 15). The center of the cone ig built on 8 §0-m-high flat
erosional surface cut on Tertiary plutonic and sedimentary rocks. This surface is part of the regional Aleutian
summit platform which formed since 5.3 Ma (Scholl and others, 1987). The east and northeast flanks of Mt.
Recheshnoi overlie a < 300-m-thick deposit of lava flows from older volcances. The central 40 to 50 km?
(above 1000 m elevation) consist of pyroclastic beds and a vent complex (Byers, 1959) that has been heavily
eroded by several small valley glaciers so that it retains no original comstructional volcanic form. The summit
ares consists of 8 4-km-long, east-west ridge that may reflect construction from an older eastern vent and &
younger western vent (Byers, 1959). Below 1,000 m elevation the volcano consists of basalt and andesite flows
with minor pyroclastic intetbeds. The original constructional surface i8 preserved in some ¢pland areas between
glaciers, especially on the western flank, and some flows fill Pleistocene glacially carved valleys. The summit
elevation is 1984 m, and deposits from the volcano cover 360 km?.

In the Geyser Creek area, this unit consists of basalt and andesite lava flows interbedded with minor
pyroclastic units. Flows typically have a thin, brick-red, rubbly bottom that grades upward into platy lava.
Thicker or more mafic flows can have massive or columnar interiors, and upper parts of the flows are rubbly and
oxidized. Intervals between flows are usually poorly exposed and contain pyroclastic material, soil, and
colluvium. Individual flows are typically 4 to 12 m thick. Some flows are substantially thicker, presumably due
to local ponding. Occasional zones several tens of meters thick are brick-red throughout with very thin platy
flows in a rubbly matrix. These zones may have formed during single eruptive events when very rubbly aa flows
continually overran their marpins.

Except for the syneruptive brick-red oxidation on flow tops and bottoms, lavas from this unit are unaltered.
All fractures in the flows are attributable to post-eruptive cooling; we observed po tectonic fractures. Flows dip
to the north, northeast, and east, away from the summit of Mt. Recheshnoi, at gentle to moderate angles.

Most flows in the map area are truncated by the large glacial valleys that terminate at Geyser Bight and
Russian Bay. These flows are shown a8 Qra on sheet 1. In contrast, valley-filling flows (Qral) occur near
Russian Bay valley. These deposits consist of debris flows, lahars, ashflows, and minor lava flows. West of the
head of Russian Bay valley, these poorly consolidated deposits are deeply incised by very steep-walled gullies.
An ashflow is preserved in small benches on the northeast side of Russian Bay valley and in thicker deposite on
the southern side of the valley. These flows are probably late Pleistocene to early Holocene in age and are, except
for fiows from flank veats, among the most recent deposits of Mt. Recheshnoi.

An unusually large, steeply dipping, northeast-trending dike (Qrd, sbest 1) was mapped south of the pass
between Geyser Creek and Russien Bay valley. The dike, which is easily distinguished on small-scale radar
images and photographs, forms a barrier to stream flow and has ponded a small patch of alfuvium just below the
pass into Geyser Creek. It is mantied by glacial drift.



Mt. Recheshnoi lavas are usually porphyritic and coatain 25 to 40 volume percent phenocrysts. Aphyric
lavas are rare. Plagioclase is ubiquitous and occurs in two major textural varieties, The first varety is
characterized by euhedral, unzoned or normally zoned, twinned, inclusion-free crystals that occur s large tabular
crystals and as smaller prismatic crystals. The second variety is charecterized by tabular rounded and resorbed
crystals that may be reverse zoned and often contain spongy zones or cores. lavas with less than $6.5 percent
SiO; contain prismatic echedral to subhedral olivine crystals, Some high-silica andesites also contain olivine.
Stubby, prismatic clinopyroxene crystals are ubiquitous. Most andesites-but few basalts—contain elongated prisms
of subhedral orthopyroxene. Orthopyroxene concentrations are usually less than clinopyroxene concentrations.
Titanomagnetite is 8 common accessory phase. Hornblende was found in one sampie.

GLACIAL DRIFT (Qgd)

A section of glacial drift < 800 m thick is exposed in the southwest wall of Geyser Creek valley,
stratigraphically between lavas of Mt. Recheshnoi and the volcanics of central Umnsak (see below). Thick massive
sections of the drift are coarsely bedded and poorly sorted. These thicker sections contain rounded andesitic
blocks up to | m diam in a matrix composed primarily of sand-sized material, Thinner, very fine-grained, well-
sorted, tuffaceous(?), laminations about 1 cm thick ars also present.

Lava flows (DT88-17 and DT88-5) that provide younger and older limiting ages for the drift have been
dated at 499 + 14 and 1,104 + 37 ka, respectively (sheet 1; p. 16). The drift was probably deposited between
the intervals of volcanic activity on central Umnak Island and Mt. Recheshnoi. Geochronologic data suggest that
this time was between 500 and 800 ka.

VOLCANICS OF CENTRAL UMNAK ISLAND (Qcuv)

The volcanics of central Umnak lie stratigraphically beneath Mt. Recheshnoi (Qcuv, sheet 1) and are
stratigraphically equivalent to Byers' (1959) QTv. We use a different unit label than Byers on sheet | because the
unit does not contain Tertiary rocks (p. 17).

Lavas and pyroclastic rocks were erupted from several small, early Pleistoceae vents on central Umnak
Island (fig. 2). Because the vents are outside the map area of sheet 1, much of this discussion relies on Byers
(1959). Four to six of the vents are now exposed. This unit is covered by Okmok Volcano to the northeast and
Mt. Recheshnoi to the southwest: thus additiopal vents may be hidden. The exposed volcanoes are heavily
eroded, 3 to 7 km diam, and < 800 m high. Individual vents bave outwardly dipping basalt and andesite flows
and a central core dominated by breccia, tuff, and feeder dikes. Byers (1959) mapped several zones of altered,
silicified, or K-feldspathized rocks. We did not visit these areas.

Ir the Geyser Bight area, the unit consists of south- to southwest-dipping basaltic and andesitic lava flows
with minor pyroclastic and brecciated interbeds. Vent areas like those exposed east of Inanudak Bay do not occur
in the area of sheet 1. lava flows are similar in appearance and composition to those from Mt. Recheshnoi
(see above), but aphyric and sparsely phyric lavas are mose common, and resorbed and corroded plagiociase is
less abundant.

This unit is recognized in the field by the south to southwest dip of its lavas (iato Mt. Recheshnoi and away
from central Umnak Island) and by the lack of both alteration and persistent tectonic fracture pattern exhibited by
the underlying Tvg unit, '

QUARTZ DIORITE AND QUARTZ MONZONITE PLUTON (Tdp)

Dioritic and monzonitic plutonic rocks-in part of Late Miocene age (see p. 17)ycrop out at low elevations on
the western and egstern walls of the lower half of Geyser Creek valley (sheet 1). These rocks may be part of &
larger plutonic body that crops out in a few locations at the base of Mt. Recheshnoi and Mt. Vsevidof (Byers,
1959). This larger plutonic body may be a single large pluton or an amalgamation of several smaller bodies of
Oligocene to Miocene age. Because outcrop is not continuous, field evidence of multiple plutons could not be
obtained. For convenience, we will refer to all plutonic rock as a single pluton. The pluton lies unconformably
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below the volcanic rocks. This unconformity represents the regional wave-cut platform at the summit of the
Aleutian ridge (Scholl and others, 1987). The lower contact of the pluton is not exposed. Plutonic rocks in the
Geyser Bight area are, at least in part, much younger than, and therefore not retated to, the Oligocene quartz
dionte and diorite stocks described by McLeap and Hein (1984) on southwestern Umnak Istand.

Our mapping shows that plutonic rock occurs much farther up Geyser Creek valley than previously mapped
by Byers (1959), thus increasing the probability that plutonic rock may host the geothermal] gystem. Individual
outcrops of plutonic rock are fairly homogencous, medium grained, and equigranular. Fractures are usually
spaced a few to a few tens of centimeters apart. Individual outcrops often bear several fracture sets at different
azimuths and dips. There is no single pervasive joint orientation on either outcrop or regional scale. Steeply
dipping mafic and andesitic dikes a few tens of centimeters to a few meters across are common, but there is no
strongly preferred orientation.

Plutonic samples in the Geyser Cresk valley and on the shore of Geyser Bight are pyroxene-hornblende
quartz monzouite and pyroxene-biotite-hornblende quartz diorite (table 1, fig. 3). Samples from near Geyser
Bight are quartz diorite or plagioclase-rich quartz monzonite. Samples from further up-valley are plagioclase-poor
quartz monzonite. Up-valley samples have moderately higher SiO; content and dramaticalty higher K20 content
than samples from Geyser Bight. On the K70-810; plot (fig.4) the trend defined by the quartz diorite and quartz
monzonite steeply cuts the medium-X to high-K boundary of Gill (1981) and is much steeper than can be
produced by fractional crystaliization.

The more potassic samples have higher modal concentrations of K-feldspar (table 1), which i8 presumably the
major site of potassium in these units. The K-feldspar occurs as large, discrete subhedral grains and in
micrographic and myrmekitic intergrowths with quartz. These igneous textures indicate that the anomalous K70
contentz have an igneocus rather than metamorphic or metasomatic origin. Much of the K-spar occurs as late-stage
interprowths with quartz, which suggests that the K,O-rich nature of the rocks is related to the evolution of a
K2O-rich magma rather than to the accumulation of feldspar phenocrysts. If the K3O-rich and K2O-poor magmas
are related to each other, it must be by some process other than fractional crystallization. They probably are not
genetically related, but rather reflect independent periods of stock emplacement. Although high-K magmas rarely
erupt in the modern Aleutian arc, they zre found in some plutonic rocks elsewhere in the arc (Kay and others,
1982). McLean and Hein {1984) report 31-33 Ma plutonic and hypabyssal high-K rocks of similar composition
from southwestern Umnak Island (fig. 4).

Table t. Modal abundance of minerals in plutonic rock samplest
DTR8-01 DT88-01 DT88-02 DT88-03 DT88-04 88CNU10 88CNUI11

Plagioclase 60.3 49.7 52.0 60.0 46.0 44.3 44.0
K-feldspar 37 6.7 14.7 6.0 19.7 19.0 22.0
Quartz 10.0 8.7 13.3 13.3 12.7 8.3 11.7
Biotite 37 0.3 1.3 9.0 0.0 0.0 0.0
Amphibole 15.7 29.0 12.0 0.0 16.3 9.0 9.7
Chlosite 1.7 17 4.3 0.3 0.7 2.3 5.7
Pyroxene 3.0 0.3 0.0 8.0 0.3 3.7 33
Opaque oxides 1.7 1.0 1.3 2.7 3.7 4.0 3.0
Accesson 0.3 0.7 1.0 0.7 0.7 0.0 0.7
Myrmekite 0.0 0.0 0.0 0.0 0.0 9.3 0.0

“Modes sre based on petrographic determination of 100 grains per anmple.
bMyrmekim was oaly counted 18 x xepsraic phase when inlsrgrowths were of fine coough scate W preclude accutate coumting of
individual mineral pecien,
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Figure 3. Part of the IUGS plutonic rock classificaston diagram, apices are quartz (Q), alkali feldspar (KSP), and
plagioclase (PL). Samples are ploned according 1o modal mineralogy (table 1) rasher than normative
mineralogy from the chemical composition.

TERTIARY SEDIMENTARY AND VOLCANIC ROCKS (Tvs)

The oldest rock unit in the Geyser Bight area consists of lightly metamorphosed lava flows, dikes, sillg, and
sedimentary and volcanogenic clastic rocks of Tertiary age. The largest exposures of this uait are ai the
southwestern end of Umnak Island where there are no overlying volcanic units. According to Byers (1959), the
unit consists of gently dipping mafic lava flows with subordinate beds of argillite and tuff, all of which were
intruded by gabbro and diorite that were subsequently albitized. These rocks are gently folded and crosscut by
minor faults (Byers, 1959), fracturing i¢ pervasive. Mclean and Hein (1984) report late Eocege to early
Oligocene ages for these rocks.

In the Geyser Bight area, the unit is dominantly composed of fine-grained, equigranular to porphyritic
bypabyssal and extrusive mafic and intermediate igneous rocks, The unit occurs a8 screens and blocks within the
pluton and overlies the pluton on the east and west sides of Geyser Creek valley. The maximum thickness
exposed in the Geyser Bight region is about 150 m. The upper surface has gently roliing topography identical to
that elsewhere on the broad, wave-cut platform that truncates thig unit. The contact between the Tertiary volcanic
sequence and the pluton is irregular and occasionally of moderate relief.

In the Geyser Bight area, alteration of these Tertiary rocks is common. In one exposure on the southwestern
side of Geyser Creek valley, homblende quartz diorite in the lower valley wall crops out immediately below
highly altered andesite (Tvs) that contains 70 percent quartz veinlets that appear to originate in the quartz diorite.
Pyroxene-plagioclase andesite overlying the pluton on the east side of Geyser Creek valley is pervasively
chloritized and in some localities silicified or pyritized. Quartz veining is pervasive. On the east side of the
Geyser Bight beach, the unit is fine grained, but the presence of elongated plagioclase microlites suggests that the
unit is volcanic rather than sedimentary. Upequivocally sedimestary uaits of Tve were not seen in the Geyser
Bight area.

Tvs is distinguished from overlying volesnic rocks by its pervasive tectonic fracture pattern and lack of well-
preserved volcanic features, In eddition, it is ususily highly altered.
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Figure 4. K20 vs. SiO; diagram of Geyser Bight plutonic and volcanic rocks (this srudy; Byers, 1959). Plutonic
rock compositions from southwestern Umnak Island (McLean and Hein, 1984) and literature values for
Quaternary Aleutian volcanic centers are shown for comparison.

STRUCTURE

Only the oldest rocks (Tvs) on central Umnak Island have been deformed, and these onrly gently. Beds
usually have gentle dips, folds are open, and faults and fractures, slthough numerous, do not have farge
displacements (Byers, 1959). South of Mt. Vsevidof, folds trend northwest and large fractures trend northeast
(Byers, 1959). The amount of Tvs outcrop in Geyser Creak valley was not sufficient to allow recognition of folds
or faults. '

Plutonic rocks are well fractured in surface outcrops. Fractures are spaced a few centimeters to a few tens of
centimeters apart. Most outcrops have several rather than a prominent joint set; we did not observe any jointing
in & preferred direction in the map area. Dikes in the pluton have no preferred alignment.

The only fractures seen in the volcanics of central Umnak Island (Qeuv) and the laves of Mt. Recheshnoi
(Qra) resulted from voleanic cooling.

Motyks and others (1981) note that Geyser Creek valley trends northwest at the same azimuth that Nakamura
and others (1980) suggest is the azimuth of principal compressive stress due to subduction of the Pacific sheet.
The "Nakamura“ stress trajectory is based on the alignment of parasitic and flank volcanic veats of Aleutian and
other Alaskan volcanoes, and on Quatemary fault orientations. Nakamura and others (1977, 1980) suggeat that
dilational fractures should appear perallel to the exis of principal compression and allow easier rise of magma to
the surface. Such fractures could form local zones of weakness and localize & geothermal resource. We found no
obvious northwest-trending fractures or faults, but the thick, continuous tephra and vegetation cover at low
elevations way obscure some structures.

An important feature of the Nakamura and others (1977) hypothesis is that flank volcanic features are

expected to be aligned parailel to the maximum compressive stress. In the Geyser Bight area, this does not appear
to be the case. The 3-km-long linear zone of rhyolite pluge above Russian Bey trends N.85°W., rather than
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N.47°W., which is the convergence direction between the Pacific and North American sheets (Jacob and others,
1977). This east-west trend is also reflected in the attitudes of many near-vertical dikes at Geyser Bight,
Cometery Cove, and Stepanof Cove. The largest dike we observed in the Geyser Creek area is part of
Mt. Recheshnoi voleano and crops out between Geyser Creek valley and Russian Bay valley. Its trend is nearly
orthogonal to that predicted by Nakamura and others (1977).

Our geologic mapping and cross sections (sheet 1) indicate that valley fill is very thin at the head of the
valley and that plutonic rock extends much farther up the valley than shown by Byers (1959). We propose that
geothermal reservoirs will most likely occur in the highly fractured plutonic rock. Tvs may also be present, as
gshown on cross section B-B' (sheet 1). Exploratory drilling at Makushin volcano demonstrated the ability of
plutonic rocks to sustain fracture permeability sufficient to host & geothermal reservoir,

VOLCANIC HAZARDS

Because the Aleutian arc is the locus of intense volcanism, volcanic hazards may be present anywhere within
the arc. However, at Geyser Bight and in Geyser Creek valley, the volcanic hazards are surprisingly slight
despite the presence of two active valcanoes. Mt. Vsevidof, which is unglaciated and therefore has had numerous
Holocene eruptions, is 18 km southwest of Geyser Creek valley, but the large size of Mt. Recheshnol and the
300-m-high ridge southwest of Geyser Creek protect Geyser Creek from flow hazards from Mt. Vsevidof.
Historic volcanic activity at Mt. Vsevidof has been restricted to minor explosions and steaming. If this pattern of
eruption continues, future activity may deposit minor amounts of ash in Geyser Creek valley.

Okmok Volcano, 30 km to the northeast, is the most active volcano oo Umnak Island., Following two mid-
Holocene, caldera-forming eruptions, activity has been restricted to stcaming, minor ash emissions, and the
emplacement of basaltic lava flows on the caldera floor. Future activity is expectsd to follow the same
pattern-quiet, effusive flows accompanied by minor ash eruptions. The caldera wall ig about 300 m bigh and
breached oaly to the northeast. If lava erupts in sufficient volume to leave the calders, it will probably exit
through the northeast-breach, We lack adequate data to judge the probability of explosive eruptions or eruptions
from centers outside Okmok Caldera. Geyser Creek valley is separated from Okmok Volcano by Inanudak Bay
and a 600-m-high ridge. Thus it is well protected from volcanic activity originating at Okmok (fig. 2).

Mt. Recheshnoi (10 km southwest of Geyser Creek valley) is the closest volcano to the geothermal area.
Because the central cone is highly eroded, it is probably entirely Pleistocene in age. A few Holocene flank
eruptions, including andesite flows on the east and west fianks have occurred. The rhyolite bodies and quartz-
andesite flows, considered Holocene in age by Byers (1959), are actually 135 ka and 89 ka old, respectively.
These flank flows did not enter Geyser Creek valley. Insufficient data preclude estimating the recurrence interval
of Holocene eruptions, but the probability of volcanic flows eatering Geyser Creek valley seems smatl. Geyser
Creek valley is protected from flowage hazards by a high ridge between the valley and Mt. Recheshnoi, No
Holocene mass-flow deposits have been found in Geyser Creek vatley or Russian Bay valley.

The most likely volcanic hazard is ash fall, which could preseat a temporary hazard to machinery and aircraft
operation. Holocene tephra 34 m in cumulative thickness occurs throughout the Geyser Creek area.

HRONOLOGY OF VOLCANIC AND PL NICE
BACKGROUND
We bave completed *OK-“0Ar age analyses for 23 andesite flows, one rhyolite plug, and the plutonic rock

that may host the reservoir for the Geyser Bight geothermal gystem. These results provide a time framework for
the mapped rock units and for the evolution of the magmatic system that drives the geothermal resource.

ANALYTICAL METHODS AND RELIABILITY OF YOUNG AGES
All andesite samples were dated as whole rocks. Biotite from the rhyolite plug was dated, and biotite and

bomblende from the pluton were dated. Replicate potassium was measured using LiBO; flux fusion and flame
photometry with a lithium internal standard. Minersl standards were used to calibrate the photometer. Argon
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isotopes were measured by isotope dilution oo a computerized, 6-in.-radius mass spectrometer. Analytical data
for the OK-*0Ar age determinstions are given in table 2, and sample localities are shown on sheet 1.

Several modifications of our anslyticel techriques allowed us to obtain reproducible, stratigraphically
consistent ages on some whole-rock andesite samples as young as 60,000 yr. These modifications are listed
below.

1. Reducing air-argon contamination from the extraction system by replacing quartz-lined, air-cooled
fusion bottles with water-cooled, unlined bottles.

2. Boiling whole-rock samples (crushed to 16-48 mesh) for 1 hr in distilled water immediately before
loading them in the extraction system resulted in significantly lower atmospheric argon per ugit
sample weight in about 30 percent of the samples. The reason for this effect is not well
understood; it was observed empinically by G.H, Curtis, R,E. Drake, and A.L. Deino (University
of California, Berkeley) and communicated to Turmer, who produced similar results. One
possibility is that the atmosphenc argon in cracks in the sample may be replaced by hydrogen
during boiling (R.E. Drake, oral com.).

3.  As a general procedure, argon from one sample fusion i8 split into two to four aliquots that are
sequentialty analyzed on the mass spectrometer. The first split is used to "flush” the spectrometer
to reduce the memory effect in static gas analysis. This effect is particularly important when
analyzing young samples with small amounts of radiogenic ¥Ar, such as most of the Umnak
Istand andesites. Results from these "flushing splits” were averaged with the subsequent splits
only when they were statistically equivalent. Results from the remaining splits were aversged to
calculate the values of radiogenic 40Ar, percent radiogenic *0Ar, and age (table 2). With one
exception (BBCNUSS), the argon analyses in this study represent single fusions of each sample.

Two recent test studies of suites of young andesites from Mt. Spurr, Alaska, and the Nevados de Payachata
volcanic group in the Chilean Andes (both done in our laboratory by the methods described above) produced
results that are reproducible within analytical uncertainty and fit the volcanic stratigraphy observed in the field
(Worner and others, 1988; Nye and Turner, 1990). However, dating andesites this young is definitely pushing
the limits of the K-Ar method, as evidenced by problems we encountered with some Uranak gamples.

RESULTS

With some exceptions, ages of the 23 dated samples egree with observed stratigraphic relationships. The
dates provide a well-constrained time framework for the area's eruptive history and & cooling age for the plutonic
rock that may host the geothermal systam. Ages are discussed from youngest to oldest, in the approximate order
shown in table 2.

The youngest flows (Qrf) from Mt. Rechesbnot proved too young to date, but three of the upper come-
building flows (Qra) yielded ages of 75, 121, and = 110 ka (minimum age based on petrographic criteria).
Lower in the Qra section, we obtained an age of 258 ka from the northeast side of Geyser Creek valley, and ages
of 285 and 478 ka from flows above Hot Springs Cove. Basal Recheshnoi flows on the southwest side of Geyser
Creek valley yielded ages of 472, 489, 534, and 499 ka. These radiometric ages for Mt. Recheshnoi flows range
from 75 + 11 to 534 £ {3 ka at the base of the section.

The 478-ka Qra age is problematic because it is from a flow that is located only one or two flows below the
flow dated at 285, ka in the same section. We observed no evidence of a paleosol or fault separating the two
dated flows, and field relations suggest that these flows should be similar in age. Because the 478-ka age is
consistent with the 472-534-ka Qra ages from the southwest side of Geyser Creek valley it cannot be eatirely
rejected on the basis of the geologic observations discussed above. The sample meets petrographic reliability
criteria for whole-rock K-Ar dating. Excess argon i8 not normally found in significant amounts in subaerial lava
flows and is unlikely to be present in the dsted sample. At present, we cannot regolve this problem. Fortunately,
it does not affect the documented age span for Mt. Recheshnoi flows (Qra) discussed above.
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Table 2. Agerable

40
Lab Field Material  Ka0P Sample 0pr Alrad
no. no. dated? (wt %) weight® (g) {mal/g) x 8‘1 lc K X 103° %‘“)A:md Ago (ka) + 16

Upper cone-building flows (Qra), south flank Mt. Recheshnoi

88101 88¢cnu8S wT 0.613 12.2853 0.0067 0.0044 0.90 75+ 11

88084 88cnu83 wr 0.869 11.5500 0.0152 0.0071 5.56 120 + 6

88102 88cnuB0 wr 0.875 11.7469 0.0144 0.0067 3.41 110 £ 7

88099 88cnulé wr 1,232 10.0537 0.045% 0.0150 1.35 258 + 35

Recheshnoi flows (Qra) above Hot Springs Cove

88073 88cnus6 wr 1.547 10.2845 0.0636 0.0166 2.94 285 + 9

88100 88cnusS? wr 1.450 10.5823 0.0999 0.0278 6.24 478 + 12
Basal Reecheshnoi flows (Qrs), soulhwest Geyser Creek valley

88153 DT88-10 wr 1.560 9.1595 0.1061 0.0275 12.20 472 + 14

88107 DTg8-14 wr 1.667 9.0659 0.1173 0.0284 7.31 489 + 15

88103 DT88-16 wT 1.212 10.3351¢ 0.0930 0.0310 5.35 534 + 13

88108 DT88-17 wr 1.189 10.8868 0.0854 0.02%0 4.03 499 + 12

Rhyolite (Qr)
88138 88gpuld? bi 8.398 0.4002 0.1633 0.0079 1.47 13§ + 1§
Quartz andesite (Qrq)

88105 88cnusSs wr 1.260 10.2996 0.0167 0.0054 0.96 92+ 9

88160 88cnusSs wr 1.260 9.8800 0.0150 0.0050 0.64 78 + 17
Voleanics of central Umnak (Qeuv) above Hot Springs Cove

88106 88cnusS9 wT 1.550 10.0698 0.0951 0.0248 14.04 426 + 13

Volcanics of central Umnak (Qeuv), northeast Geyser Creek valley

88076 88cnul2 wr 0.695 12,1284 0.0787 0.0457 6.58 786 + 12
88104 88enud4 wT 0.648 10.7349 0.077% 0.0485 19.37 835 + 25
88077 88cnud3 wr 0.775 12.1601 0.0954 0.0497 13.39 854 + 22

Voleanics of centrel Umnak (Qcuv), southwest Geyser Creek valley
88110 DTB8-05 wr 0.759 11.3441 0.1200 0.0639 7.13 1,104 + 48
88111 DT88-07 wT 0.717 6.1810 0.1163 0.0655 4,92 1,124 + 48

Pyroclastic _ scka (Qeup), Stepanof Cove
88117 DT88-36 wr 1.087 7.1607 0.2145 0.0797 1.72 1,368 +54*

Dikes intruding pyroclastic rocks (Qeup), Stepanof Cove
88114 DT88-30 wr 1.072 10.8711 0.2105 0.0793 10.30 1,365 + 41
88116 DT88-30P wr 1.085 5.73258 0.2512 0.0935 3,90 1,613 + 36

Plutonic rocks (Tdp), east side of Geyser Bight
88167 DTBR-1A bi 7.846 0.2255 10.9100 0.5614 63.61 5,640 £2%0
88164 DTR8-1A hb 0.392 1.5531 0.5315 0.5476 15.08 9,400 1280

“Abbrevistions are wr (whole-rock), bi (biotite), hb (homblende).

"Averagu of 2 replicate anslyses/sample except (or 88138 (6 replicates), 88167 (3 replicates), and 88164 (4 ceplicatss),
€Aversges of 2 saalyser per argon extraction except for 88099 (3 analyses) and 88105, 88167, 88164 (1 analyses each),
“denoter minimum age baged on petrographic critsria
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Sample 88GPU7 is from the easternmost and largest of the seven biotite rhyolite plugs (Qr) above Russian
Bay (sheet 1). Biotite from the rhyolite yielded an age of 135 + 15 ka.

Sample 88CNUSS is from the quartz-olivine andesite flows (Qrq) that overlie Qra above Hot Springs cove.
The 89 ka age for this unit is older than expected but geologically feasible. The well-preserved, concentric flow
fronts, visible on air photos suggest that the unit is unglaciated, but, field inspection shows that rubbly flow tops
have been removed, presumably by glacier ice. The position of this unit on a high, broad ridge uncut by canyons
suggests that it was probably overlain by a broad, slow-moving icefield that only stightly eroded the underlying
rocks, thus preserving the concentric flow-front morphology. The uppermost Qra section directly below this unit
was dated at 285 + 9 ka and provides the only availabte older age constraint for the Qrq uait.

Volcanic flows of central Umnak Isiand (Qcuv) underlie the Qra unit. Their attitudes indicate source vents
north of Geyser Creek valley. Five samples from the Qcuv unit that flanks Geyser Creek valley range from
786 + 21 ka yr in the upper part of the section to 1,124 + 48 ka at the base of the section. A sample from near
the top of the Qcuv section (above Hot Springs Cove) yielded a minimum age of = 426 ka B.P. The age span of
Qcuv flows is therefore documented at < 786 + 21 to 1,124 1 48 ka,

Pyroclastic rocks (Qeup) at Stepanof Cave, presumed by Byers (1959) to be equivalent in part to the Qeuv
unit, yielded 2 minimum age of = 1,368 + 54 ka. The dated sample is from a radially frictured andesite block
believed to have cooled in place within the pyroclastic depasit. This minimum age-about 140 ka older than the
oldest age we obtained from the base of the Qcuv section.

Two samples from & single, 1.3 m-thick dike that intrudes the dated pyrociastic unit (Qcup) at Stepanof Cove
yielded ages of 1,365 + 41 and 1,613 + 56 ka. The significantly different ages are due to variations in
radiogenic 4OAr content per gram of sample (potassium contents are essentially identical). We conclude that the
quickly chilled dike rock contsins varigble amounts of excess argon and that the younger age probably better
reflects the trite cooling age of the dike. The younger age is concordant with the minimum age of 2 1,368 + 54
ka for the pyroclastic unit intruded by the dike. These data suggest two interpretations for the age of the
pyroclastic (Qeup) unit: (1) the pyroclastic unit may be significantly older than the minimum age of =
1,368 + 54 ka, or (2) the concordant Qcup and younger dike ages may reflect the true cooling age for these units
{about 1.4 Ma), and the dike may have been a feedar for the pyroclastic sruption.

Sample DT88-1A from the plutopic rock unit (Tdp) collected at the east side of Geyser Bight yiclded
concordant biotite and hornblende ages of 9.64 + 0.29 and 9.40 + 0.28 Ma, respectively, These concordant
ages indicate that the dated pluton had a simple cooling history; it cooled through the argon-blocking temperatures
for hormblende and biotite (from 530° + 40°C to 280° + 40°C) at about 9.5 Ma. Cooling must have occurred in
less than 300 ka (standard deviation of ages) for the ages to be concordant.

McLean and Hein (1984) report 31-33 Ma plutonic and hypabyssal rocks from southwestern Umnak Island.
Our much younger date for plutonic rock at Geyser Bight indicates that there have been at least two episodes of
Tertiary plutonism on the Island. The 9.5 Ma pluton is the youngest rock on Umnak truncated by the regional
wave-cit gurface of the Aleutian summit platform,

GEOCHEMISTRY OF VOLCANIC ROCKS
INTRODUCTION

The chemical compositions of magmas change in response to igneous processes. By measuring the
composition of erupted magmas, we can recognize the processes that operated during the life of the volcanic
system. This approach provides direct information about the magmatic plumbing system that ig the source of
geothermal heat. Among the recognized processes are fractional crystallization, magma mixing, and variatiors in
partial melting, During fractional crystallization, crystals with compasitions different than the host magma
separate and drive the composition of the remaining liquid along a specific path. Mixing of chemically distinct
magma batches also produces recognizable chemical trends. Initial melts produced in the source region have
recognizable chemical featureg that reflect the origin and mode of melting. In addition, temporal variations in
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chemistry provide direct information about the evolution of the plumbing system. In some cases, inferences about
the location and size of the dominant magma chamber can be made.

In this report, we describe the chemical composition of Geyser Bight magmas and interpret variations in
chemical composition in tarms of igneous processes that can constrain the geologic evolution of the geothermal
system. Data were obtained by X-ray fluorescence spectroscopy at the University of Californis, Sants Cruz.
Duplicate analyses of all samples indicate that mean analytica) precision is less than 1.5 relative percent for 810,
TiO, Fer0s, Aly03, CaO, and K70; less than 2 percent for MgQO; and about 5 percent for NayO end P20s.
Extreme values for NepO imprecision exceed 20 percent relative. Sample locations are shown on sheet 1 and
figure 5. All analytical data are shown in table 3.

CHEMICAL VARIATION OF LAVAS

Harker diagrams of Geyser Bight lavas are showr in figure 6. Most samples are medium-K zndesite, as
defined by Gill (1981), with some hasalt and rare rhyolite bat no dacite. In most respects the basalt and andesite
are compositionally similar to other Aleutian lavas. FeO! (total iron as FeQ), MgO, CaQ, and Al;04 fall with
increasing Si0y; K30 increases dramatically; and NapO and TiOs are scattered. Seatter in AlyO; and, to a lesser
extent TiO4, is probebly related to differential crystal accumulation, Scatter in NayO is partially due to analytical
imprecigion.

Most samples fall within the calc-glkaline field of Miyashiro (1974). Most samples that fall above or near
the Th-Ca dividing line are part of a chemically anomalous high FeO!, high TiOs group described below.
Samples from Mt. Recheshnoi are strongly calcalkaline; Mt, Recheshnoi ig emong the most calcalkaline volcanoss
in the Aleutian arc and bears many similarities to the calcalkaline volcanoes of the eastern arc. A continuum of
compositions existsbetween SO percent and 63 percent SiO, but no magmas have between 63 percent and 76
percent $i0z, which constitutes a major compositional gap. Rbyolitic samples were taken from the rhyolits
domes west of Russian Bay valley and from granophyres within the pluton. Rhyolite is mare in Pleistocene
Aleutian volcanoces, and is only known from 4 centers other than Recheshnoi: (1) a small pod on the flank of
Okmok caldera, 35 lom to the northeast; (2) & few pumice samples from Shishaldin; (3) Novarupta, the site of the
climactic 1912 eruption of the Vallsy of Ten Thousand Smokes; and (4) & single pumice sample from Augustine
volcano., Only Novarupta (1000 km east along the arc) has erupted more silicic magma.,

A group of samples most noticeable in FeQ* vs SiO; (fig. 6) defines a trend paratlel to the main evolutionary
trend but with higher iron contents. These samples are also characterized by high TiO»; relatively low MgO (and
therefore high FeQY/MgO3}; relatively low Al20O4 concentrations (which form a linear trend between 52 percent
SiO; and 17.5 percent Al20;, and 63 percent 5i0; and 15.5 percent Al,(Oa); and fewer phenocrysts than other
samples. These samples are referred to a3 the high FeTi group. Samples in this group include lavas erupted from
the central Umnak Island venis at intervals throughout their lifetimes (but not all Qcuv samples); some recent
lavas from Mt. Recheshnoi; the Holocene Recheshnoi andesite flows (Qrf); and samples from quenched blobs
within the rhyolite. Quarz andesite samples are not part of the high FeTi group.

The group of samples at lower FeO! are probably not related to the sparsely phyric, high FeTi group by
simple crystal accumulation because that accumulation should raise both FeO' and MgO. Instead, crystal-rich
samples have lower Fe and higher Mg.

Plutonic rocks &re compositionally similar 10 Recheshnoi and central Umnak andesitea except for the high
K20 content of quartz monzonites and granophyres, but not quartz diorites. Thig presumably reflects some
unspecified difference in petrogenetic processes between plutonic and volcanic rocks. Because the plutonic
samples are not related to the present magmatic plumbing system, they are not discussed bere; their composition i§
described in the discussion of map units {p. 11).

Cinder Point is a small, monogeaetic cone on the flanks of Okmok Volcano whose composition and history
probably have little bearing on the Recheshnoi geothermal system. Cinder Point samples differ from most other
samples; they have high AlsO3, CaO, end gormative plagioclase and low MgO. They also have large,
monomineralic, polycrystalline, plagioclase asggregates, often rounded and embayed, up to 5 mm diam. The
composition of the Cinder Point eampies probably reflects selective crystal accumulation.
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Figure 5. Location of samples outside the area on sheet I, analytical dasa are shown in 1able 3.
PETROGENESIS OF LAVAS

Processes that may interrelate these lavas include fractional crystallization, variable P-T-Pyso fractionation
path, magma mixing, crystal sorting, crustal assimilation, crustal melting, and vaniations in primary magmas.
Each process is discussed below. It is difficult to identify the correct operational process without additional trace
element and isotopic data, and even with that data, it i8 often difficult to construct exact petrogenetic models.
Nevertheless, we can make some first-order qualitative observations.

CRYSTAL FRACTIONATION

Much compositional variation among the basalts and andesites is probably due to fractional crystallization.
Separation of 70 percent of plagioclase t+ olivine + clinopyroxene + orthopyroxene + magnetite crystals (by
weight) can account for similar compositional variations in other Aleutian volcanoes of similar bulk composition
(for example Kay and others, 1982; Nye and Turner, 1990). However, scatter about expected fractionation trends
in most variation diagrams requires the involvement of other secondary processes.
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Table 3. Compositional data on samples from the Geyser Creek area and surrounding regions

1D g8cnusSl 88cnul9 88cnul®  BBenu20  B8cnu54b  88cnuSs B8cnuld 88cnul7?  BBecnulBi  BBenulld B8enula 88cnul?
unit Ocp Qrf Qrf Qrf Qra Qrg Qr Qr Qr Qrl Qma Ora
Chemical composition®
8i04 50.62 56.79 54.91 56.713 50.39 53.94 75.82 76.36 58.93 61.61 55.27
TiO4 0.75 1.18 1.27 1.18 0.77 0.70 0.15 0.13 1.19 0.85 0.96
AlLO4 21.67 16.97 17.16 16.87 15.35 15.91 13.16 13.11 16.14 17.00 17.60
POt 7.27 B.0% 8.83 8.10 7.95 7.00 1.23 1.17 7.97 5.75 1.32
MgO 4.00 3.87 4.47 3.88 10.89 £.00 0.17 0.15 333 2.28 5.07
Ca0 11.60 7.46 g8.10 7.41 996 9.38 1.01 1.04 6.53 5719 8.07
NaO 3.54 4.30 4.14 4.46 3.49 31.62 4.39 3.91 4.39 4.93 4.32
K50 0.46 1.18 0.54 1.19 1.05 1.30 4.04 4.12 1.38 1.64 1.24
P505 0.10 0.16 0.18 0.18 0.15 0.1 0.03 0.0 0.14 0.13 0.16
MnO na na ne na na na na na na na na
LOI na ne na n& na na na na na na na
TotalP 100.99 100.75 160.29 101.59 99.00 99.28 102.1% 101.17 99.37 100.14 101.05 .
Feq0q 8.10 8.98 9.75 9.07 8.68 7.67 1.39 1.31 8.72 6.36 B.15
Modal compositicn
Gms® 60 85 40 90 35 75 %) % 10 65 50
Plag1® ++ + + = = . + + + = 4+
Plag2® == == + + + + ++ =
0l = + == + + . . = ==
Cpx = + = + + + + + +
Opx. == . = = +
Hb ++ )
Bi . + .
Qz == +
Oxide == == . = = == = == ==
Comments 50% gabbroic glomerocrysts

vesicles clots

AWhole-rock chemical composition is normalized 10 100% anhydrovs.
bOriginal Fey03, total, and LOI reported.

°Gme is citimated percent groundmass.

Plagl in well formed and inclhmion free.

SPlag? in resorbed, reversely zoned, or spongy

Propertiona of minerals denoted by + + (dominant), + (common),

= (uncommen), == (rarc), and - (not obsesved}.




Table 3. Compositional date on samples from the Geyser Creek area and swrrounding regions-Continued

1D 8Benu0B 88cnul9 88cnuls 88cnu2l 88cnus6 88enus? B&cnusSs 88cnus0 88cnusl BBcnuB2 88cnuB3 88cnuB4
unit Qra Qm Qra Qra Qra Omu Ora Ora Qra Qra Ora Qra
Chemical composition

510, 51.74 . 50.70 56.44 58.18 . 54.71 54.36 51.65
TiOy 0.95 . 0.74 1.05 0.97 . 0.96 0.94 1.22
Aly04 16.14 . 15.52 16.49 16.97 . 18.65 18.87 17.53
Fat 8.04 . 7.97 7.07 6.43 . 7.45 7.26 .28
MzO 8.08 . 10.93 4.76 4.01 . 4.47 . . 4.48 5.83
CaQ 9 84 . 10.11 B.15 7.45 . 8.88 . . 9.05 2.68
Nad 4.19 . 3.05 4.13 4.27 . 3.84 4.02 4.04
K50 0.85 . 0.87 1.71 1.54 . 0.92 0.89 0.6]
P05 0.16 . 0.12 0.20 0.17 . 0.12 0.13 0.16
MnO na na na na na na na.
LGOI na . na na pa . na 122 na
Total 100.66 . 100.84 10047 9921 . 98.53 . . 1060.30 101.40
Fe;04 8.92 . R 85 7.84 7.04 . 3.09 B.O3 10.36
Modal composition

Gma 70 75 60 40 70 50 50 65 65 70 70 59
Plagl = -+ + + + + + + -+ + + + + + =
Phgz ++ = . = = = = +

ol + ++ = = = + + = =
Cpx + = + = + + + + = + ==
Opx + == + + + + = = = ==

Hb

Bi

Qz

Oxide . = = = = = == ==

Comments clots clols




Table 3. Compositional data on samples from the Geyser Creek area and surrounding regions-Continued

ID 88cnuss d188-10 digg-12 d188-13 disg-14 dtB8-15 di88-16 dt88-17 88cnul2 38cqaul3 88cnul4 BBenu(s
unit Qra Qra Qra QOra Ora Ora Cra Ora Ocuv Qcuv Qcuv Qcuv
Chemical composition

5104 52.44 60.07 60.84 £60.16 56.64 58.08 57.58 54.95 55.21 55.35 60.65
TiO5 0.89 0.74 0.73 0.73 0.78 0.84 0.83 0.83 0.70 0.83 1.26
AlyOq 1B.17 17.11 16.96 17.31 18.23 18.05 18.25 20.88 18.81 20.89 15.86
FeOt 7.90 5,55 545 5.50 6.58 6.10 6.10 6.43 6.73 6.57 7.20
MgO 6.42 3.62 3.56 3.61 4.14 3.67 368 2.97 522 3.14 2.43
CaQ 9. 18 6.93 6.81 6.99 8.78 7.89 B.12 9.44 9.19 9.60 5.65
NaQ 3.69 4.27 3.85 3.93 3.5 4.03 4.12 3.62 3.28 2.74 4.85
Kq0 0.62 1.57 1.67 1.66 1.20 1.19 1.18 0.75 0.76 Q75 1.90
P04 0.10 0.14 0.13 0.12 0.14 0.15 0.15 0.13 0.09 0.13 0.20
MnO na na na na na aa na na na na na
101 na na na na na na na na n& na na
Total 99.43 98.83 . 99.01 100.45 9752 99.41 106.24 98.34 98.93 97.93 101.18
Fe,Oq B.65 6.06 598 6.11 7.08 6.69 6.75 6.98 735 7.10 §.03
Modal composition

Gms 60 70 60 &0 65 70 15 75 635 50 55 95
Plagl + = + + + + + + + + + +
Plag2 = + + + + = + + ) = =

0l + . . . . . . + . + .
Cpx = + + + + = + + + + +
Opx . = = = + = = = = = == +
Hb + ==

Bi

Qz

Oxide == == == == == == ==

Comments




Table 3. Compositional data on samples from the Geyser Creek area and surrounding regions-Continued
ID &8cnus?2 88cnusS3 8cnusd BBenud9 di88-05 dtBR-06 dt88-07 diB8-08 dtB8-34 dtgg-35 di88-35 A188-37
unit QOcuv Ocuv Qcuv Quuv Qeuv Ocuv Qcuv Qcuv Qcuv Qeuv Qcuy Ceuv
Chemical composition
510, 55.48 54,78 58.58 54.73 . 53.24 54.37 62.48
TiOg 1.10 1.17 0.97 0.74 . 0.88 1.18 1.28
A0y 16.67 16.94 17.05 17.73 . 18.99 17.26 15.54
FeOt 8.64 8.75 6.33 6.83 . 7.90 B.85 6.81
MgO 4.16 4.39 350 5.79 . 5.94 4.46 2.00
Ca0 8.70 9.32 7.24 8.69 . 9.61 9.01 4.61
NaQ 399 3.47 4.18 4.54 . 2.56 3.57 5.07
K20 1.10 1.00 1.59 0.84 . 0.75 1.0% 171
P20s 0.17 0.18 018 0.12 . 0.12 0.21 0.50
MnO ns na na na . na na na
LOI na na na na . na na na
Total 98.84 98.02 99.23 98.50 . 100.12 98.88 99.41
Fey 01 9.40 9.44 6.93 T.43 . 8.72 9.63 747
Modal composition
Gms 95 90 99 50 &0 95 85 80 99 95 80 99
Plagl + + + + + + + ++ + + = +
Plag2 + = = = + +
0l . = . == + + + )
Cpx + + + + + + + +
Opx + + =
Hb
Bi
Qz
Oxidc . = —R—
Comments clots




Table 3. Compositional data on samples from the Geyser Creek area and surrounding regions-Continued

1D dtB8-38 dit88-30 di8g-31 Ji88-32 di88-33 88enulQ B8cnuil dt88-0la
unit Qeuv Qeuv Qeuv Qeuv Qeuv Tdp Tdp Tdp
dike dike dike dike

Chemical composition

5102 . . . . R 59.67 59.47 57.44
Tio2 . . . . . 1.06 1.26 0.86
Al203 . . . . . 17.33 {7.05 17.59
FeOt . . . . . 5.90 §.04 6.54
MgO . . . . . 3.43 3.52 4.42
CaO . . . . . 5.81 6.38 7.85
NaO . . . . . 3.67 3.59 3.57
K20 . . . . . 277 2.27 1.40
P05 . . . . . 0.24 0.29 0.18
MnO . . . . . 0.11 0.12 0.14
LOI . . . . . 1.85 1.16 .85
Total . . . . . 100.02 100.36 99.93
Fe203 . . . . . 6.40 6.61 7.15
Modal composition

Gms 58 98 20 B5 98

Plagt + + + + +

Plag2 . . . = =

0ol . . . = ? .

Cpx + + + + + see table 2-1

Opx . . = + for modes

Hb

Bl

Qz

Oxide

Comments . . . . ol altered




MAGMA MIXING

Magma mixing is difficult to quantify with only major element whole-rock geochemical data and
petrographic data. Quantitative tests of magma mixing require modelling of incompatible and compatible trace
elements and through kmowledge of phenocrysts composition. However, some compositional aspects of Geyser
Bight lavas suggest that magma mixing may be common.

First, two textural types of plagioclase commonly occur within the lavas (table 3). Ouae population is
eubedral to subbedral, normally zoned, and inclusion free; the other population is rounded and resorbed (often
with eubedral rims), has reversals in 20ning, and usuaily containg discrete concentric zones of glassy inclusions.
The morphology of the latter plagioclase reflects a period of disequilibrium that may be associated with magma
mixing or xenocryst entrainment. Measuring the chemical difference between the two plagioclases or the amount
of chemical change across the boundary between the spongy zone and the euhedral rim would allow assessment of
the magma-mixing bypothesis. In andesilic systems, these differences ase often greater than those caused by
polybaric fractionation or changes in the partial pressure of water (see Gill, 1981, for discussion).

Second, the covaration of K20 with MgO is not as expected for magmas related by fractional
crystallization. Tigure 7 shows al} Geyser Bight samples and 4 calculated path for about 70 percent fractional
crystallization from & parent with 0.4 percent K20 and 10 percent MgO. The path assumes that MgO behaves as
a compatible trace element with a solid/liquid distribution coefficient (Kd) of 2.2, and that K20 has a Kd of 0.
Because K20 is not an essential constituent of any fractionating mineral (until biotite crystallizes in ths rhyolite),
it can be treated as a trace element. All Geyser Bight samples diverge from the strong curvilinear path that is
predicted. Samples that lie on chords on the concave side of the mode] line may be partly explained by intertrend
mixing of basalt and silicic andesite. Divergence from the predicted trend may also result from vaniations in K50
content of parent magmas and minor sccumulation of mafic minerals. Samples that fall below the curve have
anomalously high Al30j and may have selectively accumulated plagioclase. Certainly the quartz andesite flows
are so far above the model fractionation line that mapma mixing must be involved. The extrems disequilibrium of
the mineral assemblage in this unit provides strong evidence of this mixing.

Also shown in figure 7 are data from Okmok Volcano, whose magma i8 highly tholeiitic and probably not
significantly affected by magma mixing (for example, Kay and others, 1982; Kay and Kay, 1985). While the
Okmok Volcano data conform more closely to the calculated fractionation line, there is still considerable scatter,
For most Geyser Bight samples, magma mixing is probably not a dominant process for units other than the quartz
andesite; it may be a common minos process.

CRYSTAL ACCUMULATION

The possibility that differential accumulation of crystals within the host magmas modified the composition of
those magmas is 4 concern when describing porphyritic magmas. Indeed, plagioclase accumulation is probably a
major factor in determining the final composition of lavas from Cinder Point (as discussed above). Moast scatter
in Al303 for Mt. Recheshnoi samples can be explained by about 10 percent plagioclass accumulation, an amoust
far less thap the modal amount of plagioclage, Selective crystal accumulation should primarily influence Al,Os
and normative plagioclase because plagioclase dominates the modal mineralogy. The lack of correlation between
Al»Oj or normative plagioclase and the percentage of phenocrysts in the rock indicates that crystal accumulation
is not 2 major influence on magma composition.

CRUSTAL MELTING

While repeated transit of basaltic and andesitic magma through the arc crust might be expected to partially
melt that crust, magmaa that cleatly owe their origin to this process are rare in the Aleutians. One poasible
exception is the rhyolite from Russian Bay valley (Qr, sheet 1). The prominent compositional gap between
63 and 76 percent Si0O; indicates that this rhyolite is probably not derived from the acid andesites by fractional
crystallization. Instead, the rhyolite was probably produced by partial melting of the arc crust by hest provided
by the more mafic magmas (see Smith and Leeman, 1987, for a discussion of a similar mechaniam at Mt, St.
Helens). If rhyolite was produced over much of the lifetime of the volcano, there should be back-mixed dacites ot



andesitss. Such rocks are rare, the best example being the quartz andesite (Qrq) exposed between Hot Springs

Cove and Partov Cove. This lack of back-mixed magmas suggests that rhyolite production was temporslly
restricted.
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Figure 6. Silica variations of igneous rocks from Geyser Bight valley and the surrounding region. The Th-Ca
dividing line is from Miyashiro (1974), and the medium K region is from Gill (1981).
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Figure 7. K20 and MgO variations in Geyser Bight area magmas. Parameters of the fractlonal crystallization
path are discussed on page 25, Ckmok Volcano data are from the literature.

OTHER PROCESSES

The high FeTi magmas cannot be related to other magmas by fractional crystallization, magms mixing, or
crystal accumulation. Their petrographic and geochemical similaritica to the tholeiitic series rocks described by
Kay and others (1982) include high FeO' and TiO;, high PeO'/MgO, and low crystal content. Kay and others
(1982) and Kay and Kay (1985) suggest that these rocks are the result of crystallization at low pressure, low water
content, and high temperature. The position of the cotectic that governs the evolution of these magmas, as
deduced from experimental work, does not seem to shift from that governing the evolution of other magmas
(fig 8). Thus, if the Kay and others (1982) explanation is correct, the magnitude of lowered pressure and/or water
pressure is not sufficient to be reflected in normative mineralogy. The origin of the high FeTi magmsas remains
enigmatic.

Variations in pareatal magma chemistry are expected, but with these data we cannot evaluate the magnitude
of their effects. Similarly, crustal assimilation may sffect the final compositions of some megmas. In fact, if the
presence of rhyolite signals mobilization and eruption of partial crustal melts, then crustal contamination is quite
likely. Recognition of crustal contamination requires additional data.
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INFERENCES FOR DEPTH OF FRACTIONATION

Understanding the size, depth, and mean lifetime of crustal magma chambers is obviously important to
understanding the geothermal energy of active volcanoes, but these aspects of magmatic evolution are among the
most difficult to quantify. Observations of the magnitude and direction of shifts of cotectics in multiply- saturated
systems with changes in pressure and water pressure are made by equilibrating natural melts with their phenocryst
assemblages in a laboratory at kmown Py, and Pyio and measuring the composition of the equilibrium liquid.
There are abundant data for mid-ocean ridge basalts (MORB) at low pressure with no water. Dats on andesitic
compositions &t moderate Pyoy,y| and Pyao are much less common, in part due to the difficulty of the experiments.

.Availgble data are summarzed in figure 8 on & projection onto normative diopside, silica, and plagioclase
from within the tetrahedron diopside, silica, plagiociase and olivine. The dry, 1 atm cotectic is given by the
MORB data (see fig. 8 for references), Additional anhydrous experiments at 8 kilobars (kb) and hydrous
experiments at 2 and 5 kb are plotted. The cotectic shifts towards plagioclase with increasing pressure and water
pressure because both reduce the stability of plagioclase. The 2 to S Kb "damp* cotectic shifts farther than the
8 Kb dry cotectic. All Geyser Bight data shift towards plagioclase and overlap the 2 and 5 Kb cotectics which
indicates that most chemical evolution of Geyser Bight magmas, and thus most of their residence time in the crust,
must have been at a minimum depth of 6 to 15 km. If the magmas were anhydrous, that depth must be well over
25 km. The presence of relict amphibole in several samples suggests the magmas were hydrous. Plutonic
samples plot along the same inferred cotectic as Geyser Bight lavas, which suggests that the magmas principal
crustal residence is at a depth similar to that of pluton formation. The Cinder Point samples plot much closer to
the plagioclase apex than others, which probably reflects plagioclase accumulation rather than a deeper origin.

TEMPORAL VARIATIONS IN MAGMA COMPOSITION

Figuce 9 shows a series of variation diagrams that illustrate the composition of Geyser Bight magmas as &
function of age. There are no major monotopic variations in chemistry over the 1.4 m.y. that lavas have erupted
at Geyser Bight, but there are some minor trends that deserve comment. Lavas from central Umnak Island show a
very slight decrease in FeO! and CaO/AlyOn, and, perhaps, MgO over time, and there is a very faint hint of
concomitant increase in 8iO;. These changes are very slight, marred by the eruption of some silicic magmas early
in the history of the central Umnak Island veats; they could prove to be an artifact of the small number of
analyses. These apparent trends probably do not signal & slight increase in fractionation of a homogeneous
magma batch because K20 contents of 800 ka lavas are not higher than those of 1100 ka lavas. They do suggest
that these temporal variations, if real, reflect variations in the composition of parental magmas, and in the amount
of fractionation,

Chemical changes within the lifetime of Mt. Recheshnoi are more pronounced and are probably real. Figure
9 shows that over much of the 0.5 m.y. lifetime of Mt. Recheshnoi, magmas have become more mafic, with a few
notable exceptions. Over this time, SiO; dropped from approximately 60 to approximately 53 percent and FeQ?,
MgO, Ca0, and CaO/A1,03 increased. TiO, increased for about the first 200 ka and then decreased, while K40
remained steady for 200 ka and then decreased. The lack of strict monotonic correlation between K20 and S5i0,
suggests variations in parent magma composition through time. The lack of monotonic correlation between TiOy
and Si0, may reflect either variable parent magma composition or a slight change in magnetite stability (and thus
probably oxygen fugacity) through time. Tt is impossible to quantify these procasses with the dats in hand. In
addilion, we do not have samples from the northwest, west, and southeast sides of the volcano. The tempors}
changes of magma chemistry with time may well be more complicated than our data shows. We do not have ages
for a few basall flows from the Geyser Creek valley that are presumably at least e few hundred thousand years old
and may fall off the perceived temporal trend. These flows may represent the periodic influx of mafic magms into
a quasi-steady system that is evolving toward more mafic average composition. Periodic eruption of mafic
mdgmag from steady-state systems has been observed elsewhere (for example, Nye and Tumer, 1990) and is not
unexpected.

Three exceptions to the trend towards more mafic compositions-with time-of M. Recheshnoi lavas are

discussed below. The fiest is the rhyolite, which erupted about 135 ka. Quenched andesite blobs within the
rhyolite suggest that mafic magma was still present in the system as the rhyolite erupted. This andesite may
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Figure B. Projections from olivine onto the plane diopside-silica-plagioclase within a normative terrahedron
(Grove and others, 1982). Non-Geyser Bight data are from Baker and Eggler (1987), Grove and others
(1982), Grove and Bryan (1983), and Walker and others (1979).

conform to the overall temporal trend, especially if corrected for minor contamination of the basalt with rhyolite.
Secondly, the andesite flows from the east flank of the volcano (Qrf) are more silicic than the youngest lavas from
the Mt. Recheshnoi central vent (57 percent compared to 52 percent SiOj). These flows contain inclusions of
more mafic andesite, which indicates that the entire 8ystem is not moving towards more silicic compositions.
Note that the included biobs in the rhyolite and the young flank andesite are quenched magma within their bost, as
opposed to stoped conduit material or country rock. The third exception is the felsic andesite clasts in young,
valley-filling ash flows in Russizn Bay valley (Qrel). The petrology and geochemistry of this unit are not well
known.
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All Mt. Recheshnoi samples that belong to the high FeTi group are young. Thus, the most tholeiitic of the
Mt, Recheshnoi samples are young compared (o the bulk of Mt. Recheshnoi lavas. On a FeO'/MgO vs. Si0;
diagram, however, Mt. Recheshnoi zs 2 whole is very calcalkaline.
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Figure 9. Temporal variarion in composition of volcanic rocks from Geyser Bight valley and the
surrounding region.
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EVOLUTION OF THE MAGMATIC SYSTEM

The magmalic systemn most relevant 1o understanding the Geyser Bight geothermal system is that of Mt.
Recheshnoi. The vents of central Umnak Island have been dormant for 500 to 750 ks, and any magma chambers
that were associated with them are probably fully crystallized and near the lemperature of the surrounding country
rock.

Mt. Recheshnoi magmas have become more mafic with time, although some anomalously felsic magmas
have erupted within the last 150 ka. This evolutionary trend is unlike that of the few other Aleutian volcanoes for
which we have abundant age and geochemical data. Mt. Spurr steady-state andesite wagmas remain nearly
constant in composition for the 250-ka lifetime of that volcano, slthough mafic magmas were periodically erupted,
most notably during and after avelanche caldera formation iste in the history of the volcano (Nye and Turmer,
1950). Early Mt. Wrangel! lavas are mafic, but the lavas have remained nearly constant in composition over the
Jast 500 ka (Nye and Turner, unpub. data). Holocene Makushin magmas are on average more silicic than
Pleistocene magmas, which are varisble in composition. Myers and others(1385) snd Myers and Marsh(1987),
based on studies of two separate volcanoes of different sizes, and thus presumed different ages, suggest that
volcanoes may evolve from early calc-slkaline (presumably andesitic) compositions to late tholeiitic (more
basaltic) compositions. Mt. Recheshnoi may be an example of the volcano type Myers proposes, but the
magnitude of the compositional shift is less than he anticipated.

One model for the evolution of the Mt. Recheshnoi magmatic system is discussed below. As new magma
intruded 2 realatively cool crust early in Mt Recheshnoi's history, the large thermal contrast resulted in
significant fractiopation and heat loss to the crust. Successive batches of melt entered and passed through the
crust, fractionating and loosing heat. Through this process the crust beated to provide less thermal contrast,
which decreased fractionation of subsequent batches of rising melt. Successive magmass are less fractionated and
more mafic, and ultimately, the crust heated to the point of pactial fusion to produce the rhyolite. Once the crust
started to melt, it generated a silicic component that could be mixed with incoming basaltic magmes to produce
hybrid sificic magmas such as the most recent Mt. Recheshnoi's magma. This model is similar to that of Myers
and others (1985) because it suggests that thermal maturation of the conduit system js important in volcanic
evolution. It differs from that of Myers and others (1985) because it predicts increasing, rather than decreasing,
chemical coupling with the crust.

THERMAL AREAS: DESCRIPTION, SPRING DISCHARGE,
AND CONVECTIVE HEAT FLOW

LOCATION

Six zones of thermal springs and small gevrers are dispersed over an area of about 4 km? in the upper
reaches of Geyser Creek valley at elevations that range from 30 m to 110 m (sheat 2, fig. 10). Letters designate
spring groups according to the nomenclature established by Byers and Branpock (1949). Previous investigations
of the geothermal sprinps at Geyser Bight inciude Byers and Bramnock (1949), Iven Bames (15875 - U.S.
Geological Survey, unpub. data, written commun., 1975; 198t), and Motyka and others (1981), Most hot
springs emanate along Geyser Creek and its tributaries and emerge in the valley floor and at the base of steep
valley walls. Two small areas of steaming ground and weskly pressurized fumaroles ere located at elevations of
275 and 310 m in a tributary valley at the headwaters of Geyser Creek (F1 and F2, gheet 1).

During geologic field mapping (1988) a previously unreported fumarole field was discovered st
approximately 450 m elevation on the lower northeast flank of Mt. Recheshnoi (F3, sheets 1 and 2). The field is
about 4 km south of Geyser Bight valley and is separated from the vallsy by & broad ridge. The fumaroles lie
near the head of a rugged canyon that drains towards Russian Bay. Ompe fumarole was superheated, with 2
temperature > 125°C. Weather conditions and time constraints prevented sampling the fumarole gases.
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Figure 10. Location map of the thermal springs and fumaroles of Geyser Bight, censral Umnak Island,
SPRING DESCRIPTIONS

Geothermal activity at Geyser Bight (table 4) appears to vary over hime; in 1980 there was substantially less
output than either 1947 or 1988. For the 1988 activity column in table 4, the following conventions are used.
Seeps (8) describes hot water quietly flowing from alluvinm, colluvinm, bedrock, or any combination thereof, at
rates of < 5 Ipm (liters per mioute). Springs (sp) are larger flows than seeps. Pools (p) are small, open bodies of
water fed by a spring or by numerous indistinguishable seeps. At ebullient boiling springs (eb), gas and steam
violently break the surface. Fountain (f) cefers to springs in which, in addition to ebullition, hot water ig ejected
above the normal surface of the water. Using White's (1967) definition, & geyser (g) is & "hot spring
characterized by intermittent discharge of water ejected turbulently and accomplished by a vapor phase.® Some
authors believe ebuilition and fountaining are a type of geyser activity. Some springs that were pulsing and
almost continuous fountaing in 1988 were described as geysers with §0 to 60 cycles per min in 1980 (Motyka and
others, 1981). Because the Geysar Bight geothermal area is relatively unknown, detailed descriptions of the
thermal spring sites are provided for future reference. Descriptions of activity refer to our period of observation
(July 1988) unless otherwise stated.

SITE ¥1

Fumarole fietd t (fig. L1) is located at approximately 300 m elevation in a slightly circular depression,
mostly on the leR bank of a creek informally referred to 88 Fumarole Creck. Immediately above F1, the
temperature of Fumarole Creek ig 9.2°C. In comparison to other local snow-fed creeks that have temperatures of
4°C, the 9.2°C temporature of Fumarole Creek indicates that it has some geothermal heat input above F1. Vigual
estimates of creek flow are 400 lpm above and 450 Ipm below Fl; the creek temperature below F1 is 19.5°C .
The most prominent feature at F1 is a 100°C pressunized vent. A slight odor of H3S is noticeable. Adjacent to
this vent is 8 6 by 8 in area of altered hot ground with active steam vents and mud pots.

SITE F2

Fumarole field 2 (fig. 12) is located at approximately 275 m elevation and extends about 150 m along
Fumarole Creek about 1/2 km downstream from F1. Fumarole Creek temperatures messure 17°C above F2 and
21°C below F2. Visual flow estimates are 450 Ipm above F2 and 500 ipm below F2. The most prominent
feature at F2 is & 102°C pressurized vent. F2 has low<hloride hot springs and mud pots and fumaroles. A 20-m
diam fossil fumarole field is located on the left bank of Fumarole Creek about 20 10 30 m below the last steam
vent of F2.
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Site

Gl
G2
G3
G4
GS
G6
G7
GsP
G8A
G9
G10
Gil1
G12
HO
H1
H2
H3
H4
HS
H6
H7
H8
H9
H10
H11
H12
H13
11
12
J3
14
15
J6
K1
K2
Ki+K2
K3
K3-seeps
L

Q

Total flow est.

™

Table 4. Comparison of Geyser Bight spring characteristics; 1947, 1980, and 1988

1988 1980 1947
Temp  Flow? Temp Flow Temp Flow
°C I/min  Activity °C Vmin  Activity °C Vmin  Activity
81-102 70 f 100 20 g 101 260 sp
102 25 f 79 5 g 88 6 sp
101 20 f 100 16 g 100.5 18 8p
97 15 f 92 5 8 98 36 sp
u 0 eb nr nr u none eb
7594 36 sp,eb 97 20 eb 95 80 sp
not found not found 82 85 sp
100 150 g 100 75 g 101 170 g
65-96 15 8,eb 92-98 nr 8p,8 nr nr
102 36 f 99 sp 101 6 sp
103 54 f 100 sp 99 170 eb,f
88 18 sp 81 sp 77 170 sp
51 u p nr u p 51 u P
nr nr 8p 97 30 sp nr nr
102 400 f 100 300 g 102 660 g
99-102 95 f 99 100 g.f 101 600 g
48 150 8p 45 60 sp 53 none
102 400 g 100 45 eb 101 340 sp
not  found 101 nr g 101 85 sp
104 50 eb 99 30 f,eb 100 66 sp
101 135 sp 99 70 eb 50 260 g
99 100 g nr nr nr nr
67 200 sp nr nr nr nr
97 150 f nr nr nr nr
71-96 165 g nr nr nr nr
75-81 5-30 8p,8 84 1 8 nr nr
70 40 sp nr ar nr nr
80 10 P 82 nr P 88 720 nr
80 32 ] 77 nr 8 nr nr
55-80 41 3p,8 77-88 10 3p,s nr nr
65 20 P 69 5 P nr nr
90 25 g 92 15 g nr nr
85 25 P 83 15 P nr nr
61 P 62 p 70 170
50 P 59 P 58 85
30 100
80 10 8p nr nr nr nr
63 50 8 nr nr nr nr
40-78 250 8p.8,p 45-85 200 P,8p,8 67-69 170
30-80 131 3p,8 70-75 25 nr nr
3,250 1,150 4,150

ost 1988 flows were visually estimated. L, H7, G11, were measured with standard pygmy flow meter.
Flow for G8 is at maximum activity. See¢ discussion on page 36.

Abbreviations: sp=spring, s=secep, f=fountain, g=geyser, eb=ebullient boiling, p=pool, u = unable 10 make measurement, nr = not

reported

233 -




f
|0 10 2|0 3|0 m
J
I | |
o] 50 100 ft
Numerous
mugpots < 1 - &
m dia. Those 94.6@ \gs.0 Small mudpots and sleam ©
indicated are / o &‘90 5 venis too numerous to map
> 1 mdia ) individually
—53°12'03"
EXPLANATION
Sleaming
ground with 100.2 A Fumarole
nurmerous © Mudpot
vents and
9.2
mugpots 2 Seep
/ 163°2|7'19' 922 Temperature (°C)

Figure t1. Map of Geyser Bight fumarole field 1, central Umnak Island.
SITE F3

Fumarole field 3 (fig. 13) is located at approximately 425 m elevation on a creek in the central part of upper
Russian Bay valley, The most prominent feature at F3 is a superheated, pressurized fumarole with a > 30 plume
and a minimum temperature of 125°C. Five~cm diam rocks thrown into the vent were forcefully ejected by the
fumarole jet. H28 odor is noticeable, but not overpowering. The temperature of the creek that drains the
fumarole field is 7°C above and 43°C below the geothermal area. Two fossil fumarole areas are located about
10 m above the maip active ares, one on each side of the main creek. About 40 m east of the large fumarole is an
area of altered steaming ground 40 by 25 m with numerous active boiling-point fumaretes.

SITE G

Site G (fig. 14) is located 5.5 kn from Geyser Bight at the southeastern end of the main glacial valley. Two
groups of therroal springs emerge at the base and on the lower slopes of the east valley wall. Thermal waters
emanate from numerous small pools, orifices, and seeps in the cemented alluvium and colluvium. Several small
steam vents also occur in the area. Possil geothermal areas, the largest measuring 100 by 50 m, indicate that the
geothermal activity was pore extensive in the past or has migrated. Several warm seeps and pumerous sinter-
covered rocks are located in an old channel across the east fork of Geyser Creek, towards site J.

The up-valley series of springs is clustered at the base of a low ridge adjacent to two small, warm water
ponds of (fig. 15). Spring G1 consists of several vents at the upstream edge of the larger pond. Springs Gib, ¢,
and e exhibit ebullient boiling and have fountains to 30 cm. Spring Glc has the largest flow and was sampled for
water chemistry. In 1988, spring Glc was pulsing almost continuously; in 1980 it erupted every 1 to 3 5. Gla
was fountaining with occasional bursts of steam. The pH of the thermal-gpring waters at G1 ranges from 6.8 to
9.2 which reflects the boiling and loss of acid gases,
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Figure 12. Map of Geyser Blght fumarole field 2, censral Umnak Island.

Vigorously boiling fountains, springs G2, G3, and G4, and several smaller vents lie above and 10 m from
Gl (fig. 15). A silica apron < 5 m wide extends downslope from this cluster, and an area of steaming ground =
25 m in lateral extent lies immediately east. G35, a steaming vent 2 2 m diam, lies further upsiope. Water that
was heard boiling below the surface could not be reached with a 2-m probe. The ground in the immediate area is
warm, moss covered, and altered to ¢lays. Between the two warm ponds, spring G6 emerges from a 50-cm~diam
sinter cone. The pH of spring G6 is 7.2; 0.5 m away is & small bubbliog vent with pH of 1.9. Severa! seeps with
flows < 10 ipm emanate along the shore of the smaller pond, and gas bubbling in the pond points to locations of
additional vents,

Down-valley from G1-G6 is an ares of diffuse geothermal activity (fig. 14). Numerous seeps occur along
150 m of an vonamed creek. One seep had sufficient flow in 1947 to be called G7 by Byers and Brannock (1949).
Between these seeps and the east fork of Geyser Creek, a 40-m-diam unvegetated area of warm, bare ground
yeilds temperatures of 38°C, Nearby are two large mud pots, and 10 m farther is spring G8.
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Figure 13. Map of fumarole field 3, upper Russian Bay valley, central Umnak Island.

Spring G8 is a geyser that emerges in a 1-m-diam bowl composed of sinter<emented rock (fig. 16), In s
typical eruptive cycle, approximately 750 | of water are discharged every 12 min for an average minimum flow of
60 lpm. The height of the fountaining was 60 ¢m in 1870 (Dall, 1870) and 1947, it decreased to 20 ¢m in 1988.
A §5-m-wide, 25-m-long silica apron extends from the geyser towards the east fork of Geyser Creek. Adjacent to
spring G8 (fig. 16) is a 4-m-diam cluster of acid springs with pH values from 1.5 to 5.9. Two springs are
vigorously boiling, two are muddy, and all have low flows with a combined discharge of approximately 15 lpm.
These springs appear to result from condensation of steam and acid gases into and warming near-surface meteoric
waters.

Springs G9, G10, G11, and a warm pool, Gi2, are located farther dowustream (fig. 17). Seversl vents also
discharge directly into the east fork of Geyser Creek and along its banks. The creek bottom has algal growth at
least SO m below the fast seep. Warm ground was found as far as 200 m downstream from G12. Springs G9 and
G10 are fountaining and have siliceous sinter cones and terraces, while spring G1{ emanates from a cluster of
boulders. Water in pool G12 bag 8 maximum temperature of 51°C, but tempemtures to 72°C were found in
bottom sediments.

SITE K

Site H springs (fig. 18) are located mlong the east fork of Geyser Creek and in a narrow tributary valley,
elevation approximately 100 m. The intensity of thermal activity at H has been irregular. In 1947, Byers and
Brannock (1949) reported seven springs with total output of approximately 2,000 ipm. In 1980, Motyka and
others (1981) reported eight springs, but total output was only 650 lpm. In 1988, six additional springs and
numerous seeps were observed. Several previously reported vents were dry, but total output was at least 1900
Ipm in 1988. The temperature of the east fork of Geyser Creek was 8.3°C zbove site H and 16.9°C below site H.
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Figure 14. Map of Geyser Bight spring series G, central Umnak Island.

The uppermost springs and seeps emerge from volcanic bedrock that flanks a 15-m waterfall (fig. 19). Most
vents are inaccessible because of cliffs, but their presence can be inferred by dark green algae and steam. Springs
als0 discharge directly into the creek as evidenced by bubbling gas in a relatively calm area between two steps of
the waterfall. Temperatures (where measured) range from 40° to 80°C; flow was < 40 lpm.

At the base of the waterfall, a small creek ("H" Creek) enters the east fork of Geyser Creek from the south
(fig. 19). The most active H springs line the banks of this creek. Above the highest visible seep, the temperature
of "H" Creek is 16°C, which indicates that some hot water is seeping directly into the streambed above the visibly
active thermal zone. At the mouth of *H" Creek, the temperature rises to 53°C from the addition of boiling water
from the visible springs. Except for H3 and HO, the other numbered springs along "H" creek exhibit ebullient
boiling and fountaining.

Spring H2 is immediately upstream from the mouth of “H* Creek along the east fork of Geyser Creek. Two
vents (flows 40 to 50 Ipm each) and several smaller spouting vents comprige thiz spring group. One larger vent
discharges into a quiet pool and the other (H2) constantly bubbling with a 10cm fountain. Along "H" Creek, the
first set of veats is labeled H3 (fig. 19). H3 and &li other pumbered springs along "H® Creek emaunate from its
west bank. Tbe largest and most active spring along “H" Creek is H1, a set of three interconnected, 1-m-diam
cauldrons set within a 10-m-diam patch of large, mostly volcanic boulders up to 2-m diam. The cauldrons contain
vigorously boiling water with 70~cm foustains. The 12-m-long channel that drains H1 contributes about one-third
of the flow in “*H” Creek. H1 was a geyser with period of 2.5 to 3.5 min in 1947, and a geyser with period of
1 min in 1980; it continuously fountained in 1988. Ten meters upstream from HI, spring HO emerges in 2 soall,
1-m-diam bowl perched about 5 m above "H* Creek. In 1980, this spring had a flow of 30 lpm, but by 1988 its
flow had diminished to a trickle.
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Figure 15. Map of Geyser Bight springs G1 10 G6, central Umnak Island.

H10 has an algae-covered silica apron located about 20 m upstream from HO. The principal spring has a
30-cm fountain in a 60<m-diam bowl located about S m above "H" Creek. Ten meters upstream, H11l emerges
from the alluvium and colluvium. Located in & |-m-diam bowl about 4 m from the "H" Creek, this geyser
fountains to 40 ctn with irregular periods one o several minutes. Although Hil is the last large springs along
this creek, seeps with temperatures of 70° to 90°C are found for another 20 m upstream.

About 100 m downstream from the mouth of "H* creek-along the east fork of Geyser Creek-is a previously
unreported area of geothermal activity (fig. 20). Along the north bank, for approximately 25-30 m, pumerous
seeps discharge 40° to 60°C water at 2 to 20 Ipm. Across the east fork of Geyser Creek (south side), H8 is
pormally a 1.3 by 0.5-m steaming pool of hot water with bubbling gas and no outflow. However, in 1988 it
erupted as a spectacular geyser with 8 2-m fountain and water discharge of = 100 lpm for about 10 min. Spring
H9 emerges from colluvial cover about 15 to 20 m south of H8. Its outflow enters a narrow, 40- to S0-cm-wide
channel, with several seeps and discharges into the east fork of Geyser Creek immediately upstream from H4.

H4 is a geyser of irregular period. When first sampled in 1988, H4 boiled and fountsined continuously to
40 cm while discharging about 400 lpm of water during the 5-hr observation. Two days later, H4 was initially
dry and then became active, geysering to SO cm for 2 min before going dry. Three minutes later, it geyssred to
50 cm for 3 min. Fountain height then dexreased to 10 to 20 cm for 6 min before going dry again. After 1{ min,
it geysered to SO cm for 3 min before decreasing to 10 to 20 cm. That fountain level lasted at least 30 min, until
the end of the observation period. The next day, H4 had a 40-cm fountain and behaved ag it had when first
observed.
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Figure 16. Map of Geyser Bight spring G8, central Umnak Island,

Downstream 20 to 25 m is the last concentration of site "H® springs. A 10 by 15 m bare patch in {ush
vegetation marks the area where the H6 springs emerge from the cemented colluvium and glacial debris that
covers the valley on the north side of the creek. The main vent issues boiling water with & 10-cm fountain; a
smaller vent (3 m away) i8 quiet with gas siowly rising to the surface. On the south side, across from H6, are the
two steaming pits called A and B in 1980. Both are about 2 m diam with water Jevel 1.5 m below the surface,
The level of the water oscillated 25 cm in 1980; in 1988 it did not. Spring H7, about 5 m away, changed from an
active geyser in 1580 to a quiet pool with gas slowly bubbling to the surface. HS, a geyser in 1980, couid not be
found. The temperatures of A, B, and H7 were within a degree of each other in 1980 and 1988, and are at ot
glightly above boiling.

SITEJ

Site J (fig. 21) is located in the southwest corner of Geyser Creek valley across from site G. J1, the most
prominent thermal spring at the site emanates from a 3-m~diam, S-m-deep, funnel-shaped aquamarine pool set in
valley alluvium. A large silica apron extends east of the spring, Byers and Brannock (1949) estimated 720 lpm
discharge from the pool in 1947, but by 1988 flow had decreased to 10 Ipm. Low, rumbling concussions could
be heard and felt from beneath the ground surface around J1. The geometry, size, and temperature of the J1 pool

suggest that J1 was a geyser that has become inactive or is presently & geyser whose entptive cycle has not been
observed.

Other springs and seeps at site J ace dispersed over 2 distance of 250 m glong the slope break at the base of a
low ridge. Above the currently active springs is a fossil hydrothermal area about 5,000 m? in size. The active
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Figure 17. Map of Geyser Bight springs G9 10 G11, central Umnak Island.

springs typically emerge from pools that range from 0.5 to 2.5 m diam with decp, funrel-shaped bottoms set in
valley alluvium. Spring J6 emerges from a 1-m-diam vent in the center of a 4-m-diam pool. Gas occasionzlly
breaks the surface of the calm pool. An oblong pool 1 by 1.5 m at the head of a 20 by 20 m silica apron marks
the location of geyser J5. Every hour or so, gas and steam burst from the vent, and the water flow doubles to
50 tpm for about a minute. The temperature at JS was 50°C, but may increase during geysering. A puncture
through the surface silica apron of J5 revealed s second silica surface 0.5 to 0.75 m beneath the upper surface.
The irregular lower surface may be the bottom of an old pool. We observed water between the two silica layers.
The adjacent spring, J4, at 60°C, is cooler than IS but similar to it in pH, conductivity, flow rate, the form of the
pool from which it emanates, and the presence of a silica apron. A deep gurgling can be heard coming from
beneath the urface around J4. J3 (flow rate 10 Ipm) is the last spring emerging from & pool. J2 is one of several
seeps that lie 150 m farther along the slope break; temperatures decrease with distance. Compared to other
springs in Geyser Bight, site J is characterized by almost no aigal growth. As with J1, the geometry and pool size
of several of the other J springs suggest they may also have beep or are geysers whose activity has not been
observed.

SITEK

Site X (fig. 22) is Jocated 4.8 km inland from Geyser Bight near the valley center. The springs flow directly
from alluvium near the terminus of 2 Jarge alluvial fan. At K1, 61°C water emerges in an oval 2.5-m-wide, 4-m-
long and < 1.5-m-deep pool, and flows down a narrow changpel into two successively large oval pools covered
with thick, dark algal growth. The lower pool, (spring K2) was 59°C and bubbling in 1980. In 1988, K2 was a
quiet 50°C pool clogged with algae. Overflow (100 lpm in 1980; 30 lpm in 1988) from these pools and & fourth
small, irregular]y shaped pool with 40°C water spills into a nearby cold-water stream.
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Figure 18. Map of Geyser Bighs springs series H, central Umnak Island.

A second cold stresm of similar size joins this stream 20 m downstream from the outflow of K} and K2.
Spring K3, on the small delta between these two streams, drains into the second stream. K3's 30-cm-daim vent is
hidden at the end of & 3-m-long, 0.7-m-wide, 1.25-m~deep cut in the grass~covered alluvium. Numerous 50° to
70°C seeps emerge from the left bank of the second sireacs. Stream water increases temperature from 12° to
18°C as it passes through the seep area. Numerous small ponds < 0.5 m diam with temperatures of 30° to 40°C
are found between this creek and the channel that connects K1 and K2. A slight odor of H3S is evident at site K.

SITEL

Hot-spring site L lies almost directly across from site K, in an indentation on the northeast side of the valley
(fig. 23). The concavity of the hollow in which the site is located and the warmth and muddiness of the soil in
and around the springs suggest the area is a smal}, shallow slump caused by warm-water injection. Several small
springs emerge around the upper back wall of the depression, and a8 few muddy seeps emerge at its center.
Numerous vents, 36° to 86°C, discharge water directly into a 1-m-deep, 20 by 7 m pool. This pool supports
abundant bacteria and algal flora. Spring L3 has the greatest flow. The most active site in 1980 was L1; by 1988
this vent had cooled to 25°C with o water in its ouiflow channel. Combined discharge from site L totaled
250 Ipm. The H3S odor is noticeable at least 100 m from the site, which has the strongest HsS odor in Geyser
creek valley.
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Figure 19. Map of Geyser Bight springs HO 10 H3 and H10 to HI3, censyal Umnak Island.
SITE Q

Two small springs and several seeps discharge in a narrow tributary valley located about 0.3 km above site J
(sheet 2). They emerge from the valley alluvium for a distance of 50 m at the slope break and are found only on
the west bank (fig. 24). Volcanic rock that crops out along the creek betweea sites § and Q and shows signs of
previous thermal-spring activity. The most prominent springs, Q1 and Q2, have temperatures of 80° and 79°C,
flows of 30 and 25 lpm, and similar conductivities and pH. A slight H3S odor is evident. Above Q, the creek
temperature is 4°C, which suggests no additional geotherma!l activity up-valley.
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Figure 20. Map of Geyser Bight springs H4 10 H9, central Umnak Island.
CONVECTIVE HEAT DISCHARGE BY SPRING FLOW

The results of our 1988 thermal-spring-discharge measurements are shown in table 5. For comparison,
thermoal-spring discharges measured by Motyks and others (1981) in 1980 are given in table 6 and those by Byers
and Brannock (1949) in 1947 are shown in table 7. Reported spring temperatures are the hottest measured at the
site. The calculated heat discharged by spring flow (table 5) is referenced to the enthalpy of water at 10°C, the
approximate average annual temperature in the ceucral Alentian Islands.

Because of problems with our flow meter, most 1988 discharges were visually estimated and may be subject
to substantial error (25 - 50 percent); those sites that were measured by catchment or flow meter are noted in
table 5. The heat discharge by spring flow calculated for 1988 (16.7 MW) is much grester than for 1980
(6.1 MW), partly because more springs were included in the 1988 calculations. Variations in spring flow may
also contribute.

Convective surface heat discharge, which was also estimated from stream-flow measurements made in 1981,
is included in table 6. Geyser Creek flow was measured below the point of input of thermal waters that drains
from G and T (sheet 2). Stream-water samples were collected at this site and from a site above H. The hotiest and
most chemically concentrated thermal-spring waters at G (G8), J (J§), and H (H6) were taken to represent the
undiluted thermal water that discharges into the stream drainage. The average analyzed concentrations of C] and
B in these waters and in the stream waters sbove H and below G were used in mass-balance calculations to
determine the hot-water fraction. To calculate the convective heat discharge, we sssumed the hot-water fraction
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Figure 21. Map of Geyser Bight springs series J, central Umnak Island.

was at the surface boiling point. The estimated 13.3 MW of discharged heat does not include contributions from
spring groups K, L, and Q nor from any thermal waters that may enter the creek below the flow-measurement

poiat.

When the heat discharge from spring groupe K, L, and Q is subtracted from the 1988 estimates, the result,
15.1 MW, compares reasongbly well with the 1981 estimate of 13.3 MW determined by mass-balance
calculations. The 1988, 1981, and 1980 estimates are snbstantially lower than the heat discharge by spring flow
calculated using 1947 estimates of spring flow (table 7) (Byers 2nd Brannock, 1949). Although Byers and
Brannock (1949) do not report the method or precision of their measurements, the differences in flow rate-in some
cases-appear too large to be explained by differences in measuring techniques; the variations in spring discharge
appear to be real, For example, flow-meter measurement of spring discharge at H7 was 135 lpm in 1988 and
70 Ipm in 1980 vs. Byers and Brannock's (1949) report of 260 lpm in 1947; discharge from hot spring pool J1
was visually estimated at 10 lpm in 1988 vs. 760 lpm in 1947. Geyser activity, particularly at H, was more
subdued in 1980 than observed in 1988 or reported by Byers and Brannock (1949). Silica sinter is being
deposited at many boiling point vents and also forrus large aprons in outflow chanpels, Silica and other
hydrothermal alteration deposits may periodically choke some spring and geyser conduits. Penodic vent opening
and increase in discharge could be triggered by seismic activity or build-up of steam pressure similar to that
observed at Yellowstone National Park.

GEQCHEMISTRY OF GEOTHERMAL FLUIDS
INTRODUCTION

Reparts of the Geyser Bight hot springs appear in Grewingk (1850) and Waring (1917), and their existence
was probably known to Aleut villagers at Nikolski since ancient times. Byers and Braanock (1949) conducted an
extensive survey of the thermal-spring areas during their reconnaissance geologic mapping of Umnak Island in
194648 and reported apalyses on water samples from two springs. Sarnples from four thermal springs were
collected and analyzed by Ivan Barnes (written commun., U.S. Geological Survey, 1981) in 1975 zs part of &
U.S. Geological Survey reconnaissance investigation of hot-spring sites in the Aleutian arc.
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Figure 22. Map of Geyser Bight spring series K, central Umnak Island.

In 1980, we sampled and aralyzed seven Geyser Bight thermal springs and measured spring discharges
during a regional assessment of geothermal resources in the Aleutian Islands for the State of Alaska (Motyka and
others, 1981). These preliminary studies suggested that the bot springs are fed by multiple reservoirs with
temperature ranges from 160° to 190°C. The multiple reservoirs are related to & deeper parent reservoir with a
temperature a¢ high as 265°C. In this fluid geochemistry study of the Geyser Bight geothermal area, waters from
14 thermal springs and numerous surface waters were sampled and apalyzed to more conclusively determine if
multiple reservoirs exist and to determine the geochemical, isotopic, and temperature parameters of these
reservoirs. These data were also used to examine chemical equilibria, determine the source of water charging the
reservoirs, and estimate heat 1oss by surface and near-surface thermal water discharge.

The results of this investigation counfirm the existence of at least two chemically and isotopically distinct

intermediate reservoirs with temperatures of 200° and 165°C. Evidence for deep reservoirs at temperatures of
265° C and possibly 225° C also exists, but we are unsure if these deep reservoirs are related or interconnected.

METHODS
SAMPLING PROCEDURE
Thermsl-spring waters were collected as close to the jssuing vent as possible, and surface waters were

sampled direcily from streams or creeks. The samples, normally filtered through 0.45u filters, consisted of
500 ml or 1 liter each of filtered, untreated and fittered, acidified (HCl) waters; 100 ml 1:10 and 1:5 diluted
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Rigure 23. Map of Geyser Bight spring series L, central Umnak Island.

samples for silica determinations; and 30 ml samples for oxygen and deuterium isotopic analyses. At three
springs (G8, H6 and L3), 500 ml of water were filtered through O.1u fiiters and treated in the field with methyl
isobutyl keytone (MIBK) for later aluminum analysis following methods described by Presser and Barmes (1974).
At several sites (G8, HI, H4, J1 and L3), 1 liter of filtered water was collected and treated with formaldehyde for
later determination of oxygen-18 composition of the sulfate species. One liter of unfiltered, untreated water was
collected for tritium determinations from two springs (G8 and H4) and two streams.

Gases were collected in 1980 and 1981 by immersing & plastic funnel in the spring-water pool. The fuanel
was placed over a train of bubbles and connected to en evacuated gas-collecting flask with tygon tubing. The gas
sample was taken by allowing the gases to displace water in the funnel, purging the sampling line of air, then
collecting the gas in the evacuated flask. Samples were cotlected in 50 to 100 cc flasks of helinm-impermeable
Corning 1720 glass.

ANALYTICAL PROCEDURES

All thermal-spring water samples collected in 1980 were analyzed at the DGGS water laboratory in
Fairbanks. Procedures are described in Motyka and others (1981).

For 1981 and 1988 stream waters, HCO, temperature, and pH were determined in the field following
methods described by Presser and Barmes (1974). The remaining constituents were analyzed at the DGGS water
laboratory in Fairbanks. Na, K, Li, and Sr were detarmined using & Perkin-Elmer atomic absorption spectrometer
following procedures outlined in Skougstad and others (1979) and in the Perkin-Elmer reference manual.
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Figure 24. Map of Geyser Bight spring series Q, central Umnak Island.

Ca, Mg, and B were analyzed on a direct-coupled plasma system. Silica concentrations were determined by the
molybdate blue method. Sulfates were determined by the titrimetric (thorin) method, fluorides by specific ion

electrode, and chloride by Mohr titration.

For 1988 thermal-spring waters, HCOj;, NHi, and H)S concentrations, temperature, and pH were
determined in the field following methods described in Presser and Barnes (1974). Rb and Cs were analyzed at
the U.S. Geological Survey (Meanlo Park) using an atomic emission spectrometer. Ba and Al were analyzed at the
DGGS water laboratory (Fairbanks) on & directcoupled plasma system (DCP). The MIBK-treated samples were
used for the aluminum analysis. Because a laboratory move and equipment changes disrupted the analysis
prograrm at DGGS, the remainiog constituents were analyzed by the University of Utah Research Institute (UURI)
water laboratory (Salt Lake City). At UURI, masjor, minor, and trice cation concentrations were determined
using an inductively coupled argon plasma spectrometer (ICP). Sulfates were determined by the titrimetric
(thorin) method, fluorides by specific ion electrode, chloride by Mohr titration, bromide by hypochloride

oxidation and titration (UURY), and iodide by titration.
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Site?

Gl-A
Gi-B
Gi1-c*
G1-D
GI1-B
G1-P-poo)
G1-G-pool
Gl-H
G2

G3

G4

G4-3
G4.5
GS-s
as-A"
G&-B
G6-Cs
G6-Pool
G651
G6-32
G7-crkblo
G7-hi-s
G7-lo-s
G8-Al-s
G8-A2-s
G8-A3x
G8-Ad-s
G8-AS-s
G8-A6-s
G8-A7-3
G8-Gey"
G9

G9.S
Gio
G10.5-s
Gi1*
G12

HI

Hi-s
Hi.S
H2-A®
H2-B
H2-C

H3
H4-main”

Table §.

Temp
°C

102.2
99.2
101.1
80.7
100.3
57.6
67.3
91.8
100.3
101.2
95.6
78.0
83.3
58.0
94.0
92.8
75.0
36.1
97.3
97.6
18.0
101.0
75.0
65.2
93.3
52.0
89.8
96.3
95.1
91.0
99.9
100.3
55.0
102.4
52.0
86.3
50.8

102.3
100.0
99.7
99.3
100.0
101.6
47.8
101.7

Convective heat discharge, Geyser Bight Geothermal Area, 1988

Minimum heat discharge for “G* springs

Flow?
Umin MethodP
5 B
15 E
30 B
10 B
10 B
1 U
{ U
! B
25 B
20 E
15 B
L B
0 E
1 E
20 E
0 B
1 E
1 U
10 B
5 E
250 B
25 B
25 E
2 B
2 B
2 B
2 B
2 B
2 B
2 B
60 Mc
16 Mb
5 E
54 Mb
2 E
i8 Mb
t 4]
400 B
5 B
100 B
50 E
5 B
40 E
150 B
400 24

2 Asteriak indicates watsr-chemisiry sample location.
Seeps were given vaiues of 1 Vmin for the celculatior. Somo values refer 1o group of venls, Mm = measured with meter, Mb =
mesaired by timing bucket filling, E = vimul estimates, U = unable (o estimate.

®Bass temperature for calculstions is 10 °C.

Bnthalpy®

Hgm

386
373
381
296
378
199
240
342
378
382
358
285
307
201
352
347
272
109
365
367
331
381
272
231
349
176
334
361
356
339
376
378
188
387
176
319
171

386
mn
378
374
377
383
158
384

Heat
discharge kw

30.8
89.6
182.7
47.9
60.4
33
3.9
5.
i51.0
122.0
86.2
4,6
0.0
3.3
112.9
0.0
44
1.8
58.5
29.4
39.5
152.1
110.5
1.6
11.2
5.8
10.8
11.6
11.4
10.9
361.0
217.5
15.5
3333
58
92.8
2.8

2,498.3

2,466.52
30.1
600.4
298.9
30.1
2449
391.1
2,451.5
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Table 5. Convective heat discharge, Geyser Bighs Geothermal Area, 1988-Continued

Temp Flowb Enthelpy®
Site? sc Vrain Method? T/gm
H4-81 65.8 10 E 234
H6-main" 103.6 50 E 392
H6-51 86.0 10 E 318
H&-52 64.2 10 E 227
u7* 101.3 135 Mm 382
HR 98.5 100 B 370
HO 67.0 200 E 239
H10-A 97.8 368
H10-ALL 97.0 150 B 364
H10-s! 95.6 358
H10-s2 66.5 237
Hit 96.0 150 E 360
Hit-3a 71.0 10 B 255
H11.5-8 71.0 10 B 255
Hiz 75.0 50 E 272
H13 75.0 40 E 27
HW-topL 65.0 25 E 230
HW-topR 64.0 40 E 226
HRHS-flat 50.0 250 B 167
Minimum heat discharge for “H" springs
n 80.0 10 E 293
n 80.0 2 B 293
12-81 7.0 s E 255
12-82 55.0 5 E 188
12-63 46.0 2 B 151
J3-A 70.0 10 B 251
13-8 $5.0 10 E 188
I-c 80.0 20 E 293
13-D 60.0 1 g 209
I4 64.0 20 B 226
J4-51,2.3 50.0 2 B 167
1s* 90 25 B 335
16 85.0 25 B 34
Minimum heat discharge for “J" springs
Kt 61.0 213
K-below] +2 5.0 30 Mb 188
K2 50.0 167
K2-81 75.0 1 E 272
K2-g2 61.0 1 2} 213
K3* 80.0 10 B 293
K3-seeps 63.0 50 B 222
K-poola 40.0 16 §) 126

Minimum heat discharge for "K* springs

Heat
discharge kw

38.2
3i12.4
51.3
37.1
824.0
592.9
779.0
0.0
875.2
0.0
0.0
865.7
41.6
41.6
221.1
176.9
94.1
147.8
689.2

12,315.3

47.5
9.5
20.8
15.5
5.0
40.5
30.9
94.9
34
73.9
5.5
134.8
126.8

605.4

0.0
92.8
0.0
4.4
3.5
475
181.5
20.8

350.4
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Table 5. Convective heat discharge, Geyser Bight Geothermal Area, 1988-Continued
Temp Flow? Enthalpy® Heat
Site? °C Venin Method® Vgm discharge kw
Lt 25.0 0 E 63 0.0
Ll-a 50.0 U 167 0.0
L1-Pool” 60.0 U 209 0.0
L2 36.0 109 0.0
L3-a* 85.0 318 0.0
L3-b 40.0 126 0.0
L4-a 50.0 20 E 167 55.1
L4-b 78.0 20 E 285 92.3
L4 76.0 25 E 251 102.3
L4d 50.0 20 E 167 55.1
LS 52.0 176 0.0
L-ALL 40.0 250 Mm 126 519.1
Minimum heat discharge for "L" springs 519.1
Q® 80.0 30 E 293 142.4
Q1.2-s1 56.0 5 B 193 15.8
Q1.2-s2 59.0 5 E 205 16.8
Q1.2-83 55.0 10 E 188 30.9
Q1.5-sl 30.0 15 E 84 208
Q1.5-82 50.0 20 B 167 55.1
Q2 79.0 25 B 289 117.1
Q2-s 46.0 1 B 151 2.5
Q2.5 3s5.0 15 E 105 26.0
Q2+ 4 seeps 47.0 5 B 155 12.8
Minimum heat discharge for "Q" springs 440.3
Minimum heat discharge for all Geyser Bight springs 16,732.8
Increase in enthalpy of creek water as it passes through fumarole elds F1 and F2:
Crk abv F) 9.2 400 E 0 0.0
Crk blo P1 17.5 450 B 312 35.4
Crk abv F2 16.7 450 R 282 10.4
Crk blo F2 21.2 500 B 473 90.2

Gases were analyzed on dusl-column pges chromatographs using argon aed belium carrier gases.
Chromatographic analyses of gases collected in 1980 were performed at the U.S. Geological Survey (Menlo
Park); gases collected in 1981 were analyzed at the Scripps Institution of Oceanography (San Diego).

Stable isotope values of water samples (180/160 and D/H) were analyzed by the Stable Isotope Laboralory,
Southern Methodist University (Dallas). Procedures followed are outlined in Viglino and others (1985). Tritium
concentrations were determined by the Tritium Laboratory, University of Miami (Miami). The !20/160 values of
sulfate species were gnalyzed at the U.S. Geological Survey (Menlo Park). Procedures followed are discussed in
Nehring and others (1977).
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Table 6. Convective hear discharge by thermal spring flow, Geyser Bight KGRA, 1980 and 1981

Temp Flow Bnthalpy Heat discharge
Sile °C I/min J/gm kw
Gl 100.0 20 419 134
G2 7.0 s 331 26
G3 100.1 16 419 107
G4 92.4 s 387 31
G6 97.3 20 407 130
G8 100.1 75 419 503
G9 99.3 416
G0 100.0 419
Gll1 81.0 339
HO 97.3 30 407 195
H1 100.3 300 420 2,016
H2 99.3 100 416 666
H3 45.2 60 189 181
H4 100.3 45 420 302
HS 101.8 427
Hé6 99.9 30 419 201
H7 99.8 70 419 469
J1 82.0 343
12 77.2 { 322 5
I3 82.5 10 345 55
14 69.0 5 289 23
15 92.2 15 386 93
16 83.9 15 352 84
K 60.5 100 253 405
L 82.3 200 347 1,109
Q 72.5 25 304 121
Minimum heat discharge, all springs, 6,856
Hcat loss referenced to 10°C. 6,088

Heal loss computed from 1981 stream-flow measurements and increase in chemical
constituents using G8 chemistry for hot-water fraction.

Ct B Na T
Hot water 630 60 487 100
Cold water 6.2 0 52 4.8
Mixed 18.8 1.3 14.7 10
Hot water fraetion 0.0202 0.0217 0.0197 0.0546
Average of chemically determined fraction 0.6205
Measured stream flow below G, tps 1723
Hot water fraction, lpe 35.37
Heat loss referenced to 10°C, MW 13.33
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Table 7. Convective heat discharge by spring flow, Geyser Bight KGRA,
194
Temgp. Flow Enthalpy Heat discharge
Site °C /min I/gm w
Gl 10t.0 260 423 1,760
G2 88.0 6 369 35
G3 100.5 18 421 121
G4 98.0 36 411 237
G6 95.0 80 398 509
G?7 82,0 85 343 456
G8 100.5 170 421 1,145
G9 100.5 6 421 40
G10 99.0 170 415 1,129
Gl1 77.0 170 322 876
H1 101.5 660 428 4,488
H2 101.0 600 423 4,061
H3 53.0 222
H4 101.0 340 423 2,301
RS 101.0 85 423 578
H6 100.0 66 419 442
H7 . 90.0 260 377 1,568
J1 88.0 720 369 4,25t
K 64.0 250 268 1,072
L 68.0 170 285 774
Minimum heat discharge all springs 25,850
Heat loss referenced to 10°C 23,062
*Byers snd Brannock (1949)

GAS CHEMISTRY

Gas flows from steam fields F1 and F2 located at the head of Geyser Bight valley were too diffuse to obtain
useable samples in 1980, 1981, and 1988. Weather conditions and lack of time prevented sampling the highly
pressurized fumaroles discovered in 1988 at F3.

Gas samples were obtained from thermal spring G6 in 1980 and from an acid spriog adjacent to G8 {n 1981
(table 8). Both samples cousist primarly of nitrogen, carbon dioxide, and oxygen, the latter reflecting air
contamination during sample acquisition. The Ni/Ar ratios are nearly that of air, which indicates these
constituents are probably primarly atmospherc in origin, from surface air contamination, and from air digsolved
in waters that charge the hydrothermal system. Oxidation of H2S in pear-surface groundwaters could account for
the apparent depletion of this gas in the G6 sample; a nearby thermal poot has a pH of 3.6, The carbon dioxide is
probably of thermal and perhaps also of magmatic origin, as suggested by the helinm isotope ratio.

The helium isotope ratio (*He/“He) of 7.4 times atmospheric (*He/*He) reflects a probable magmatic
influence on the Geyser Bight geothermal system. 3He is primordial in origin and *He enrichments, with respect
to atmospheric levels, have been correlated with magmatic activity on a worldwide basiz. The excess 3He is
thought to be derived from the mantle (Craig and Lupton, 1981). The 7.4 value is at the upper end of the range
for helium isotope ratios for other thermal sites in the Aleutian arc of active volcanism (5.0 to 8.0) (Poredz, 1983)
and is nearly the same as the 7.5 average for summit fumaroles in circum-Pacific volcanic arcs (Poreds and Craig,
1989).
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Table 8. Gas chemisiry and helium isotope analysis, Geyser Bight Thermal Springs, central Umnak Island

Gé* GBA®
Gas Chemistey, mole %:
He 0.01 0.0%
Hy 0.09 0.26
Ar 0.78 0.64
0, 0.70 3.9
N2 8S.3 54.0
CHy 0.04 na
CyHg 0.01 na
CO, 13.45 41.2¢
H1S <0.01 (c)
Na/Ar 109 84
3He/*He:
R/R,¢ na 7.4
Xe na 70
RC/PL;r na 7.4

tAnslyms: W.C. Evang, U.S. Geological Survey, Menlo Park and R.J. Motyka, DGGS.

bAmlysm: R.J. Poreds and J.A, Welhan, Scripps Instition of Oceanography, La Jolla, and R.J. Motyka, DGGS. Spring G8A is un
acid epring adjacent to spring G8.

CAnalyzzd a3 COp + H3S,

4R /Ra = 3He He in ssmple over SHeAHe in stmosphere.

?( = (He/Nehumple/(He/NeYyjy.

‘Mesaured values of R/Rq ¢orrecizd for stmospheric contaminstion by assuming that (ke neon is of stmospheric ordgin.
(Re/Ra) = [(R/RHX - 11/0X - 1).

na = not Analyzed.

WATER CHEMISTRY
RESULTS

The results of geochemical anatyses of the 1988 Geyser Bight thermal spring waters and representative
stream waters are shown in tables 9 and 10, respectively. Analysea from previous investigations are also included
in these tables. These include data from Byers and Brannock (1949); Ivan Bames (written commun., U.S.
Geological Survey, 1981; Motyka and others, 1981) and previously unpublished data on DGGS stream samples
collected in 1981, Comparison of these data show thermal-water compositions did not change significantly from
1946 to 1988. The slight variations in concentrations observed at resampled spring sites (for example, G8) can be
attdbuted to slight differences in dilution ratios ur, for boiling springs, the degree of adiabatic boiting. The
thermal spring waters are all moderately concentrated Na-Cl waters rich in boron and arsenic.

COMPOSITIONAL TRENDS

For concentrations present in Geyser Bight thermal waters, C! is considered chemically conservative.
Constituentchlonide ratios for the thermal-spring waters are given in table 11, Constituent concentrations are also
plotted against chloride in figures 25a-1 and figure 26. Na, Li, B, and SO4 each plot along an approximately
linear trend towards a dilute water end member. In contrast, the data for several more reactive constituents (SiO3,
K, Cs, Rb, and F) exhibit two distinct trends; one for down-valley sites (G, J, X, and L), the other for site H.
These correlations suggest that the waters are related to a common deep aquifer, but that during ascent to the
surface they have partiatly or ¢otally re-equilibrated to different temperatures and wall rocks in intermediate
reservoirs. The observed variations in concentrations that the etnergent spring waters display along each of thess
trends can be explained by dilution or boiling. A logical sousrce of the dilution is meteoric water that infiltrates
into the near-surface region beneath the springs. Point A on the constituent-chloride graphs represents a water
similar to stream samples unaffected by influx of therma! waters (table 10).
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Table 9. Geochemical analyses of Geyser Bight Hot Spring water samples collected in 1988. Previous analyses shown for comparison. Chemical
concentrations in ppm and temperatures in degrees Celsius

Site _Dae  _T
DGGS and UURI 1988
Gl 7-14-88 101
(1 7-14-88 o4
GB 7-10-88 99
Gl1 T-12-88 86
H2 7-22-88 o8
Ha 7-20-88 101
H6& 7-16-88 103
H? 7-16-88 102
Il 7-24-88 80
IS 7-24-88 S0
K3 T-26-38 80
L1 7-09-88 60
L3 T-Q8-88 86
Q 7-25-88 18
DGGS 1980
G6 7-26-80 97
GE 7-26-80 100
H1 7-25-80 100
Hé6 T-25-80 99
J1 7-26-80 82
K1 7-25-80 62
L1 7-25-80 8S
Barnes, 1975
Gx 65-14-75 85
G& 6-14-75 102
N 61475 93
J4 14-75 &5
Byers and Brannock, 1946
Gl B-17-46 100
H1 8-1746 101

pH

9.2
7.2
75
7.1
7.9
738
1.9
B.4
B2
B3
7.2
65
6.6
82

7.5
B.D
1.3
73
7.6
7.8
6.9

8.2
B3
19
1.7

1.5
6.9

510,

326
176
292
114
142
180
187
134

254
134
119
159

178
270
170
190
272
148
160

250
255
245
224

303
150

Ca

16
20
19
32
28
36
33
29
20
22
2%
32
41
n

22
19
33
36
19
25
39

14
20
22
22

15
40

Me

0.2
0.9
<0.16
1.2
0.5
<0.16
<0.16
2.5
<0.16
<0.16
2.5
1.9
0.8
2.0

1.2
0.2
0.3
0.1
0.0
2.8
1.4

0.2
0.1
0.1
0.1

11
0.2

Na

482

485
220
311
411

kE&EES

330
259

248
487
355
442
447
179
280

420
480
460
460

441
350

K

36
18
35
10
15
20
19
17
33
34
17
16
23
12

17
30
16
19
31
13
20

26
32
3
33

a3
18

Li NH, Sr Rb Cs
3.1 na 0.07 0.33 0.58
1.8 ng 0.0% 0.18 0.29
3.6 12 0.14 0.34 0.58
1.4 na 0.26 0.12 0.20
2.1 na 0.27 0.13 0.24
2.9 1.8 0.31 0.19 0.33
29 1.4 0.29 0.20 .33
1.3 na 0.22 0.15 0.23
3.2 na 0.15 0.33 0.57
3.1 na 0.13 0.34 0.50
1.3 na 0.22 0.14 0.29
1.2 na 0.33 0.14 0.28
1.8 1.8 0.54 0.20 0.35
1.6 na 0.13 0.13 0.29
1.8 na 0.07 na na
39 ng 0.10 na na
2.8 na 0.23 na. na
3.4 na, 0.21 na na
35 na 0.08 na na
1.2 1.6 0.13 na na
1.8 1.0 0.24 na ne
2.4 na na na na
32 na na na na
2.7 na na na na
2.6 na na na na
3.0 ne na na na
2.0 na na na na

T, pH, HCO4, H,5, NHy = DGGS ficld measurcments. Al and Ba analyzed at DGGS, Fairbanks. Rb and Cs analyzed at .S, Geological Survey, Menlo Park. All

other constituents anatyzed st University of Utah Research Institute, Salt Lake City.

na = nol apalyzed.




Site

Table 9. Geochemical analyses of Geyser Bight Hot Spring water samples collecied in 1988, Previous analyses shown for comparison. Chemical

Al Fe

DGGS and UURIT 1988

Gl na <0.02
G6 na Q.07
G8 0.047 <0.02
Gil na 0.05
H2 na <0.02
Ha na <0.02
Hé6 0.103 <0.02
H? na <0.02
n ne <0.02
15 na <0.02
K3 na <0.02
L1 na 030
L3 0.050 0.40
Q na <0.02
DGGS 1980
GS na 0.05
G8 Ra 0.05
H1 na 0.03
Hé6 na 0.04
i na 0.05
K} na 0.07
11 na 0.08
Barnes, 1975
G? 0.025 na
G8? na na
It 0.018 na
14 0.012 ng
Byers and Brannock, 1946
G1 «<0.5 <0.1
H1 <0.5 <D.1

As

6.6
33
6.4
2.6
4.7
6.6
6.5
5.1
6.1
6.5
32
12
4.7
3.3

na
na
na
nha
na

BEEBS

0.1
38

concentrations in ppm and temperatures in degrees Celsius-Continued

Ba

0.005
0.007
0.004
0.012
0.009
0.009
0.008
0.008
0.003
0.003
0.039
0.032
0.035
0.019

na
I

BEER

na

na

BB

na
na

B

53
30
56
24

53
51

49
52

26

29

15

51

58
50

49
48

27

HCO,

41
62
75
3s
51
52
52
52
39
{05
20
125
72

na

“NEEN

133
130

61

£E&Y

SO,

180
110
174

93
124
162
149

189
206
90
19
118
118

170
131
154
168

150
170
180
i80

160
130

Cl

339
630
492
591
591

370

540

610
610

569
482

F

2.0
0.9
21
0.9
1.0
1.5
1.4
0.9
2.1
2.0
09
1.1
1.5
1.2

0.9
2.3
1.3
1.6
2.4
0.9
1.6

2.1
1.2
2.2
22

1.9
1.2

Br

1.0
1.5
2.4
1.0
1.3
2.0
1.6
1.0
2.6
1.9
1.0
0.9
1.5
1.2

1.1
22
1.7
1.9
21
1.2
1.1

31:1

na
na

na
na

0.7
1.1
1.1
1.2
1.0
0.5
0.7

na
na
na
na

na
na

na
1.2
na

1764
1015
1766
826
1100
1464
1444
872
1650
1665
832
846
1214
979

1712
1256
149%
1615

47
1062

1478

1625
1603

1586

Balgnce %

2.7
1.8
0.6
23
43
2.5
2.5
30
4.4
3.2
3.0
4.7
43
k.3

3.7

22
0.7
1.7

2.7
2.8
20
2.4

341
4.6




Table 10. Geochemical analysis of stream wasers in the Geyser Creek drainage. All analyses in ppm unless
otherwise noted
Site Si0y Ca Mg Na K Li Sr B HCO, S04 Ci F
1981
abv H 23 2.3 0.9 5.2 1.3 <0.01 0.01 <0.1 na 0.4 6.2 0.t
blo G 20 2.9 0.9 15 1.2 0.07 0.01 1.3 na 53 18 0.1
1988
trib KL 18 1.8 0.8 5.4 0.8 0.01 0.02 0.1 11 2.4 6.3 0.05
bio KL 17 57 0.9 14 1.2 0.08 0.01 2.9 na 11 20 0.1
blo G 23 3.9 1.0 25 2.0 0.16 0.01 53 13 11 33 0.1
blo H 32 4.6 1.0 32 34 0.24 0.02 71 16 13 44 0.1
abv H 25 2.4 1.0 7.3 1.5 0.02 0.01 0.3 n& 7.0 24 0.1
bloJ 14 2.1 0.8 7.6 0.8 0.03 0.01 0.5 na 4.4 13 0.1
abv Q 12 1.8 0.8 S 0.7 0.01 0.01 0.2 na 2.4 7.6 0.04

Distinct compositional mixing trends toward local cold stream waters are evident in plots of Ca, Mg, and Na
and HCOa, SOq4, and Ci (figs. 27a, b). The inverse correlation observed between Mg and Ci (fig. 25¢) is also
indicative of dilution of thermal waters. Because Mg is usually removed from high-temperature thermal waters
through hydrothermal reactions, the presence of Mg in thermal waters 18 commonly & sign of cold-water mixing.

The constituentchloride plots for Ca and HCOj are more scattered, although they too appear inversely
correlated with Cl (figs. 25d, f). Spring waters at or above the boiling point have significantly less HCOj than
lower temperature springs, probably due to the partitioning of dissotlved CO9 into the steam phase. The higher
pH exhibited by the boiling springs is probably also due to the loss of CO; and other acid gases to the volatile
phase that separates from the boiling water. Acid-sulphate springs that emanate near Spring G8 corroborate o
this conclusion. Ca and HCOj in the boiling spring waters could also have been removed by precipitation of
calcite because these waters are all near saturation with respect to calcite.

The Rb/Cl and Cs/Cl ratios for sites H and Q are lower than those for down-valley sites (figs. 25h, i) but the
Rb/Cs ratios are similar (table 11), ranging from 0.45 to 0.68. Cs can be removed from thermal waters at
temperatures less than about 200°C by analcime and other zeolites (Goguel, 1983; Keith and others, 1983).
Thus, the difference in Cs/Cl ratios suggests that the site H thermal-spring waters are derived from a lower
temperature environment than site G, J, K, and L waters,,

Cs concentrations and Cs/Cl ratios for Geyser Bight thermal waters are similar to those found for thermal
waters from Upper and Lower Geyser Basins at Yellowstone National Park (Keith and others, {983). Keith and
others (1983) suggested that the Cs/Cl ratio may be useful in determining the host rock of the hydrothermal
system, The Cs/Cl ratios for the Geyser Bight thermal waters are similar to data Keith and others (1983) selected
as representing equilibration within rhyolitic rock. Rhyolite is rare in the Aleutians. Based on Geyser Creek
valley geology (sheet 1), rhyolitic reservoir rocks are not expected at Geyser Bight. The presence of a linear zone
of 135 ka rhyolite domes about 4 km southwest of site H and [.5 km southwest of fumarole F3, however,
indicates that conditions appropriate for rhyolite generation existed in the recent past. Such conditions could exist
today, although there is no evidence of & rhyolitic component in the youngest lavas erupted from Mt. Recheshroi
(see p. 28). .

ARSENIC AND BORON
As and B in Geyser Bight thermal waters deserve specific attention because concentrations of these

constituents and particularly their ratios to Cf appear anomalously high when compared to other geothermal greas.
Concentrations of both constituents increase linearly with C} at Geyser Bight (figs. 25g, j).
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Figuce 26. Silica vs. chloride for thermal-spring waters. The dilution, conduction, steam-loss, and re-
equilibrasion paths are discussed in the 1ext under choloride-enthalpy analysis (p. 76).

Although concentration of As in the Geyser Bight thermal-gpring waters (6.6 ppm) is similar to that found in
geothermal well waters at the Makushin geothermal area on peighboring Unalaska Island (10 ppm) (Motyka and
others, 1988), the As/Cl matio at Geyser Bight is three times greater than at Makushin., Few of the volcanically
hosted hydrothermal systems for which data are available have As concentrations as high a8 at Geyser Bight or
Makushin (compare Stauffer and Thompson, 1984). With one exception, the As/Cl ratio for the Geyser Bight
waters (0.01) is greater than that reported for other geotbermal systems. For example, the As/Cl ratio for
Yellowstone thermal waters ranges from 0.003 to 0.005 (Stauffer and Thompson, 1984), while thermal springs at
Lassen have As/Cl ratios of 0.005, except one spring that has a As/Cl ratio of 0.01 (Thompson and others, 1985).
A principal source of As in geothermal waters appears to be leaching of reservoir rocks. Areenic occurs in minor
to trace amounts in most rocks and averages about 0.5 ppm in the Geyser Bight pluton. Stauffer and Thompson
(1984) concluded that at least 30 to 50 per cent of the As in the Yellowstone hot spring waters was derived by
rock leaching. However, rock-water interaction appears insufficient to entirely explain elevated As concentrations
found st Yellowstone, Laseen, and some other voleanically hosted hydrothermal systems (Stauffer and Thompson,
1984; Thompson and others, 1985). Although a magmatic source for As in geothermal systems remains
unproven, it seems a likely candidate for explaining elevated As concentrations in these cases and perhaps for
Geyser Bight.

Boron concentrations at Geyser Bight are also similar to the Makushin geothermal ares (60 ppm). However,
the B/C} ratio is substantially higher, over an order of magnitude greater at Geyser Bight than at Makushin
(0.8 vs. 0.02). Although B concentrations in geothermal waters are quite variable, ranging up to 1,000 ppm for
the Ngawha system in New Zealand, the B concentrations and B/CY ratios observed at Geyser Bight are similar to
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Figure 27a, b. Cation (a) and anion (b) trilateral diagrams of Geyser Bight thermal springs and stream waters’
illustrating mixing trends between meteoric and thermal waters.

or higher than those found at most other geothermal systems. Elevated concentrations of B in some systems have
been attributed to leaching of sedimentary formations (Stauffer and Thompson, 1584; Thompson, 198S5).
Although Byers (1959) reported albitized shales and sandstones in the vicinity of Geyser Bight, detailed geologic
mapping did not uncover any unequivocally sedimentary units in the Geyser Bight area. Boron concentration in
the Geyser Bight pluton, the presumed reservoir rock, is only 7.5 ppm. In comparison, shales have an average
concentration of {00 ppm (Krauskopf, 1979). Shales and sandstones exposed elsewhere on Umnsk Isiand may
still underlie the area, but are not exposed. If 80, hydrothermal fluids that circulate through such rocks could
have dissolved B and account for the elevated concentrations found in the thermal-spring waters. Altemnatively,
the excess B may have been derived directly from a degassing magmatic heat source. B has been shown o be
selectively adsorbed on clay particles during circulation through both near-shore and deep-sea pelagic sediments
(Palmer and others, 1985). Boron, along with other volatile elements, would have been expelled from any
subducted pelagic sediments and incorporsated into magma rising from the region above the subducted siab into the
shallow crustat regions.

STABLE ISOTOPES

Results of stable isotope analyses of Geyser Bight meteoric and thermal waters are given in table 12 and
plotted in figures 28a and b, Two meteoric water lines are included: the first is the meteoric water line of Craig
(1961), which is based on analyses of worldwide precipitation; the second is the Aleutian-Adak meteoric water
line (A-AMWL) (Motyks and athers, in prep.). The latter was derived from a combination of stable isotope
values for 57 Adak weather station precipitation samples [data obtained from the Intemational Atomic Bnergy
Agency, Vienna (IABAV)) and for 52 stream and precipitation samples obtained from various Aleutian Islands.
Craig's meteoric water line is slightly steeper in slope than the A~ AMWL, and the two lines intersect at 8D = -73
per wil and §!20 = -10.3 per mil.

The Umnak Island meteoric water samples (which were included in deriving the A-AMWL) fall into two
distinct groups; the 1980-81 samples plot to the left of the meteoric water lines while the 1988 samples plot to the
right (fig. 28a). These differences cannot be attributed to systematic error in analyses because results for control
samples were well within the analytical error limit of previously reported results. In addition, 6180 results for the
most chemically concentrated of the 1988 thermal spring samples are similar to previously reported results for the
same springs. The Aleutian Islands are subject to weather fronts that originate from both the North Pacific Ocean
and the Bering Sea. The differences in stable isotope values for these stream waters may be due to differences in
prevailing meteorological conditions prior to and during the respective sampling periods.
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Site 510,  Cal0.1
DGGS and UURI 1988
Gl 0.52 0.26
G6 0.49 0.55
UG8 0.44 0.29
G11 0.40 1.11
H2 0.34 0.69
H4 0.32 .65
H6 0.34 0.59
H7? 0.45 1.02
1 0.45 0.35
J5 Q.42 0.37
K3 0.46 1.02
L1 0.40 1.11
L3 0.37 0.97
Q 0.41 0.94
DGGS 1980
Gé 0.53 0.68
G8 0.43 0.31
H! 0.35 0.57
Hé 0.32 0.61
n 0.46 0.32
Ki 0.66 1.12
Lt 0.43 1.07
Barnes, 1975
Gx 0.46 0.26
GB 0.40 0.31
il 0.40 0.36
J4 0.37 0.36
Byers and Brannock, 1946
Gl 0.53 0.26
Hi 0.31 0.83

Na

0.77
0.74
0.74
0.76
D.7%
0.73
07
0.78
0.79
0.78
0.78
0.76
0.77
0.76

0.73
0.7
0.72
0.75
0.76
0.80
0.76

078
0.75
0.7%
0.75

0.78
0.73

Table 11. Ratios of major and minor constituents to Cl and Rb/Cs ratios

K/0.1 Ly0.01 Rb/O.O0OI Cs/0.001  Asf0.0% B/Q.1 HCO, 504 F/0.a1 Br/0.01 1/0.01 Rb/Cs
0.58 0.50 0.53 0.93 1.07 0.85 0.11 0.29 0.32 0.16 .16 0.57
0.50 0.50 0.50 0.80 0.91 0.83 0.12 0.30 0.23 0.41 0.22 0.62
0.53 0.55 0.52 0.88 0.97 0.85 0.09 0.26 0.32 0.37 617 0.59
0.34 0.49 0.42 0.69 0.90 0.83 0.26 0.32 0.31 0.35 021 060
0.36 0.51 0.32 0.58 114 0.97 6.00 0.3¢ 0.24 0.32 0.22 054
0.35 0.52 0.34 0.59 1.18 .95 0.0%9 0.29 0.27 0.36 0.18 0358
0.34 0.52 0.36 0.59 1.17 0.92 0.10 0.27 0.25 0.34 0.22 0.6t
0.59 .44 D.51 0.78 1.73 1.36 0.18 0.3 0.29 0.34 0.17 0.65
0.55 0.54 0.56 0.97 1.04 0.84 0.0% 0.32 0.36 0.44 0.17 0.58
0.57 0.52 0.57 0.84 1.09 0.87 0.07 0. 0.33 032 0.15 0.68
0.59 0.44 0.48 0.9% 109 0.87 0.36 0.31 0.29 0.34 0.17 0.48
0.54 0.41 0.47 0.95 1.08 0.91 0.31 0.27 037 0.31 020 0.50
0.54 0.42 047 0.82 1.10 0.94 0.29 0.28 0.35 0.35 0.t6 057
0.34 0.47 0.38 0.85 0.56 0.87 0.2 0.34 0.35 0.35 0.17 0.45
0.50 0.53 - - - 0.44 0.00 0.28 0.27 032 0.21 -
0.49 0.62 - - - 0.95 0.12 0.27 0.37 0.35 0.17 -
0.33 0.57 - - - 1.05 0.00 0.27 0.26 0.34 0.22 -
0.34 0.58 - - - 0.99 0.00 0.26 0.26 032 0.20 -
0.54 0.59 - - - 0.85 0.09 0.28 0.41 0.36 6.17 -
0.62 Q.52 - - - 0.84 0.5% 0.28 0.40 0.54 0.22 -
0.54 0.48 - - - 0.81 0.35 0.24 0.43 0.29 0.19 -
D.48 0.44 - - - 0.81 0.11 028 0.39 - - -
0.50 0.50 - - - 0.56 0.08 0.27 0.19 - - -
0.51 0.44 - - - 0.80 0.08 0.30 0.36 - - -
0.54 0.43 - - - 07 0.07 0.30 0.36 - - -
0.58 .53 - - 0.01 0.4% (.12 0.28 0.33 ~ - -
037 0.41 - ~ 0.1 0.56 0.10 0.27 0.25 - - -




Table {2. Stable isotope compositions of Umnak Island thermal springs, streams, and meteoric waters,

per mil
Thermal apring waters Streams and meteoric waters
Site 180 4D Site 8180 3D
1988 1988
Gl -1.7 ~67 H+ -9.6 -
G6 -8.3 66 H- 9.4 -74
G8 8.5 68 G- 9.6 -7
GBA -1.3 -56 J- -10.0 =717
Gi1 -8.8 59 Q+ 9.9 -74
H2 -8.9 -71 KL- -10.0 -74
H4 -8.7 -7t Kl-side -9.6 -70
H6 -8.7 -2 RB-H -11.4 -86
H7 9.4 - RB-M -10.3 -78
J1 -7.6 57 RB-L 9.7 -70
J5 -7.9 -68 CS-H6 9.9 -
K3 9.3 -1 1981
Lt -89 -72 above H -10.6 -72
L3 9.4 -72 1980
Q -9.0 -2 rxin -5.5 -36
1980 anow -10.6 71
G6 9.0 -66 Creek mouth -11.0 -73
G8 -8.4 -67 H1 atream -10.3 -69
Hl -8.2 -70 J1 cold spr -10.8 -7t
H6 na 67 HSC, near B 9.7 68
It -1.9 63 Partov -8.9 -5%
Ki 9.3 -70
L1 9.3 468
197§
Gx -8.2 -G8
G8§ 8.1 ne
I -8.0 67
14 -7 67

Stream waters generally follow the well-known altitude effect associated with precipitation (see, for
example, Gat, 1980), with streams a¢ higher elevations correlating with lighter isotopic values. Examples of this
effect are samples RB-H, RB-M, and RB-L, which were collected on the same day at elevations of 650 ft, 500 ft,
and 150 fi, respectively (table 12).

The isotope values for all Geyser Bight thermal-spring waters plot to the right of the meteoric water lines,
and the different spring groups have distinct isotopic signatures (fig. 28). Deuterium values for sites H, K, L,
and Q are similar to or slightly heavier than the calculated average for local stream waters, while 8D for G and J
springs are all slightly heavier than the average stream water. In contrast to 8D, 4!30 values for all thermal
springs are positively shifted with respect to local stream waters, with the degree of shift correlating with
Cl concentration. The greatest shift occurs for sites G and J, which are 2 to 2.5 per mil heavier than the
caleulated average for local stream waters.

Near-boiling, low Cl acid springs occur at site G and have much heavier isotopic values then the surrounding
high~chloride springs (table 12). These acid springs, which exhibit little flow, are probably surface and shatlow
ground waters that are heated by condensing steam and acid gases derived from the waters feeding the nearby
high-Cl, near-peutral thermal springs. Their isotopic valueg are probably a result of continuous evaporative
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Figure 28a, b. Srable isotope results for (a) meteoric waters, and (b) Geyser Bight thermal waters. The Aleutian-
Adak and Craig (1961) meteoric waser lines are shown for comparison.

fractionation of the lighter isotopes into the vapor phase. The comparatively heavier 8D values for Spring G6
suggest that these thermal waters may have a small component derived from such an acid spring or that they have
mixed with a heavier meteoric water. The 1980 8D value for J1 is also anomalously high compared to the other

springs in the G and J groups. J1 is a large, open, hot pool, with a low rate of flow, that may be subject to
evaporstive concentration of heavier isotopes.



Truesdel! and others (1977) showed how the original isotopic composition of boiling thermal spring waters
can be calculated after allowing for fractionation processes that affect the compositions. However, a deep water
composition (as determined from & well fluid) is required as a starting point for the treatment of the data, and no
such analysis is available for Geyser Bight. By using isotope values for site G waters as an end point, a range of
starting point values can nevertheless be estimated. Changes in D and §'20 in the residual liquid as a water boils
are a function of beginning and ending temperature and the degree to which the steam rerains in contact with the
liquid. Using data from Tresdell and others (1977), figure 29a illustrates the change in composition a thermal
water would undergo as it ascends from a reservoir to emerge boiling at the surface with a 6D value and
Cl conceptration similar to site G thermal-spring waters. The paths correspond to two extreme cases: (a) SS,
single-stage steam separation, and (b) C, continuous steam separation. The beginning point temperatures used in
the analysis correspond to geothermometer estimates of reservoir temperstures discussed later. The estimated
range of §D reservoir values lies within the range of values for local stream waters. Similar correlations between
deuterium of geothermal waters and local meteoric waters have led many investigators to conclude that geothermat
systems are mainly recharged by local precipitation (see Truesdel! and Hulston, 1580, for review) and such is
probably the case for the Geyser Bight geothermal area, A similar analysis for site H resulted in slightly lighter
5D reservair values compared to G, which suggests that the zone of recharge for the reservoir feeding the
H system lies at a higher elevation than that for the G/J reservois.

Applying similar techniques to 8/30 vs. Cl gives "reservoir® values of 5!80 that are 0.6 to 1.0 per mil
lighter than spring G8 and H4. The isotope boiling paths roughly parallel the meteoric wates lines so that the
apparent {80 shift with respect to these lines remains at 2 to 2.5 per mil. Similar shifts in the 20 content of
geothermal waters to more positive values with respect to Jocal meteoric waters have been observed in most high-
temperature geothermal systems. These positive shifts bave been attributed to 130 exchange between the deeply
circulating meteoric waters and reservoir wallrocks with the degree of shift depending on temperature and
rock/waler ratio (Truesdell and Hulston, 1980). Comparable shifts tn §D do not take place because reservoir
rocks contain little deutenium.

Nearly all H springs and many G springs are vigorously boiling at the surface. In addition, these and the
other springs may &lso have been diluted. Using techniques described by Truesdell and others (1977), the effects
of mixing and boiling can be analyzed. Figure 29b illustrates the case for site H spring waters. Here, M| ia a
mixing line between & bypothetical meteoric water with a temperature of 10°C, Cl concentration of 10 ppm, and
5D value of -70 per mil and an ascending thermal water with T = 165°C, Clt = 450 ppm, and 8D = -74 per mil.
SS apd C show compositions of waters that ascend o the surface without mixing and emerge as boiling spring
waters for the cases of single-stage and continuous steam separation, respectively. SS™ and C™ show the gurface
compositions of the residual liquid phase of waters that mix at depth along M! and then ascend to the surface for
the cases of single-stage and continuous steam separation, respectively. This model adequately accounts for the
6D and Cl compositions of spring Q and H springs sampled in 1988. Both 1980 H samples are beavier in 8D than
the 1988 samples, which suggests that the diluting water may have had a different composition in 1980.

A similar analysis performed for G, J, K and L spring waters is illustrated in figure 29¢. The value chosen
for the reservoir water (§D = -72 per mil, Cl = 520 ppm) lies between the gingle-stage and continuous steam
separation values determined for the case of a 200°C reservoir (fig. 298). M) i8 2 mixing line between this deep
thermal water and & hypothetical cold water (8D = -71 per mil, Cl = 10 ppm). M3 illustrates & mixing line
between the cold water and shallow thermal waters whose compaosition is similar to site G boiling spring waters.

This model suggests that the compositions of site G boiling spring waters are adequately explained as the
result of 4 steam separstion proceas intermediate between single-stage and continuous without mixing with cold
waters. Other springs in the area are below bojling. The isotopic valnes for some of these spring waters appear
to be the result of mixing fractionated thermal waters, similar to site G boilirg water, with meteoric waters along
M1 rather than by mixing meteoric waters with the deep thermal water along My, followed by boiling to the
surface (SSy and Cp). Date points for other down-valley, lower-temperature, and comparatively more dilute
springs cannot be explained by this model and appear to have formed by mixing with a greater variety of meteoric
waters.
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S5Sm and Cp show surface compositions of a mixed water following
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TRITIUM

Results of tritium anglyses of two Geyser Bight thermal-spring waters and two streams are given in table 13,
Reviews of tritium in stn:ospberic waters and in groundwaters are found in Gat (1980) and Fontes (1980),
respectively. Tritium occurs in atmospheric waters as a result of both natural and manmade processes. It is
produced naturally by the interaction of cosmic radiation with the upper atmosphere. Enormous amounts of
mapmade tritium were released (nto the atmosphere during the period of thermonuclear testing from 1952 to 1962.
Although pre-1952 data are sparse, pstural tritium levels in precipitation appear to rasge from about 4 to
25 tritium units (TU), depending on Jocation (Gat, 1980), with an average of about 10 TU in temperate zone,
continental meteoric waters (Panichi and Gonfiantini, 1978). Average tritium concentrations in precipitation
fluctuated widely following thermonuclear tests, resching peak levels of over 2,200 TU in the northem
hemisphere in the late spring of 1963 (Gat, 1980). Reported tritium conceatration in precipitation at Adak Island
for June 1963 avecaged 3,900 TU (data from IAEAV).

Table 13. Results of rritium analyses, Geyser Bight waters. Tri-
tium concentrations are in tritium units (TU). Analyses
performed by Tritium Laboratory, University of Miami,
Florida
Sample TU Std Dev

Hot Springs:

88-H6 2.4 0.1
88-H6* 2.9 0.1
88-G8 0.0 0.1

Cold Streams:

88-E Geyser Cr H+ 9.6 0.3
88-Side Cr KL- 6.3 0.2
TRepaal aoalysis.

Since 1963, atmospheric concentrations of tritium have steadily declined through radioactive decay and
precipitation of tritiated tropospberic waters, and average conceptrations are beginning to approach pre-1952
levels. Tritium concentrations in precipitation undergo seasonal variations that are linked to exchanges between
the stratosphere and the troposphere (Gat, 1980). Maximum concentrations occur in late spring followed by a
minimum in late fall. As an example, in Anchorage in 1980 (the most recent year for which data are available),
the weighted aonual average tritium concentration dropped to 29 TU, with a seasonal variation that ranged from a
winter minimum of 16 TU to a late-spring maximum of §1 TU,

Because of its relatively short half-life (12.3 yr), tritium is a good indicator of meteoric waters of relatively
young age and has therefore been extensively used to estimate age and mixing of waters in groundwater and
geothermal systems (see Fontes, 1980, and Panichi and Gonftantini, 1978 for reviews). At Geyser Bight, tritium
concentrations in G8 thermal-gpring waters are below detection (< 0.1 TU), which indicates that the meteoric
waters recharging the site G geothermal reservoir system must be at least 70 yr old. In comparison, thermal-
spring waters from H6 have 2 tritium conceatration of 2.4 t0 2.9 TU, one-quarter to one-half that of local stream
water. Because of the surprisingly high concentration of tritium in H6 waters, a repeat analysis was performed
with nearly identical results.

Interpretation of the elevated tritium concentration in the H6 waters remains ambiguous. The H6 tritium
concentration could reflect mixing of meteoric waters of very recent age, but analyses of water chemistry and
stable isotope data do not support a 25 to SO poercent admixture of near-surface metsoric waters in the H6 thermal
spring waters. An alternate possibility is that recharge of the site H geothermal reservoir gystem ig considerably
more rapid than at site G. A 1950 water with an initial iritium conceatration of 10 TU would have decayed to
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about 2.5 TU by 1988. Another possibility is that small amounts of meteoric waters associated with periods of
thermonuclear testing are intercepting and slightly diluting ascending thermal waters at deep levels. Northem
hemisphece precipitation in 1954, with a peak tritium concentration of about 900 TU (Gat, 1980), would have
decayed to concentrations of about 130 TU in 1988. )

GEOTHERMOMETRY
SILICA

Results of applying the silica geothermometer (Fournier and Potter, 1982) to Geyser Bight hot-spring waters
are given in table 14. Silica concentrations are plotted sgainst vent enthalpy in figure 30, along with the quartz
solubility curve. For pressures normally encountered in geothermal systems, silica concentrations in geothermal
waters are a function of temperature, pH, and the controlling silica mineral phase. For the probable temperatures
and host rocks for the Geyser Bight reservoirs (> 150°C; quartz monzonite to granodiorite), quartz ig the mostly
likely phase controlling the dissolved silica concentration (Fournier, 1981).

Table 14, Silica and cation geothermometry applied 1o Geyser Bight hot-spring wasers. Temperatures in
degrees Celsius
Quart2? Cation
Site T, spring Conductive Adiabatic Na-Kb Na-K¢ Na-K-Cab
1988
G1 10} 216 197 194 211 186
G6 94 17 161 186 203 168
G8 {00 207 190 190 207 182
Git 86 145 139 156 174 140
H2 98 158 150 160 179 150
H4 102 173 162 160 179 152
HE 104 175 164 158 177 152
H7 103 158 150 152 171 145
I 80 200 184 188 206 179
IS 90 197 182 192 208 181
K3 80 154 147 194 211 167
L1 60 147 141 190 207 164
L3 86 165 156 189 206 167
Q 78 157 149 157 176 144
1980
G6 97 i72 162 187 204 166
G8 100 201 185 181 198 175
Hi 100 169 159 158 177 149
Hé 100 176 165 157 176 15%
Ji 82 202 186 189 206 180
K1 62 160 152 196 213 166
L1 86 168 156 190 207 166
1975
Q? 8s 196 181 179 197 174
G8 102 197 182 185 202 177
Ji 93 194 180 185 203 176
I4 65 188 178 190 207 180
1946
G1 100 210 192 193 210 185
H1 101 161 153 166 184 153
TFRournier 1nd Pottee (1582).
Na-X: Fournicr equaticn; Na-K-Ce: Pournjer and Truesdell equation (Pournicr, 1981).
“Qiggenbach (1988).
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For vigorousty boiling springs, the quartz adiabatic geothermometer was applied. The effect of adiabatic
cooling is illustrated in figure 30. Following the method of Fournier and Potter (1982), rays originating from a
point representing separated steam &t 1 atm pressure with an enthalpy of 2676 J/g and less than 1 ppm silica are
drawn to points representing boiling springs Gi and H6. Intersection of these lines with the quartz solubility
curve (A and D, respectively) marks the enthalpy and silica concentration of the parent water for the case of
adigbatic cooling and singie-stage steam separation st the surface. As thig water ascends and cools adiabatically ,
boiling concentrates silics in the residual liquid phase. The case of continuous steam separation would provide
slightly higher temperature sstimates.

Foumnier and Potter's (1982) quartz geothermometers are based on neutral or near-neutral solutions. For s
pH greater than 7.5, the solubility of quartz increases with increasing pH and is most pronounced for temperatures
between 100° and 250°C (Fournier, 198]1). However, pH values of solutions in high-temperature geothermal
reservoirs are likely to be below 7.5 because of the buffering of hydrogen ions by silicate hydrolysis reactions.
The high pH values for some Geyser Bight hot-spring waters probably regult from the loss of CO; and H»S as the
water boils after leaving the high-temperature reservoir. Following the recommendation of Fournier (1981) for
this situation, the silica concentration of the hot-gpring water is assumed to reflect near-peutral pH reservoir
conditions; no correction was applied to the observed silica concentration.
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The silica geothermometer is based on absolute concentration, and subsurface dilution of ascending thermal
water by cooler low-silica water can result in underestimating reservoir temperature. Dilution probably accounts
for the lower temperatures predicted by the quartz geothermometer for non-boiling springs at sites G, X, L, and
Q. Solutions initially above 200°C can also become supersaturated with respect to amorphous silica, and
precipitation can take place as the waters ascend ard cool adiabatically. The loss of dissolved silica in such a hot-
spring watsr would also cause the quartz geothermometer to underestimate reservoir temperature. Site G boiling
spring waters and site ] waters have similar concentrations of Cl and Na, indicative of little or no dilution, but
have varying SiO; concentrations, evidence that silica was lost from these waters by precipitation or re-
equilibration (fig. 254, m). In contrast, hot-spring waters of group H show marked linearity between both SiO;
and Cl and Na and Cl (figs. 254, 26). Here, dilution rather than precipitation appears to have affected the silica
concentrations of some of the H site boiling hot-spring waters.

Using the results of the most concentrated spring waters, the minimurn reservoir temperatures predicted by
the quartz geothermometer are 200°C for groups G and J, and 165°C for H.

CATION

Three cation geothermometers were applied to the Geyser Bight hot-spring waters (table 14). Because these
geothermometers ace based on ratios of constituents rather than on absolute concentrations, they are less
susceptible to dilution. Temperatures predicted by the Na-K geothermometer of Fournier (1981) are in excellent
agreement with temperatures predicted by the quartz geothermometer for spring waters with the highest silica
concentrations. The Na-K-Ca geothermometer (Fournier and Truesdell, 1973) gives lower temperatures than the
Foumier Na-K geothermometer, with the difference ranging up to 20°C. In contrast, the Na-K geothermometer
of Giggenbach (1588) predicts temperatures 15° to 20°C higher than the Fournier Na-K geothermometer.

The Na-K-Ca geothermometer was empirically derived specifically to deal with calcium-rich waters,
particularfy low-temperature thermal waters, because application of the Na-K geothermometer to such waters gave
anomalously high calculated temperatures (Fournier and Truesdell, 1973). Calcium concentrations are generally
low in all Geyser Bight hot-spring waters, and calcium enrichment in Geyser Bight hot-spring waters appears to
correlate with spring waters that are below boiling and considered to be of mixed origin. This correlation
suggests the Ca enrichment may in part be associated with the dilution process. In addition, for the boiling
springs, calcite was also found to be near gaturation, which suggests that CaCOs may have precipitated from these
waters during their ascent. Such loss of Ca would affect the reliability of the Na-K-Ca geothermometer. For
thermal waters thought to be derived from high-temperature environmeats, the Na-K method generally gives
excellent results (Fournier, 1981) and is preferable for Geyser Bight. Using Fournier's Na-K geotbermometer,
reservoir temperatures of 190° to 194°C are estimated for site G and J thermal waters and 160° to 165°C for site
H thermal waters. In contrast, the Na-K-Ca geothermometes gives 175° to 186°C for sites G and J and 150° to
152°C for site H.

The Na-K geothermometers of Fournier (1981) and Giggenbach (1988) are based on analytical data for a
wide range of deep well discharges. The steeper temperature dependence of the Giggenbach Ni-K
geothermometer i8 due to his selection of data points that represent only maximum Na/K ratios at a given
temperature (Giggenbach, 1988). The latter approach sssumes that maximum Na/K ratios are more representative
of full equilibration.

SULFATE - WATER OXYGEN ISOTOPE

The results of applying the sulfate-water oxygen isotope geothermometer to the Geyser Bight hot springs are
given in table 15. The data include results for a sample obtained by Iven Bames (U.S. Geological Surveys written
commun., 1975) three samples we obtained in 1980, and two samples we collected in 1988.

The data for spring G8 are the easiest to interpret because the lack of tritium in Spring G8 waters rules out
mixing of young meteoric waters. Good corraspondence exists between isotopic values for samples obtained in
1975 and 1980. Spning G8 is a boiling-point geyser, and the presence of werm ground and acid springs nearby
indicate that steam separation from the spring conduit is intermediate between single-stage and continuous.
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Table 15, Sulfate-water isotope geothermometer applied 10 Geyser Bight hot spring waters. Temperatures in
degrees Celsius

Site T, spring 5!80-504 3180-H,0 TI T T3
1988:
H4 102 2.3 -8.7 248 221 228
L3 86 -3.5 9.4 262 225 235
1980:
H1 100 2.0 -8.2 254 225 232
J1 82 4.1 1.9 333 265 287
G8 100 4.2 -8.4 315 263 279
1975:
c8 102 4.1 -8.1 322 264 282

Geothermomelter temperatures computed using formulas and tables from MeKenzie and Truesdell (1977); Ti =
conductive cooling, T2 = mingle stage steam removal, T3 = continuous steam removal.

All 6980-804 2nd £!80-H20 of spring G8 (1975) analyzed by N.L. Nehring and C.J. Jenik, U.S. Geological
Survey, Menlo Park. Remaining 8180-H0 analyzed by Stable lsotope Laboratory, Southern Methodist University.
§'80 in per mil WRT SMOW.

Following the recommendation of McKenzie and Truesdell (1977), the appropriate range for the reservoir
temperature i 263° to 282°C.

Spring J1 is a large, open, hot pool whose water is geochemically very similar to G8 water. Compsared to
G8, J1 bas the same §'80 value for dissolved sulfate, but is slightly heavier in §'80 for HyO. As discussed
previously, the slightly heavier isotopic composition could be attributed to eveporative concentration. Because J1
is below the boiling point, the conductive cooling temperature, T1, wounld ordinarily be chosen as the 8O4-H,0
geothermometer estimate. However, this temperature for J1 seems excessively high when compared to that found
for G8. As at G8, wanm marshy ground pear the J springs suggests that steam may be separating from the spring
conduit at depth. There is the intriguing possibility that J1 is a geyser with a relatively long period. Chloride
concentration of J1 is slightly lower than G&, which suggests that a amall amount of cold water may be diluting
the thermal water and quenching residual boiling below the pool. If so, the range 265° to 287°C, given by T2
and T3, is more applicable. These latter temperatures are in much better agreement with G8 results.

Spring 13 is below the boiling point and has a chlonde concentration substantially below that of G8. As
discussed previously, based on similerities of constituent/chloride ratios, L3 is probably & diluted version of
G-type water. Examination of Na vs. Cl (fig. 252) suggests mixing of about 35 percent cold meteoric water with
G8-type water to produce L3 water. No boiling springs, acid or otherwise, occur near L3, and it is likely that
boiling of the ascending deep thermal water is completely quenched by near-gurface mixing of cold meteoric
waler.

Dilution complicates interprerstion of the 1.3 SO4-H20 geothermometer becaunse the near-surface mixing of
meteoric water obscures the calculation of the 5!80 value of the deep thermal water. Surface gtream waters
sampled near spring groups K and L in 1988 had 4!80 values of -9.6 and -10 per mil, while the average for all
stream-water samples was -10.2 per mil. These values are 1.5 to 2 per mil lighter then 5!80-H70 values for the
most concentrated spring waters at Geyser Bight. Dilution of deep therrmal water with metearic water would thep
result in mixed water with a lighter 8130 value than the thermal water. The T1 conductive $O4-H;0
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geothermometer for the L3 spring water 8180 value therefore provides only a minimum estimate for the deep
thermal-water temperature. This estimate of 262°C compares well with the lower range of G8 and J1 estimates.

Results of isotopic analysis of the two H springs samples are consistent with each other (table 15).
Compared to G and J spring waters, the 8180 values for dissolved sulfate are about 2 per mil heavier, although the
8!80 values for these H spring waters are similaz. The difference in isotope values for dissolved sulfats is
probably nat attributable to formstion of sulfate by oxidation of HaS at low temperatures. No odor of HyS was
detected at site H, and hot-spring waters analyzed from site H bave nearly identical SO4/Cl ratios (fig. 25k),
which indicates that oxidation of H3S is probably unimportant (McKenzie and Truesdell, 1977). We suggeat two
possibilities to explain the differences in 6180 values for dissolved sulfate: 1) these are two deep reservoirs with
different temperatures; or 2) 5180-S04 partially re-equilibrates while the waters reside in lower temperature
reservoirs at intermediate depth.

Tritium snatyses indicated the presence of young meteoric water in the H spring system, but the data were
insufficient 10 determine the amount of mixing or whether mixing was responsible for the high tritium value. As
with spring L3, any addition of near-surface meteoric water to ascending thermal water would tend o produce a
spring water with 8130 values lighter than the therrnal water. The temperatures predicted by the SO4-Hz0
geothermometer for the H springs are therefore minimum eastimates. Because both H springs sampled sre at
boiling, the applicable temperature range is 221° to 232°C.,

ASSESSMENT OF GEOTHERMOMETERS

Accuracy of chemical and isotopic geothermometers depends on & number of conditions: availability of
copstituents used in the geothermometer, full equilibration between the thermal water end the constituents; o re-
equilibration, precipitation, or additional reaction with wallrock upcn ascent; and no mixing with other waters.
All or none of these conditions may actually be met in real systems. In reviewing the Geyser Bight
geothermometers, we find that the temperatures predicted by two traditionally used geothermometers, that ig, the
quartz geothermometer and the Na-K cation of Foumnier, are in excellent agreement with each other for the Geyser
Bight hot-spring waters that have the highest concentrations of dissolved solids, for example, G1, G8, J1, H6,
and H4, and probably represent minimum estimates of temperatures for subsurface aquifers. For springs that
issue below boiling point at sites G, J, K, and L, the Fournier Na-K temperature exceeds the quartz conductive
geothermometer by several to tens of degrees Celsius. Because the quartz geothermometer is more susceptible to
dilution, this discordance probably reflects near-surface mixing of cold meteoric waters with thermal waters
(Fournier and Truesdell, 1974). Mixing at H is not as clearly indicated by comparison of Na-X and quartz
geothermometers. Results for the most concentrated springs H6 and H4 show that the Na-X temperature is
identical or slightly lower than the quartz adiabatic temperature. For the more dilute springs suspected to be of
mixed origin (H1, H2, and H7), the Na-K temperature is similar to or slightly higher than the quartz temperature.

For the pH and temperature range of most deep geothermal waters, the mates of the sulfate oxygen isotope
exchange reaction are very slow compared to silica solubility and cation exchange reactions (Fournier, 1984;
Truesdell and Hulston, 1980). Once equilibrium is attained in the deep reservoir, there is little re-equilibration of
the oxygen isotopes of sulfate as the water cools during movement to the surface, unless that movement is very
slow.  Therefore, temperatures predicted by the SO4-H20 oxygen isotope geothermometers, which are
substantially higher than the cation and silica temperatures, may reflect temperatures in deep reservoirs at Geyser
Bight.

Assuming that this is the case at Geyser Bight, geothermometry suggests that thermal waters initially reside
in deep reservoirs with 8 minimum temperature of 265°C. Thermal water from these deep resarvoirs ascends to
reservoirs at intermediate depths where cations and silica re-equilibrate to temperstures of 200°C for waters
emerging at sites G and J and other down-valley sites and to temperntures of 165°C for waters emerging at sits H
and perhaps site Q. Residence time in thege intermediate reservoirs must be on the order of several months or
more to achieve new cation equilibrinm. Residence and travel time for site H waters may have been sufficiently
long for partial re-equilibration of the sulfate oxygen isotopes.
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CHEMICAL EQUILIBRIA

Proper evaluation of chemical equilibrium in subsurface aguifers requires information on dissotved
constituents, gas partial pressurea (COs, HaS), aquifer pH, and wallrock characteristics. Such information, which
is normally obtained from a well, is lacking for Geyser Bight, and aquifer conditions must be inferred from
available surface thermal-spring chemistry. Agquifer chemical composition can be estimated by adjusting for the
concentration of constituents caused by boiling, but lack of information on the volatile pheses and on the
possibility that calcite hes precipitated hinder accurate caleulation of aquifer pH and aquifer Ca concentration,
parameters that are critical in evaluating mineral stabilities. Nevertheless, with reasonable assumptions, some
reservoir fluid-mineral equilibria can be estimated.

An activity diagram showing the principal phases in the system Na30-K30-Al203-H,0 at 200°C is shown in
figure 31. Stability fields for albite, potassivm feldspar (K-feldspar), and muscovite (K-mica) at 150°C are also
shown for comparison. Log activities for Geyser Bight waters calculated using 1988 thermal-gpring chemistry
show that the most concentrated waters from sites G and J are in equilibrium with both albite and potassium
feldspar. The morse dilute springs plot on or near the extension of the albjte-potassium feldspar equilibrium line
into the field of muscovite stability. In contrast, site H thermsi-spring waters plot closer to the 150°C
equilibrium line. Points G8-B and H6-B, which illustrate the effects of adjusting concentrations but not pH for
steam losses, are only slightly displaced on the albite-potassium feldspar equilibrium line. The effect of
decreasing pH to more realistically reflect probable aquifer conditions is to displace points G8-B and H6-B further
toward muscovite stability. Calculated pH at the albite-potassinm feldspar-muscovite 200°C triple point is 7.2.
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It is readily apparent in the trilateral ptot of Na-K+/Mg shown in figure 324 that thermal waters at site H vs.
the down-valley sites have equilibrated at different temperatures. This diagram and its application to geothermal
systems are described by Giggenbach (1988). The "full-equilibrium” curve in figure 32a represents compositions
of waters in full equilibrium with the mineral system albite-potassium feldspar-muscovite~clinochlore-silica at the
temperatures indicated. The boundary between partially equilibrated and immature waters shown in figure 32a is
somewhat arbitrary and serves only as a rough guideline (Giggenbach, 1988). The isotherms correspond to the |
equilibrium equations

Lia = log (Ck/Cna) = 1.75 - (13%0/T) (1)

for the pair K-Na and
Lym = log (Cax/Cuy) = 14.0 - (4410/T) (2)
for the pair K-Mpg, where C is in mg/kg and T in °K 28 derived by Giggenbach (1988).

Magnesium concentrations in therma! waters are highly temperature dependent, with hotler temperatures
favoring depletion of Mg from the water through hydrothermal reactions. For more mature thermal waters, Mg is
commonly present in only trace quantities. The effect of increasing ox decreasing Mg is to move the points down
or up respectively, parallel to the K-Na isotherms.

In figure 32a the spring waters from group H plot on or near the 180°C isotherm, while those from groups
G, J, L and K lie on or between the 200° and 210°C isotherms. The K-Mg system adjusts to cooling temperature
more rapidly than the K-Na system, and spring waters that plot below the "immature water” line probably reflect
the dissolution of Mg in the shallow environment as the waters cool conductively or, more likely, cool by mixing
with colder ground waters.

Giggenbach (1988) also devised a CO» "geobarometer” based on K and Ca concentrations:
Lic = log (Cax+/Cca++) = log f(CO9) + 3.0 (3

Equation (2) is used to correlate CO» fugacities with their likely equilibration reference temperatures because K
and Mg are more likely to equilibrate at similar ratea and under similar conditions ag the K-Ca-geobarometer.
Giggenbach's graphical representation of this geobarometer based on end-member mineral phases assumed to
control CO; fugacities in geothermal systems is reproduced in figure 32b with data points for Geyser Bight
geothermal area thermal springs superimposed. Based on data from explored systems, Giggenbach (1988)
concluded that the geobarometer i8 only reliable for data points close to the full equilibrium line; those that plot
above this line probably come from a rock-dominated, COj-deficient envitonment. Using this criteria, site G
waters appedr the most suitable for application of this geobarometer. Assuming equilibrium with calcite, the
graphically predicted f(CO3) is about 0.1 bar for G1 and G8 waters. The f(CO3) corresponding to equilibrium
with calcite at the predicted Na-K and quantz geothermometer temperature of 200°C suggested by the equilibrium
curve is about 1.0 bar.

Assuming these vajues for f(CO2) and assuming that calcite is at saturation at the predicted geothermometer
regervoir temperature of 200°C, an estimate of reservoir pH can be made by using the reaction (Henley and
others, 1984):

CaCOy + 2Ht = Cat* + H,0 + COy 4)

The calculated pH range of 6.1 t0 6.6 compares well with pH values found in wells at explored geothermal
systams; for example, ths Makushin geothermal system on neighboring Unalaska Island has a reservoir pH of
about 6.1 (Motyka and others, 1988). Figures 33a and b are Si0p-Ca activity diagrams at 200°C for various
zeolites sud clays with Makushin water plotted for comparison. The range for Geyser Bight water was plotted
using the reservoir pH estimated from site G water and spring G8 Ca concentration adjusted for boiling. The low
end of the pH range suggests that the regervoir fluid ig in equilibrium with prehnite, laumontite, and kaolinite.
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for comparison.

MODEL OF HYDROTHERMAL SYSTEM
CHLORIDE-ENTHALPY ANALYSIS

Thermal water that ascends from a deep reservoir may cool by boiling, by conduction of heat to surrounding
rock, by dilution with colder waters, or by a combinstion of these processes, depending on the depth of the
reservoir, channel geometry, pathway, rate of flow, coefficient of thermal diffusion through surrounding rock,
and initial temperature (Fournier, 1979). During ascent, its chemical and isotopic composition can be affected by
walsr-rock reactions, re-equilibration, precipitation, mixing, and boiling. The emergent hot-spring waters can,
and commonly do, have compositions and eathalpies significantly different from the original parent thermal
waler. Despite these complexities, chemical compositions of hat-spring waters can still be useful for deriving
information on underground conditions. Cl-enthalpy and SiO)-chloride diagrams, when used in conjunction with
other evidence, are particularly useful for tracing the origins of spring waters compositions and for determining
underground temperatureg, salinities, and boiling and mixing relationships. Figure 34 shows Ci concentrations of
sampled Geyser Bight hot-spring waters plotted as a function of enthalpy at the measured vent temperature. In
our analyses, we seek consistency between these diagrams and 1) geochemical and isotopic compositions; 2) SiO)-
enthalpy relationships; 3) geothermometry ; 4) chemical equilibria; and 5) rates of spring discharge.

Truesdell and others (1977) caiculated the maximum rates of mass flow for conductive cooling without
boiling and the mirimum rates of mass flow for adiabatic cooling with negligible conductive cooling for water
moving vertically from different initial depths. Waters were assumed to start at 200°C and emerge at 100°C.
Conduits were assumed to be small~liameter cylinders. The results of these calculations, some of which are
shown in table 16, are particularly useful for our assessment of the Geyser Bight hydrothermal system becausge
geothermometry and chemical equilibria tndicate that many boiling and near-boiling spring waters originated from
an aquifer or aquifers at 200°C. Although the reservoir depths at Geyser Bight are unknown, given the degree of
thermal activity observed at the surface, it i3 reasonsble to assume that the reservoir depths are unlikely to be
much greater than | km. As a comparison, the depth to the hot-water reservoir at the Makushin geothermal area
on neighboring Unalaska Isiand, as determined by drilling, is about 0.6 km.
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Figure 34. Chloride concensrarions of thermal waters vs. vent emthalpy. Lines S1 and S2 show enshalpy and
chloride concentrations of the residual waser phase as a thermal waser cools adiabatically upon ascent 10 the
surface. My, Ma, M3, and My represens hypothetical mixing lines between a cold meteoric warer (B) and
various thermal waters (A, C, D, and G) as discussed on page 78. Dashed lines represent hypothetical
cooling by conduction and boiling (see page 78 for further discussion).

Table 16. Maximum mass-flow rates in a condult of circular cross-section for waters to cool by conduction
without boiling and minimum mass-flow rates for waters to cool adiabatically with negligible conductive
cooling. All waters are assumed to come from a reservoir at 200°C and emerge ar 100°C. Dasa from
Truesdell and others (1977)

Depth Conductive cooling Adiabatic cooling
(km) (kg/min) (kg/min)

0.5 13 117

1.0 26 234

1.5 40 355

Sites G, J, K, and L
We first analyze the anigin of spring systems located in the upper part of the Geyser Creek valley floor. As

discussed previously, based on constituent ratios, these springs appear to be geochemically related, As the
starting point we use spring G8. G8 hag the highest concentration of Cl and dissolved solids of the eatire suite of
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samples, and its chemistry is therefore likely to be closest o the deep thermal water. Lack of tritium eliminates
mixing of cold meteoric waters as a factor in interpreting the concentrations and enthalpy of the 1988 G8 spring
waters. Our assessment of quartz and cation geothermometers indicated site G thermal waters were detived from
an aquifer with an estimsted minimum temperature of 200°C, Flow rate of the G8 spring was estimated 10 be
150 lpm in 1988. Compared to table 16, conductive cooling of the G8 thermal water is unlikely to be 2
significant factor for depths <0.75 km. This leaves boiling as the sole process by which these waters have
cooled, The boiling curve 8 in figure 34 represents the evaporative concentration of chloride in the thermal
water as a function of enthalpy as it adigbatically cools and emerges as spring G8('88). Point A on this curve
corresponds to the Cl concentration and enthalpy at the estimated reservoir temperature of 200°C.

Spring Gx and the springs sampled at site J issue at below boiling (80° to 90°C), are comparatively rich in
Cl and SiO2, and have relatively low Mg. The location and flow rate of spring Gx sampled by the U.S.
Geological Survey in 1975 (Ivan Bammes, written commun.) are not known. Flow rates of site J springs
(< 30 lpm) indicate these springs could have cooled by conduction. Perpendicular projection of a line from Grx,
simulating conductive cooling, intersects the G8 ('88) boiling curve at an enthalpy equivalent to 195°C, which is
consistent with the predicted reservoir temperature and the silica-enthalpy diagram (fig. 13). Perpendicular
projections from the I springs intersect the G8 boiling curve at enthalpies well below point A, which suggests
J waters would have first boiled to point C, then conductively cooled to the surface. Alternatively, the site J and
Gx spring waters could have formed by near-surface dilution of G8 water with groundwater along the path Mj,
followed in some cases by conductive cooling. The latter explanation appears more consistent with silica-enthalpy
and deuterium-chloride relationships. Conductive cooling should have produced waters with deuterium values
similar to deep thermal waters. Instead, figure 29¢ shows these waters have 8D values similar to site G boiling
spring waters. Mixing rather than conductive cooling i favored by analysis of the SiO; vs. enthalpy diagram for
site J springs (fig. 30) and is also consistent with our interpretation of the SO¢-HyO oxygen isotope results for
spring J1.

The remaining spring waters at these sites and further down-valley are below boiling. Concentrations of
most constituents in these waters are substantially lower than spring G8 water (table 9). One exceptiont is Mg
(0.9 to 2.8 ppm), where the increase in Mg correlates with decreasing chloride (fig. 25e). The temperatusres
predicted by the Na/K geothermometer for these springs are also significantly higher than the quantz conductive
geothermometers. The combination of these factors is strong evidence that these springs are & mixture of
ascending thermal waters and shallow groundwaters. Two mixing lines, Ms and M3, are illustrated on the
Cl-enthalpy and SiO-enthalpy diagrams to account for these springs (figs. 34, 30). Cl and Si0O; concentrations of
10 ppm and 15 ppm, respectively, and a temperature of 10°C, were chosen for the cold watec end member, point
B, in these mixing models. These values are similar to cold stream waters that enter Geyser Creek valley
unaffected by input of thermal waters (table 10). Mj extends to point C on the G boiling curve (eathalpy = 650
J/g), a hypothetica} thermal water end-member that coincides with the perpendicular projection from JI on the
chloride-enthalpy diagram; M3 extends to point A. The corresponding chloride and silica concentrations and
temperatures for the hypothetical thermal water end members are 590 ppm, 290 ppm, 155°C, respectively, for
point C, and 530 ppm, 260 ppm, aod 200°C, respectively for point A.

Many dilute hot springs lie on or near M3 on both the Cl and SiO -eathalpy diagrams, which suggests that
their compositions and temperatures are fixed mainly by mixing. However, these springs have relatively low
rates of flow, and conduction may have also played a part in cooling the ascending waters. Springs that plot
below line M3 may have cooled additionally by conduction or by mixing with a different end member.

M3j illustrates mixing between the assumed 200°C reservoir water and groundwater. Spring waters formed
by mixing along this line had to cool appreciably by conduction to produce the dilute springs. Both M3 and M3
mixing relationships appear to be generally consistent with atable isotope values (fig. 29c); some springs correlate
with 8 deep, thermat-water end member and others with a shallow, fractionated thermal water. The variation in
8D for the dilute springs suggests they were formed by mixing with groundwaters that had different 8D values,

The preceding paths for formation of the G, J, K, and L thermal springs are illustrated on the SiO,-Cl

diagram (fig. 26). A deep water originating at point A cools adiabatically and by conduction to produce spring
Gt waters. Continued steam loss and re-equilibration of SiOy leads to formation of G8. Site J and Gx springs
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form by conductive cooling from the point A steam-loss line or by near-surface dilution of G8 waters, or both.
SiO; had to re-equilibrate to varying degrees following dilution and conductive cooling to account for the
remajning ditute springs.

Site H

Application of chloride-enthalpy analysis to site H springs results in a comparatively simple boiling and
mixing model (fig. 34), Our geothermometry showed that site H spring waters were derived from 4 reservoir
with a minimum temperature of 165°C. As with the down-valley sites, sulfate-water oxygea isotope
geothermometry predicts even higher temperatures at deeper levels (225°C). The most concentrsted spring of our
sample suite is 1980 H6; its values for Cl and SiO; were used to derive the composition of the parent thermal
water for site H springs. Although H6 (1980) has a relatively low rate of flow (50 Ipm), conductive cooling is
probably not an important factor given the much lower initial temperature in contrast to the values used to
generate table 16. The boiling curve S3 in figure 34 represents the evaporative concentration of chloride in the
thermal water as a function of enthaipy s it ediabatically cools and emerges as spring H6 (1980). Point D ou this
curve corresponds to the chloride concentration (520 ppm) and enthalpy at the estimated reservoir temperature of
165°C. The point that correspondes to the "deep” reservoir is also shown on this curve.

All remaining springs sampled at site H can be explained a8 forming through a combination of mixing of
point "D" type thermal water with groundwater B (line Mg), followed by adiabatic cooling. Na/K temperatures
for these spring waters are nearly uniform, which indicates they originated from a common reservoir. All
sampled springs were at or pear boiling point and had relatively high rates of flow, factors that eliminate
conduction as a major cause for cooling these waters. H6 and H4 had nearly identical compositions in 1988 and
appear to be slightly dilute versions of H6 as it was in 1980. The presence of measurable Mg in H2 and H7
spring waters also indicates thess springs have a cold-water component and must have cooled at least in part by
mixing. This mixing-boiling model for the formation of site H springs is consistent with both the Si0;-Ci and
8i0;-enthalpy diagrams (figs. 30, 26) and with the §D-chloride considerations for the 1988 samples (fig. 29b).

THERMAL WATER RELATIONSHIPS AND RESERVOIRS

The preceding analysis offers a contrast in the cooling style of ascending thermal waters. At site H, dilution
appears to occur at deeper levels followed by boiling a8 the mixed water rises to the surface. At the down-valley
sites, gome stcam }oss appears to occur at deeper levels before mixing, with dilution primarily occurring in the
near-surface region.

The proximity of Site H to the down-valley sites and the linear correlation of the more conservative chetical
constituents with C} suggest these spring waters are related at depth. Tritium analysis showed that H6 (1988) has
a component of modern water, but ambiguities in interpreting teitium make it difficult to estimate the amount, In
figure 34, type "D" waters could have formed from type "A“ waters by boiling along Sj, then mixing along path
My, or by first mixing along path M3, followed by boiling along S2. In either case, residence in the "D*
reservoir must bave been long enough for potassium, silica, and other more reactive constituents to re-equilibrate
to new temperature and wailrock conditions. Travel and residence time for the thermal waters may also have been
long enough for the SO4-0xygen isotope ratios to begin re-equilibrating to lower temperature conditions.

Figure 35 presents a conceptual model of the reservoir system at the Geyser Bight geothermal area as
suggested by the preceding analysis. In it, we show a "desp” reservoir (R1) housed in a fractured quartz diorite
to quartz monzonite pluton with a tempergture of 265°C underlying the geothermal area that is recharged by
deeply circulating meteoric water. Chloride concentrations in this regesvoir would be about 450 ppm. Waters
ascend from this deep reservoir to & reservoir at an intermediate depth (R2), where they re-equilibrate to a
temperature of 200°C. Some water from this intermediate reservoir further migrates into a more shallow
reservoir (R3), where it mixes with meteoric groundwaters and re-equilibrates to a temperature of about 165°.
Alternatively, waters may ascend directly from Ry 10 Ry and mix with deeply infiltrating meteoric waters.
Following re-equilibration, waters from R continue to ascend, further mix with meteoric groundwaters, and boil
10 the surface to emerge as springs and geysers at site H.
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At Ry, following re-equilibration, some waters ascend directly to the surface and emerge as boiling springs
and geysers (for example, G8). Part of the ascending thermal water branches off, mixes with & small amount of
groundwater near the surface (which quenches boiling), and then cools copductively to form J springs. A third
fraction cools primarily by mixing with cold groundwaters in the near-surface region to emerge as dilute warm
springs throughout the vatley. As the deep thermal water ascends and boils, some or all steam may separate in the
subsurface to heat marshy areas and perched groundwater tables and produce acid springs. Steam may also
separate at deeper levels and migrata directly along fractures to produce the fumaroles above the valiey floor.

The chemistry of Q spring waters appears to have altributes of both H type (similar K/Cl) and G/J type
(similar Rb/Cl and Cs/Cl) thermal waters. Q spring waters mdy be derived from a reservoir intermediate between
the other two or perhaps are a mixture of waters from both reservoirs.

SUMMARY AND CONCYLUSIONS

The Geyser Bight geothermal area is a zope of hat springs and fumaroles located on the flank of
Mt. Recheshnoi, & large calcalkaline stratocone on central Umnak Island (fig. 1). Geologic basement consists of
volcanic and marine volcanogenic rocks of probable Oligocene age (MclLean and Hein, 1984). These racks are
only gently deformed and lightly metamorphased. Ome or more quantz-diorite to quartz-monzonite stocks have
intruded the basement in the Geyser Bight acea. K-Ar dating of one sample at 5.5 Ma establishes a much younger
plutonic event than ie represented by the Oligocene stocks described by Mclean and Hein (1984) from
southwestern Umnak. Our mapping shows that plutonic rock occurs much further up Geyser Creek valley than
previously mapped by Byers (1959), which increases the probability that plutonic rock hosts the geothermal
Feservoir system.
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The valley walls are composed of volcanic material, primarily lava flows, which were erupted first from
several unnamed vents to the northeast, and then from Mt. Recheshnoi, to the southwest (fig. 2). Since about
500 ka, the primary source of lava has been Mt. Recheshnoi. The most recent flows are mid-Holocene andesite
from flank vents on the upper slopes of Mt. Recheshnoi.

Two flank volcanic units are of special interest. These are the Russian Bay vailey rhyolite and the quartz-
bearing andesite sbove Hot Springs Bay. These units document the presencs of small volumes of silicic melt in
the volcanic system and are notable in their rarity. There are only four other reported rhyolite localities among
late Quaternary volcanoes on the Alaska Peninsula and Aleutian Islands. Dacite 18 more common throughout the
Aleutians.

The Russian Bay rhyolite is not likely to come from s large, well-established, upper crustal rhyolitic
chamber. It is probably the result of heating and partial melting (or “sweating®) of the upper crust by repeated
passage of more mafic magma. Such a process may also be responsible for the observed magmatic evolutionary
trends at Mt. Recheshnoi, which become generally more mafic with time. This trend may reflect progressive
heating of the crust, which would produce decreased thermal contrast between magma and crust, and thus
decreased cooling and fractions! crystallization of the magma (Myers and others, 1985; Myers and Marsh, 1987).

Geyser Bight has one of the most extensive areas of thermal activity known in Alaska, and includes
numerous boiling springs, steam vents, and three regions of fumarolic activity. One fumarole, discovered in
1988, is superheated with a temperature in excess of {25°C. Geyser Bight is the only area in Alaska with
documented geysers. In 1988, at least five springs were observed to geyser. Vent geometries suggest that some
other springs are also geysers whose eruptive cycles have not been observed, or have been geysers and are now
1nactive.

Thermal-spring activity appears to have declined significantly since 1947. Using data from Byers and
Brannock (1949), we estimate that convective heat discharged by spring flow was 25 MW in 1947 vs. 16,7 MW
in 1988, The decline in spring activity may be due to the choking of spring vents by silica, calcite, and other
hydrothermal minerals. Declining activity probably does not reflect reservoirs coaling because water chemistry
and geotherrnometry results are essentially unchanged between 1947 and 1988.

Most thermal-spring activity occurs at the head of Geyser Creek valley. Chemical and isotopic data acquired
in this study provide strong evidence that the thermal-spring waters are derived from two iantermediate~depth
reservoirs with minimum temperatures (as estimated by geothermometry) of 200° and 165°C, respectively. These
reservoirs in tum appear to be related to an underlying parent reservoir with a2 minimum estimated temperature of
265°C. The 3He/4He ratio of 7.4 found in gases that emanate from the thermal springs provides evideace for &
magmatic influence on the hydrothermal system. The 7.4 value is nearly the same as the average value for
summit fumaroles in circum-Pacific voleanic arcs,

The most likely reservoir rock ie the highly fractured quartz monzonite-to~diorite pluton that ig exposed in
lower Geyser Creek valley. Resarvoir recharge is likely through deeply infiltrating meteoric waters that have
isotopic compositions gimilar to surface stream waters. Tritium concentrations indicate thermal waters that feed
spring G8 are over 70 yr old. Thermal waters that fead spring H6 are either younger or have beea diluted by
pear-surface meteoric waters, Examination of chemical equilibriz suggests that the waters in the reservoir that
feed sites G and J are in equilibrium with the mineral assemblage albite + K feldspar + muscovite + clinochlore
+ quartz + prehnite + laumontits 4 kaolinite + analcime.

The site G boiling spring waters have low to moderate concentrations of Cl (650 ppm) and total dissolved
sofids (1760 ppm), but are rich in B (60 ppm) and As (6 ppm) compared to most other geothermal systems.
Variations in spring-water chemistriea can be explained through boiling and steam loss, and/or mixing of
ascending thermal water-derived from one or the other of the intermediate reservoirs-with infilteating meteoric
waters. The Ag/Cl ratios in Geyser Bight thermal-spring waters are among the highest reported for geothermal
areas. The source of B and As is unknown, but may be in part of magmatic origin.
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Using the areal extent of thermal activity at the surface as a reference, the U.S. Geological Survey estimated
tbe area of the subsurface reservoir to be 6.3 km2 (Mariner and others, 1978). This estimate can be considered a
minimum, given our discovery of a superbeated fumarole field on the lower east flank of Mt. Recheshnoi. The
presence of this field suggests the reservoir(s) may extend another 4 km o the southwest of Geyser Creek valley.
Using the assumptions regarding thickness of unexplored reservoirs (1.7 k) and methods established by the U.S.
Geologicat Survey (Brook and others, 1978) for estimating geothermal reserves, we estimate that for 2 reservoir
temperature of 200°C and an assumed depth to mid-reservoir of 1 km, the reservoir contains approximately
5.4 x 1018 J of thermal energy. This energy base is sufficient to produce up to 132 MW of electrical power for
30 yr. The corresponding estimates for a reservoir temperature. of 265°C and a depth to mid-reservoir of 3 km
are 7.3 x 1018 J of thermal energy and up to 225 MW of extractable electrical power for 30 yr.

We believe that the probability of finding 8 high-temperature, hot-water reservoir at Geyser Bight is
excellent. We recommend that follow-up work include a program of geophysical exploration and exploratory
drilling to determine depth and extent of reservoirs. The accessibility of the resource from the sea (5 km) and the
nearly certain probability of intercepting a hot water reservoir with temperatures of at least 200°C make Geyser
Bight one of the most promising areas for geothermal resource development in the Aleutians. Because of its
remoteness from population centers, the site would be best developed for energy intensive industries that could
locate and operate in the Aleutian Chain.
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