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EXECUTIVE SUMMARY

Spurr volcano is a composite Quaternary cone of largely andesitic
composition located on the west side of Cook Inlet about 80 miles west of
Anchorage and about 40 miles from the Beluga electrical transmission line
(Figure 1-1). The south side of the cone is breached, with a small, Holocene,
composite cone, Crater Peak, occupying this breach (Figure 1-2). The upper
part of the volcano is a circular, 4.5 km-diameter flat region or basin,
believed by'some previous workers to possibly represent a caldera (Figure
1-2). Our geophysical surveys indicate that snow and ice depth exceeds 500 m
in the deepest parts of the basin. The center of this summit depression is
occupied by the small, Holocene, summit cone of Mt. Spurr.

Geologic mapping (Plate 1-1) shows that the present summit depression was
produced by a Mt. St. Helens-type sector collapse, rather than by a caldera
collapse. Geochronologic and previous tephrachronologic studies show that
there has been an active magmatic system at Spurr volcano during the late
Pleistocene-to-Holocene time interval that is of critical interest for
geothermal energy resource assessment.

Surface geothermal manifestations include previously-unreported zones of
fumarolic activity on the flanks of the Mt. Spurr summit cone, photographic
evidence of snow melt at the summit crater, a previously-undescribed 40°C
spring south of Crater Peak, and the fumaroles and hot crater lake of Crater
Peak.

Major effort was devoted to geochemical and geophysical surveys of the
accessible area south of Mt. Spurr, in addition to geologic mapping and
geochronologic studies. Many coincident mercury and helium anomalies were

found, suggesting the presence of geothermal systems at depth. Extremely
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large alectrical self-potential anomalles were also found, together with
extenaive zonea of low resiativity discovered by our controlled-source
audiomagnetotellurie survey. The juxtaposition of all of these different
types of ancmalies at certain areas on the south slope of Crater Peak (Plate
6=1) indicates the presence of & geothermal aystem which should be accessible
by drilling to about 2000 ft. depth.

Follow=on studies ahould include pasaive seismic auwrveying to evaluate
the poasible presence of a2 ateam aystem, together with additional electrical
self-potential, helium and mercury surveys to better define the configuration
and extent of preobable reservolrs prior to exploratery drilling.

It ia alan avidant that there iz a strong wolcanic hazard to be evaluated
in conaidering any development on the south aide of Mt. Spurr. This hazardous
situation may require angle drilling of pruductian wells from safer areas and
placemant of power generation facilitiea at a considerable distance from
hazardous areas.

Two State of Alaska geothermal lease sales have been held in the
Mt. Spurr area. The second sale was directly related to an earlier State
release of the preliminary Cfindinga of our cooperative geotharmal energy
asgessment Investigations. A companion report on the detalled geoleogy and

geachemistry of Spurr volcano ias currently in preparation by Dr. C. J. Nye.
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Chapter 1

The Mt. Spur, Alaska Geothermal Energy Assesament Praject:

Introductlon, Gacloglie Overviesw and Present Geothermal Manifestations

by

Donald L. Turner, Christopher J. Nye, James E. Beget and Eugene M. Wescobt

INTRODUCTION

Spurr volcano isa a compoafite Quaternary ocone aof largely andealtic
composition located about B0 miles weat of Anchorage and about U0 miles from
the Beluga electrical transmission line on the west side of Cook Inlet (Figure
1-1). Its upper reglona are covered with ice and snow flelds., The volecano 1s
campoaed of andesitic flows and pyroclastica which overlle a basement of
Tertiary-to-Cretaceous granite and gquartz dlorite (Reed and Lanphere, 1969).
The south side of the cone is breached, with a small composite cone, Crater
Peak, occupying this breach {(Figure 1-2). The upper part of the volcano ia a
eircular, 4.5 km-diameter flat reglon, resembling an ice-filled caldera. The
center of thia rlat region is occupied by the present summit cone of
Mt. Spurr, which appears to consist largely of a resurgent domeé with some
flows and tephras (Flgure ‘_I=E]'.

On July 9, 1953, Crater Peak erupted a large clouwd of ash and ateam to a
height of 60=-T0,000 ft. Anchorage was govered with about 1/4 inch of ash, and

ash fell a8 far away 23 Valdez,

1=1



Figure 1-1.

154° 1609
Hayes Palmer
A vian Wasila® @
0 50 mi
f — ____ — —
0=—=50 km Me. Spurr & Eagle
A Crater Peak R.
Tyonek
- 61° Y
tliamna
-~ 60° Volcano
@ lliamna (vil.) ~

Locations of Quaternary
region of south-central

volcanoes (triangles) in the Cook Inlet
Alaska (from Rhiele, 1985).

1-2



*AoTTBA JBATY BUJEBYUDOEBMBYUD BY3 UMOD DpJEBMISED
SUoUBTBAR S1JQap OTUBDTOA SNOUIWNTOA B qUIS UDTUM
JusA® 9sde[T00 JO3096 B UT PaLk0oJ]Sep SEBM OUBDTOA
Jandg TeUI81JO B8yq JO J1lWWNS ayg Ja3Je 47Ing 2Jo9M
pue a8e 8UdD0TOH JO aJe S2U0D Ylog *dU0D ead
Jdajed) 9yl pue auod jtuwuns JJandg *qW qusssdad ay3
SuiMoys 13sod ojouyd 99|l *2-1 @J4n814

T,

_ A b3 o .
r YAAIH YNLYHOVMVHO




Capps {?935} suggested that Mt. Spurr might be a central cone built
inzide an older caldera, breached in places by glaclated valleys, although not
all subzsequent workers have agreed with this interpretation (Juhle and
Coulter, 1955). A recent U3GS radar echo sounding in the central ice field
yleldad an ice depth of 385 meters (R. March, personal comm., 19&-5};_ This
result has caused further interest in the caldera hypothesia. Recent U-2
vertical sterec photography shows & circular summit depression that ia also
monsistent with the caldera hypothesis.

An adequate geothermal energy assessment of this area requires that the
saldera question be resolved. The presence of a caldera would indicate that
the volcano had evelved a high level magma storage chember. It is likely that
rarge anounts of viscous and partially erystallized magea would be left in
auch a magma chamber following & caldera-forming eruption, resulting in a
high-level heat source that could possibly produce one or more high
temparature geothermal steam systems suitable for electrical power
generation. Determining the age of this hypothetical eruption would be
eritiecal to determining whether ar not the resi Iﬂ.-I.El magma would have had
sufficient time to oool and orystallize or, alternatively, whether it would
still be hot enough to provide a viable geothermal energy resource. Initial
USGS attempts to date valley bottom pyroclastics posaibly asscoiated with such
an eruption have ylelded "zero" K-Ar ages (J. Rienle, personal comm., 1985),
suggesting that the hypothetical magms chamber could possibly be young enough
to have retained significant azmounts of heat up to the present time (see
Geoclogic Overview for an alternative interpretation of these pyroclastic

deposital.
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GEOLOGIC OVERVIEW

We have mapped six major volcano-stratigraphic units within the Mt. Spurr
area (Plate 1-1). The first, and oldest, is a set of volcanic remnants which
dip radially outward from near the present position of the Mt. Spurr summit.
We have informally named these rocka the Older Flows and Tuffs Unit (OFT).
This unit is composed of interbedded andeéitic lava flows of diverse chemical
and mineralogical composition, thick pyroclastic flows, dikes and sills.
Based on the degree of glacial dissection, we originally suspected a mid-
Pleistocene age, but our K~Ar dating has produced ages as young as 58,000
years for the stratigraphically highest flows in this unit (see Chapter 2).

The second unit consists of thin, interbedded basaltic andesite flows,
named the Proto-Crater Peak flows. These flows are exposed in erosional
remnants immediately east and west of Crater Peak. Flow bedding dips away
from Crater Peak. We believe that these flows are from an ancestral Crater
Peak, and that they were erupted during the early Holocene. Flow bedding in
this unit is discordant to bedding in the OFT unit, and geologic mapping
indicates that the Proto-Crater Peak flows were deposited in a pre-existing,
major breach on the south side of the original Spurr volcano.

The third map unit comprises the basaltic andesite flows and thin tephras
of Crater Peak itself, which is a small, thermally active, Holocene cone with
a well-defined summit crater and crater lake (Figure 1-2). Both the Crater
Peak and Proto-Crater Peak units contain many flows which are petrologically
distinet from flows of the OFT unit because they contain abundant
polycrystalline, monomineralic, clinopyroxene clots. Geologic mapping (Plate
1-1) shows that the Crater Peak cone was also built in the pre-existing south

breach in the ancestral Spurr volcano. Rhiele (1985) has documented 35 tephra

deposits produced by Crater Peak in the past 6,000 years.
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The fourth unit comprises the summit peak of Mt, Spurr itself. This is a
small, thermally active, conical peak in the center of the flat, circular snow
field at the top of the mountain (Figure 1-2). Mt. Spurr is also a Holocene
vent which has a breached, snow-filled crater. It is usually covered by snow,
but we were able to collect a few acid andesite samples from areas which were
snow free because the snow had been melted off by fumarolic activity.
Available samples suggest that this unit is probably a resurgent dome,
together with some flows and tephras.

The fifth unit is a 1000-foot thick pyroclastic unit referred to
informally as the distal pyroclastie¢s (Plate 1-1). This unit is composed of
andesitic volcaniclastic flows with a few interbedded lava flows and avalanche
deposits which fill the Chakachatna River valley south of Crater Peak.

Because these flows fill what is otherwise a major, deeply glacially scoured
valley, we believe that they are post-Pleistocene. However, these deposits
are not characteristic of those produced during caldera collapse as we
originally suspected. Rather than being a single, homogeneous deposit, this
unit is composed of many discrete flows which differ from each other in mode
of emplacement as well as in chemical and mineralogical composition. The
dominant lithology is block-and-ash flows which are usually only a few meters,
or a few tens of meters thick, although the valley south of Crater Peak
exposes a flow several tens‘of meters thick. Some of the flows are subglacial
hyaloclastites, which suggests that the whole unit was deposited over a
significant time span, as the glaciers must have been at different stages of
advance during different times of deposition.

The sixth unit is a voluminous, 3 km-wide volcanic debris avalanche
deposit that extends approximately 11 km eastward from the south flank of

Mt. Spurr down the Chakachatna River valley (Plate 1-1). This deposit
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contains many coherent blocks up to several hundred meters across. These
blocks consist of bedded lava flows and tephras believed to represent
fragments of the original Spurr volcano transported downvalley. They are
visible on the topographic maps as local knolls. In exposures along the
Chakachatna River, the blocks are seen to be rotated and fractured. They lie
in a matrix of less coherent, heterolithic volcanic debris, including much
hydrothermally-altered material. One or more dacite ash flow tuffs similar in
chemical composition to the Mt. Spurr summit cone are locally preserved on
the surface of the debris avalanche deposit. The base of the deposit is not
exposed anywhere along the river, which has cut down over 100 m into the
deposit.

This unit covers about 30 km?. Its minimum volume is 3 km3,
approximately equivalent to the estimated volume for the missing top of the
original Spurr volcano. We interpret the volcanic debris avalanche deposit as
having been formed by a Mt. St. Helens-type sector collapse of the original

Spurr volcano in Holocene time. This concept is discussed more fully in the

following section.

Caldera and Sector Collapse Hypotheses

The 4.5 km diameter, roughly circular ring of peaks and the relatively
flat central snowfield surrounding the present summit of Mt. Spurr (Figure
1-2) suggest the possibility of caldera collapse. Due to the deep erosional
dissection of the volcano, we were initially pessimistic about this
hypothetical caldera being young enough for a shallow magma chamber to still
be present today.

However, in light of the new K-Ar ages discussed in Chapter 2, we have

revised our previous estimate of the age of the Mt. Spurr massif. The 58,000
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year age from the stratigraphically highest dated sample of the OFT unit
(85CNS35, Table 2-1) indicates that the ancestral vent which predates both the
present Mt. Spurr summit cone and the Crater Peak cone (Figure 1-2) was active
~ well into the late Pleistocene. This is recent enough that the basic
morphology of the ancestral volcano should still be recognizable. However,
the dated sample is from an isolated remnant of flows and tuffs whose bedding
projects well above the present summit. There is therefore no presently
recognizable source vent for ;hese units. These observations lend
considerable credence to the hypothesis that there has been recent collapse of
the volcano. However, our recent work does not support the hypothesis that
this collapse was a caldera-type event.

Geologic mapping and K-Ar dating (Plate 1-1) suggest that a St. Helens-
type sector collapse of the original Spurr volcano has occurred, with collapse
occurring to the south-southeast. Geologic mapping also shows that the
collapsed southern margin of the ancestral volcano has been filled in later by
the Proto Crater Peak lavas and the Crater Peak cone (Figure 1-2). We
interpret the very large volcanic debris avalanche deposit between Straight
Creek and the Chakachatna River (Plate 1-1) as the deposit formed by the
proposed sector collapse. The volume of this deposit appears to approximate
the estimated volume of material that would have been produced by sector
collapse of the ancestral volcano.

The unglaciated ash flow tuff overlying the debris avalanche deposit may
represent the juvenile magma which drove the eruption, and should be <10,000
years old. The unit proved undatable by the K-Ar method, as discussed in
Chapter 2. Radiocarbon dating of a soil above the ash flow tuff only provides

a much younger age limit of 495 + 70 yr. (Geochron Labs, Lab No. GX-12072).
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Since the proposed sector collapse mechanism could also account for the

Ik caldera-like form of the upper mountain (Figure 1-2), a separate episode of

caldera collapse is not required to explain the present morphology. Caldera
collapse, in the classic sense, would be expected to form voluminous ash flow
tuffs. If caldera collapse post-dated sector collapse, unglaciated,
voluminous, ash flow tuffs should have been well-preserved. There is no
evidence for the existence of such units in the Mt. Spurr area. If caldera
collapse had occurred earlier, theré would have been no remaining high
volcanic edifice to produce sector collapse. In summary, a single sector
collapse event occurring in the last 10,000 years (post-Wisconsinan) followed
by the building of the Crater Peak cone in the breached volcano rim and a
resurgent dome with flows and tephras forming the present Mt. Spurr summit
cone appear to be the simplest and most reasonable explanation for the
observed geology and morphology of the Mt. Spurr area.

Although we have rejected the caldera collapse hypothesis, there is
abundant evidence for a magmatic system in the Mt. Spurr area which has been
active during late Pleistocene and Holocene time. This evidence will be
discussed in the subsequent sections of this report. A more detailed
discussion of the geology and geochemistry of the Mt. Spurr area will be given

by Nye and others in a companion report which is currently in preparation.
PRESENT GEOTHERMAL MANIFESTATIONS
There are several surface geothermal manifestations in the Mt. Spurr
area. A previously-undescribed warm spring and a kilometer-long zone of warm

seeps are located in the bottom of the N-S-trending valley immediately south

of Crater Peak at the west side of the area explored with geophysical and
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k geochemical methods. A temperature of U40°C was measured at the spring in the
eastern wall of the canyon about 3 m above the canyon floor. The estimated
flow rate was 20 liters per minute. This water was'analyzed by R. Motyka and
the results will be discussed in a companion report in preparation by Nye and
others. Most of the seeps are in the valley bottom and are extensively
diluted with stream.water. Total warm water flow for the entire valley bottom
is probably on the order of 1000 liters/minute.

Crater Peak is quite active thermally. Air photo measurements indicate
that its oval crater lake is about 220 m in longest dimension. The actual
lake temperature was not measured, but it was just barely possible to leave a
hand immersed in the water, suggesting a temperature of about 45°C. A very
large fumarole is located near the north edge of the crater lake. This
fumarole was estimated Yo be about 5 m in diameter. Its walls are vertical
and covered with yellow sulphur. When observed on three separate occasions,
it was emitting a large steam plume. The eastern side of the breached rim of
the crater contains numerous small fumaroles and areas of steaming ground.
Temperatures of seven small fumaroles in this area were measured at 96-98.5°C.

A one-day reconnaissance of the lower slopes of the Mt. Spurr summit cone
revealed extensive areas of bare rock and fumarolic activity. Two
geothermally-heated ribs of bare rock were exposed at the 10,000 ft. level.
These were about 200 and 500 m long, respectively. Diffuse fumaroles are
scattered along both. One 20 m? area of the larger rib had about 3-U
fumaroles/mz. Actual fumarole temperatures were not measured, but they are
believed to be at the pressure boiling point. The rock next to the fumaroles
was too hot to touch.

Air photos taken of the Mt. Spurr summit cone crater in 1964 show clear

evidence of subsidence caused by snow melt. A large semicircular depression
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is present with a snow graben along one side. A dark pit in the center of the
depression appears to be a lake formed by melting snow. The summit rim, which
was snow-covered in the 1964 photos, showed areas of bare rock in 1985.

Three miles northeast of Mt. Spurr, at about the 9,500 ft. level, we
observed a snow cave with icicles hanging from its mouth. Since snow does not
usually melt at this altitude, the icicles may possibly suggest the presence
of geothermal activity beneath the ice. Due to time constraints, we were
unable to land the helicopter at the ice cave to conduct further
investigations.

The observed geothermal manifestations indicate the presence of a north-
south zone of hot ground extending from south of Crater Peak to north of

Mt. Spurr.
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Chapter 2

Geochronology of Eruptive Events at Mt. Spuwrr, Alaska

by

Donald L. Turner and Christopher J. Nye

An aceurate detarmination af the age of eruptive events is critical to
the asseasment of the geothermal energy resource poteéntlal of any veleanie
ayatem. At the beginning of this project, we had no way of knowing whether or
nat the Mt. Spurr andesitio flows would be old enough to be datable by
the *"K-""Ar method. In fact, we suspescted that most of the exposed seguence
might be too young to date. Because of this anticipated problem, we decided
to da a amall pllot study to teat for datability. Every effort was made to
reduce laboratory alr contamination during sample processing. The reaults of
the pllot study were very encouraging and we procoseded to carry out am

expanded dating program involving a total of 18 rock samples.

Analytical Methods and Precgision

All samples were dated as whole rocka. Potasaium measurements were done
in duplicate using LiBO, flux fusion and flame photometry with 2 lithium
internal standard. Mineral atandards were used to calibrate the photometer.
Argon analyses were done by isotope dilution om a computerized, b6-inch-radius
mass spectrometer. Analytical data for the *"K-""Ar age determinations are

given {n Table 2-1. Sample localities are ahown on Plate 1-1.
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With two exceptions, the argon analyses represent single sample fusion-
gas extraction experiments. As a general procedure, the gas samples were
split into 2-4 aliquots and these were run sequentially on the mass
spectrometer. The first split was used to "flush" the spectrometer in order
to reduce the well-known memory effect in static gas analysis. This effect is
particularly important when analyzing young samples with small amounts of
radiogenic “°Ar, such as the Mt. Spurr rocks. Results from these "flushing
splits" were not averaged in with the subsequent splits unless they were
statistically equivalent. The results from the remaining splits were averaged
to calculate the values of radiogenic “°Ar, % radiogenic “°Ar and age given in
Table 2-1.

As a test of reproducibility, two rock samples were split and had
duplicate sample fusion-gas extraction experiments performed several months
after the initial'analyses. The results (.063+.018, .054%.011 and .119%.016,
.115+.012, Table 2-1) agree well, indicating that our results are

reproducible.

Analysis of Validity of Ages Obtained from the Older Flows and Tuffs Unit

The replicate analyses discussed above indicate that ourAresults are
reproducible for rocks within the Older Flows and Tuffs Unit (OFT) that are
old enough to date by the K;Ar method. Reproducibility (precision) is
important, but says nothing about the accuracy (degree of approximation to the
actual times of solidification apd cooling) of the ages obtained for the dated
lava flows. Moreover, the K-Ar dating of rocks as young as the apparenﬁ ages
of many of our Mt. Spurr samples is generally considered to be extremely
difficult. An independent test of geological accuracy is therefore required

before these ages can be accepted as valid.
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We argue that the ages from the OFT are valid based on the exgcellent
agreement of ages obtained with the observed stratigraphic sequence of the
dated samples. This argument is illustrated by Table 2-1, which lists the
samples in stratigraphic order, with the youngest at the top. Nine of the ten
ages from the OFT unit aré in excellent agreement with the observed
stratigraphy. The remaining sample (QFT-B0O5) is significantly younger than
five dated flows which overlie it. We suggest that this sample may be a sill

that was mistaken for a lava flow in the field.

Analysis of Ages Obtained From Younger Units

Two samples from the Crater Peak flows and one sample from the Proto
Crater Peak flows were dated. For all three analyses, the standard deviations
are as large as the apparent ages, indicating that the ages are indeterminate
(Table 2-1).

Three samples were dated from the same outcrop of the ash flow tuff unit
(Plate 1-1). This outcrop is a crystal vitric tuff represehting a single
eruptive event. The tuff overlies the volcanic debris flow unit (Plate 1-1)
believed to represent material derived from the sector collapse of the
ancestral Mt. Spurr volcano (see Chapter 1). The debris flow unit has an
extremely hummocky surface, indicating that it has never been glaciated.
Geomorphic evidence indicates that major glaciation occurred in this same area
until the end of the Pleistocene. The unglaciated debris flow and its
overlying ash flow tuff are therefore believed to be no older than 10,000
yearsl The measured apparent ages varied between 65,000 and 139,000 t
16-24,000 years. The combination of the geologic improbability of these ages,
together with the highly variable (nonreproducible) radiogenic “°Ar contents

(Table 2-1) of the three samples from the same outcarop are strong evidence for
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incomplete degassing of pre-existing magmatic argon during the eruption
process. This "excess argon" would be expected to be heterogeneously
distributed in the quickly-cooled groundmass glass and would therefore produce
nighly variable ages for the same material, all of which would be
significantly older than the eruptive event. We conclude that the 65,000-
139,000 yr apparent ages are erroneously old due to excess argon and have no
geologic significance.

We attempted to date two samples (85CNSO1,39) from the Distal
Pyroclastics Unit (Plate 1-1). Both attempts were unsuccessful, with the
extracted gas consisting entirely of atmospheric argon. These analyses are

not listed in Table 2-1.
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Jeochronology of Eruptive Events

Qur K-Ar results, together with geologic mapping by Nye and Beget (Plate

1-1) and data from Riehle (1985) indicate the following chronology of eruptive

events:
Ages (years) Event
1953 . Crater Peak ash eruption (Historically

documented)

< 6,000 - Crater Peak ash eruptions (35 tephras
in 6,000 yrs, Riehle, 1985)

<10,000 Extrusion of present Mt. Spurr summit
cone (resurgent dome, flows and
tephras)

<10,000 Distal Pyroclastics

<10,000 Crater Peak lava flows

<€10,000 . Proto Crater Peak lava flows

<10,000 Sector Collapse:

Silicic ash flow tuff overlying
debris flow (may represent the juvenile
magma that drove the sector collapse
event)

Volcanic debris avalanche
(interpreted as a deposit of material
from the sector collapse event)

58,000 + 18,000 to Upper older flows and tuffs unit (OFT)
112,000 + 8,000
117,000 + 16,000 to Lower OFT
255,000 + 52,000
2,080,000 % 200,000 Oldest exposed OFT (could possibly be
unrelated to the ancestral Mt. Spurr
voleano)
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We now have good evidence that the Mt. Spurr volcanic system was active

it least as often as 2,080,000; 255,000; 139,000; 117,000-85,000, and 58,000

rears before present, in addition to the numerous younger magmatic events
iisted in the above table (Holocene Proto Crater Peak flows, Crater Peak
flows, ash flow tuff, distal pyroclastics, Mt. Spurr summit cone and the 35
Crater Peak tephras shown in Figure 2-1. This documentation of extensive
magmatic activity during late Pleistocene and Holocene time indicates the
presence of a magmatic system at Mt. Spwrr during the late Pleistocene-to-
Holocene time interval that is of critical interest for geothermal energy

resource assessment.
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Figure 2-1.

Redoubt Mt. Spurr voicano (S) Hayes
Volcano (R) & Crater Peak vent volcano (H)
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Chronologic diagram summarizing those Holocene eruptions of the
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both. From Riehle (1985).



Chapter 3

Ice Thickness Measurements in the Basin

Surrounding the Summit of Mt. Spurr, Alaska
by

Eugene M. Wescott, William Witte, Patricia Moore and Keith Echelmeyer

INTRODUCTION

One of the research aims of the 1985 field program on Mt. Spurr was to
investigate the ice thickness in the roughly circular area surrounding the
Mt. Spurr summit cone (Figure 1-2). The area is rimmed by isolated rock peaks
and wails separated by several glaciers. The hypothesis we tested was that
the original Spurr volcano collapsed, forming a caldera, and that later the
present Mt, Spurr summit cone was built up in roughly the center of the
resulting depression. At the present time the area is covered with snow and
ice, obscuring the evidence for or against the caldera hypothesis.

We employed two techniques to deftermine the ice depth and thus the
configuration of the rock surface beneath. The first was radio echo sounding
and the second was a one-frequency, magnetotelluric measurement using the VLF

signal from the U.S. Navy transmitter in Hawaii.



Radio Echo Sounding of Glacier Thickness

A mono-pulse ice radar was used to measure the ice thickness. The radio
pulse has a center frequency of 5.5 MHz with a pulse repetition rate of
several hundred hertz, and each pulse is limited to 1-2 cycles. The pulse is
transmitted into the ice through a resistively-damped dipole antenna 20 m long
which is laid out on the icé surface. At the same time a pulse is transmitted
into the ice, an air wave propagates along the surface to the receiving
antenna approximately 60 m away. The air wave triggers an oscilloscope.
Meanwhile the pulse within the ice may encounter one or more reflecting
surfaces (an interbed or the glacier bed) where a fraction of the radio wave
is reflected back towards the surface. Multiple reflections can occur from
different parts of the bed or different internal layers, sometimes leading to
a complex wave train. The oscilloscope screen is photographed for a permanent
record of the arrivals.

The distance to a reflector can be determined once the time interval
between the arrival of the air wave and the reflected wave is known. In
temperate ice the velocity of the radio waves is 168 m/p sec. Due to the
geometry of the transmitter and receiver dipoles, the reflector is constrained
to lie somewhere on an ellipsolid. Given a sufficiently close-spaced number of
data points across the surface of an ice mass, the envelope of these
reflection ellipsoids defines a bottom (or interbed) profile, but if the data
are sparse, it is sometimes difficult to judge which arrivals are from the
reflector.

Other problems inherent in the method are the relatively low power
emitted which limits the measurable ice depth to 700-800 m. Water inclusions
can severely attenuate the signal as well, reducing the effective depth of
operation. When the returns are clearly defined, the measurement precision is

about +5 m.
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The Mt, Spurr Icefield Survey

Weather limited the amount of data which could be obtained in our
survey. The helicopter could not safely transport people to and from the ice-
field except when the weather was very good, and it was unsafe to shut off the
engine on top of the mountain. These considerations limited the radar and VLF
measurements to less than two days. First attempts at radio echo soundings
were on the south-southwest side of Mt. Spurr between Spurr and Crater Peak.
No usable echoes were obtained. On a second day, the 18 sites shown on Figure
3-1 were occupied, with 15 producing usable echoes. Several sites produced
multiple echoes, and most of the indicated depths were less than 100 m. The
mean conformation of the deeper travel times is shown on the contours. It
shows a generally bowl-shaped basin opening to the northeast. None of the
depths we measured are nearly as deep as a single USGS measurement of 385 m
(1262 rt) taken in 1984 (R. March, personal communication, 1985), or as deep
as indicated by the VLF-EM-16-R data discussed below. Thus we think that the
reflections are likely to be fram a major ash layer deposited in the 1953
eruption of Crater Peak (see Chapter 2) rather than from the glacier bed,

except near the edges of the ice field.

VLF Ice Depth Measurements

The Geonics Ltd. EM-16-R VLF resistivity meter can be used to estimate
the resistivity of the earth or glacial ice and snow by measuring the electric
(E) and magnetic field strength (H) of one of the high-power VLF transmitters
located at various sites around the world. The E, field component is measured
from a pair of electrodes placed in the ground or snow 10 m apart directed in

line with the transmitter while Hy i{s measured with a horizontal coil at right
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0 1000 m
5000 ft

Figure 3-1., Map of northwest section of the upper Mt. Spurr basin showing
" sites where radioc echo soundings were attempted and contours of
the elevations of the deepest reflections. Numbers at stations
are elevations of deepest reflections. We interpret this map as
representing the configuration of the 1953 Crater Peak tephra
'layer incorporated within the ice, rather than a bedrock surface.
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angles to E,. By rotating two dials to obtain an audio null, apparent
resistivity in ohm-meters (Q-m) and the phase angle between the perpendicular
electric (Ex) and magnetic (Hy) componepts can be read directly{ The apparent
~esistivity is the Cagniard or magnetotelluric resistivity at the frequency of
20 kHz: p_ = 10‘5|Ex/Hy|2 in p-m, where E is in mV/km and H is in gammas.
There is a small correction necessary for frequencies different than 20 kHz.

From the upper glacier fields of Mt. Spurr there was an unobstructed line
of sight towards the U.S. Navy VLF transmitter NPM at Lualualei, Hawaii,
broadcasting at 23.4 kHz. The signal was strong enough to obtain good nulls
in both resistivity and phase. The electrodes were placed in the firm snow.
Readings were made at the same sites as the impulse radar soundings and at a
few other sites in addition.

Grissemann and Reitmayr (1978) have developed an algorithm for inverting
field data for a two-layer earth model. There are three variables: the
resistivities of the top and infinite underlying layer and the thickness of
the top layer. The two measured quantitites are the apparent resistivity and
the phase angle. This resolves into two equations with three unknowns. If
any one of the three unknowns is known or assumed, then the other two can be
determined.

The resistivity of snow and glacial ice has been measured at various
sites around the world using galvanic resistivity techniques. R&thlisberger
and V&gtle {(1967) reported values on wet Swiss glaciers ranging from 5 to
30x106 Q-m. The measured values on dry Antarctic glaciers are lower and fall
in a very narrow range of 0.4 to 2.0x105 Q-m when the temperature is between
-2 and -29°C (Reynolds and Paren, 1984; Reynolds, 1982). The snow and ice of
Mt. Spurr may not fit into either class of glacier because of fumarolic gasses

containing HZS and the possibility of episodic ash falls being incorporated



into the ice. The combination of water in clouds enveloping Mt. Spurr and
sulphur in the fumarolic gasses should result in a sulphuric acid component
being added to the snow and, eventually, to the ice, thus lowering its
resistivity.

We did make a few Schlumberger array resistivity measurements on the
Mt. Spurr ice field. We had to operate under adverse conditions near sunset
with a cold wind blowing. We managed to 6btain readings at six 1/2 AB
spacings ranging from 1 to 100 m. We used a 90-volt battery pack connected to
aluminum stakes in the snow as current source, and measured the potential
difference across a pair of Cu—Cuzsou porous pot electrodes with a high
impedance digital voltmeter. Both the current and the potential decayed with
time. We attempted to read simultaneous values of each to calculate the
resistivity. The calculated apparent resistivity values are too irregular to
make a good fit to standard curves or to use with an automatic curve fitting
program. The near-swface resistivity is about 2.2x106 Q-m, but the deeper
resistivity decreases steeply and was about 50,000 Q-m at our longest 1/2 AB
spacing of 100 m. It is a reasonable assumption that the ice resistivity
decreases further with depth, and that the average value over a thickness of a
few hundred meters may be much lower than 50,000 Q-m.

To begin calculations, we assumed various resistivity values from 106 to
10" Q-m for the snow and ice layer, then calculated the corresponding depths
to bedrock and the resistivity of the rock. 1In every case, as we decreased
the input resistivity of the snow and ice, the depth to bedrock increased and
the rock resistivity decreased. The rock resistivity started very high
{~ 10,000 @-m) at p ice of 106 and approached limiting values near 0 Q-m as

the snow and ice resistivity was in the range 9900 to 33,000 Q-m.
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Tha controlled-source audic-magnetobtelluric seasurenents we made on the
south side of Crater Peak (Chapter 4) showed that a resistivity near 100 g-m
iz a typleoal value for the near-surface rock realativity of the valeano.
Bacause all eaxposed rocks are geothermally heated on the ML. Spurr summit <cone
(Chapter 1), there 13 reason to believe that the rock underlying the snow and
ice containa unfrozen water which may be high in disolved iona. A value of
100 0-m for the rock underlying the l1ce is not unreasconable in this
asituation. We have therefore assumed this value and recalculated the
resjsitivity and thickness of the snow and ice. The mean value of the

recaleulated fce resiativity was 17,900 £ 5260 f-m, using 17 datuz points.

Reaults

The results of the EM-16~-R soundings are ahown in Figure 3-2 as a contour
map of the bedrock under the i¢a. Theé dakta suggest a clrgue-like basin north
of ME. Spurr open to the east. There 18 a nearly flat area on the anow
surface bpetween ML. Spurr and & narroW, north-scuth-trending, snow-ooverad
ridge. The thickneas of snow and ice in the center of this area measured with
the EM-16-R 13 335 m (1100 ft), but structural mechanies require that the
narrow, north-south ridge must be supported by rock lesas than &0 m below the
surface [(W. Harrison, personal communication). Flgure 31-3 shows a cross
saction including the 'irLF-l-E.\I.'!l.l"Eﬂ. surface and the prajected rock ridge. Thia
i3 suggeative that the ridge could be a remnant well produced by caldera orF
sector collapse of the top of the origlnal volodano.

Filgure 3-4 i3 a profile north-northweat from the peak of ML, .'?.pl.rr.
ahowing the present snow and rock swlages, Lhe VLF-caloulated bDedrock surlace
and the radar reflection surfaces. Close to the edges of the basin where rock

outerops, the VLF and radar depths are similar. But in the basin, the WLF
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Figura: 3=2.

6000 ft

Map of northwest section of the upper Mt. Spurr basin ahowing
elevation contours of bedrock under the fice derived from VLF
reaiativity seasuremants and calculations using 100 f-m as the
average resiativity of the bedrock. Dashed contours represent
gur-face snow and Lce or exposed rock topography. Cross sectlon
lines are also shown.
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depths are much greater than the radar values. Scme radar measurements
produced multiple reflectiona. We hypothesize that the radar reflections in
the basin are from ash layera -- principally the 1953 Crater Peask tephra
(Chapter 2}, and not bedrock reflectlons. Flgure 3-5 shows profiles B-B' and
C=C' aprcss the basin, also showing, with one exception at alte 2, no radar

reflectiona from the bottom.

Summary and Conolusions
The radar reflections we obtained were generally much shallower than the

aingle radar measurement of 385 m in the same area obtained by the USGS

(. March, personal communication, 1985). We conglude that owr mid-basin
radar measwurements were from the 1953 Crater Peak ash layver incorporated
within the iee. The EM-16-R 1.I'LF dapth astimates depend on the assumption of
100 g-m for the uniform reaistivity of the wnderlying rock. From experience
we know that the volecano [s very heterogeneous, and undoubtedly has areas of
higher and lower reaistivity. But even if ow estimate is ofl by an order of
magnitude either way, the VLF depths would only be off by 10% and would still
be much greateér than the radar deptha. The USG5 radar depth of 385 m ia cloae
to our VLF depths. We conclude that the estimated depth of snow and fce in
the center of the basin exceeds 500 m. OQur maximum VLF depth is 575% m. These
ice depth measuwrements, coupled with the inferred, near-awface narrow rock
ridge (shown in Figure 3-3), are consistent wWith Spurr voloano having a major
sussit depresslon produced by a summit collapase eplacde which precesded the
formation of the present Mt. Spurr summit ocone. Both caldera collapse &nd
Ht. 3t. Helena-Lype sector collapse are possible mechanisas for producing the
observed sunmit depresaion. Geologic argumenta favaring the sector oollapse

mechanism are discussed In Chapbter 1,
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Chapter U4

Elegtrical Gecphyaical Surveys for Potential Ceocthermal Reservolra

on the South Side of Mt. Spurr, Alaska

by

Eugene M. Wesgotht, William Witte, Patrigla Moore and Donald L. Turner

SELF-FOTENTIAL SURVEY

Introduction

The firat reconnaissance electrical method used on the southeast llank of
Crater Peak was the self-potential , or spontanecus potential, methad of geo-
physical proapecting which involves measuring the electrical potential
(voltage difference) at points on the ground with respect te a reference
point. To minimize spuricus electrochemical voltages between the sopntacting
electrodes and the ground, nen=polarizing electrodes must be used. These
consist of & metel and one of Lts soluble salts in a concentrated soluticn
such that metal atoms may move reveraibly into solution from, or plate onto,
the metal electrode In response to an electric field. A copper electrode in a
savurated copper sulfate solution contained in a porous cup is the most common
electrode. A very high input impedance wvoltmeter is used to measure the
voltage bDetween electrode pairs.

The preferred measurement technique i3 to use a fixed electrode as a

reference point, and a long wire to a second eleotrode which is moved to



stations in a grid in the area to be surveyed. If a large area ia to be
suveyed, or the terrain or vegetation make the use of a long wire impracti-
cal, a palr of electrades with a shorter geparation may be leap-frogged arocund
the area to peasure the gradient. By summing the gradient a potential map or
profile can be produced.

Self-potential anomalles may be the reault of several natuwral and man-
made processes. Conduétive deposits of pyrite, pyrhotite, other sulfide
minerals, magnetite, covelite and graphite are known Lo generate self-
potential ancmalies which are almost always negative in polarity over the top
of the body. The condusting body i3 theorized to gerve as a path for elec—
trons from the reducing enviromment below the water table to the oxldizing
zone above. These anomalies are wawally confined to a few hundred meters in
width and about 100 oV {(millivelta) in amplitude. Buried well pipes and plpe-
lines also produce gself-potential anomalles by pipe corroslon.

Self-potential ancmalies that appear to be related to geothermal activity
have been reported from a considerable number of geothermal areas (Corwin and
Hoover, 1979). Anomzlies range from 50 to 2000 mV in amplitude over distances
of 100 @-10 ks. Their wave forma and polarities vary Wwidely. Steep gradienta
are often obzarved over the trace of faults which are thought to act as
conduits for thermal fluids. Hepublic Gecthermal (1983) reported 3 gelf-
potential anomalies near Makushin Voleano, Alaska of =600 mV, =500 mV and a
dipolar anomely of =+ 100 mV amplitude. Subsequent drilling on the =500 mv
anomaly confirmed its geothermal origin.

The flow of water through permeable fnnks produces charge separation, and
4 aignificant self-potential phenomencon called the electrokinetic effect.

This effect has been cited as the explanation for large anomalies over hot

zones. Zabloaki [1976) reported on the results of self-potential Field tests



in Kilauea, Hawali, and concluded that they were the single most useful
geophysi cel method for ldentifying and delineating thermal anomaliies. He
found positive potential differences as high as 1600 &V across diatances of a
kilometer or less over known fumarclic arezs and recent eruptive flasures.

Morrison et al. {1978} found that the wvoltage = pressure relationship in
the electrokinetic effect decreases with increasing salinity and increases
with temperatwre. For a zaline solution similar to the brine at the lmportant
geobthermal fleld at Cerro Prleto,  MeXleo, a pressure difference of 100 atmos-
pheres at 2U°C acrcss reservolir core samples would generate 4 maximus
potential of RO mV with the lower pressure slde positive with respect to the
high preagure side, As temperature increased, the potential increased to an
expected 200 =V at 300°C.

Temperature differences also produce self-potential anomaliea through
thermcelectrie ooupling (Morrizon et al., 1978). A typical coupling coef=-
ficient for sandstones 1s 0,000 mV/°C with the hot aide positive with respect
to the cold side. For a2 typlecal Cerro Prieto core and brine and a 300°C
témperature difference, 18 mV would be produced by the temperature effect
alone.

Potential differences can also be produced by differences in {onioc con-
gentrations in the formation fluidas amowntihg to about 25 mV per power of 10
concentration difference (5111, perscnal commwmication, 1982). This can be
gignificant i{f there are major lateral conocentraticn changes in the ground

waker.,



Self-Potential Survey

The area on the asouth flank of Mt. Spurr, specifically on the aouth aide
of Crater Peak, 13 essentially free of brush, and Wwe were able to use the long
wire technique from a fixed reference electrode to carry out the survey. Some
survey wWwork was done on the plateau to the east where the camp was located,
and we planned to tie to the main surwvey. However, It proved Lo be too diffi-
cult to traverse either the glacier or the canyon separating the two areas.
A3 the camp area survey was too limited to be significant, we present only the
Crater Peak data.

We set up a 100 m dipole in camp to continuously record tellwic cur-
renta. If the activity waas too high at daybreak, other activities than 5-F
were scheduled for the day. We used Fine copper magnet wire (32 or 34 gauge)
as the long wires. Positions of stations were determined from map and air
photcs and by use of pocket altimefers and pacing. Traverses either started
near the top of the area and ran downhill or contoured. Moat traverses tled
to previous traverses within 100 mV.

There was a very strong topographic effect (TE) in the self-potential
data. Using a least squares Cit, we found the TE £to be =151 oV/100 m elava-
tion change. TE has been well known to geophysiclats for more than T0 years
(Ernatson and Scherer, 1986). The explanation favored at this time is that
this effect i3 due to streaming potentials induced by meteorological effects
(Caigniard, 1656; Corwin and Hoover, 1979).

The apparent TE was much larger on surveys run on two low hills, 2895 and
2450, at the scuthwest and southesst corners of the flamk of Crater Peak,
reapectively. Although the height of the two hills is only 150-250 ft., the

TE was about 3700 mV/A00 m.



Resul ta

The 5-PF data were corrected for drift or non-zerc traverse ties and are
contowed at 100 mV intervals in Figure 4-1. The base line {zero contour) is
arbitrary. The heavier contour lines represent topography at 500 ft. inter-
vals,

There are several Iinteresting features. At the top a single traverse
atarting at SBO0 ft. elevation is very poaitive (+1450 mV). The upper point
is 0O ft. in elevation and 2500 ft. horizontally away from the hot lake and
fumarales in the crater, The steep posltive gradient could result from cipou-
lation associated with this obvicus heat source.

Near the 3500 ft. contour we found a +641 to -815 mV dipole anocmaly, with
800 ft. separation + to - peak. We would need more data in the area to fully
define the anomaly, as there {a a 2000 ft. gap between the present lines
defining the anomaly and the next east-weat line at about 4500 ft. eleva-
tion. Using & rough rule-of-thumb to estimate the depth of the source of the
anomaly as cne half the + to 3 peak separation, we would find 400 ft or 122 &
depth, which may be £1003 (Telford et al., 1976). Some geothermal areas with
circulation up along & Fault have a dipolar signature in the 5=P data (Corwin
and Hoower, 1979). As discussed later im this chapter, the dipolar ancmaly is
close to the controlled source audiomagnetotelluric site MY which gave low
and snallow resistivity values.

There are several negative anomal ies; one north-porthwest and two north-
east of the dipole anomaly, the largest a -T00 mV about 2500 ft. to the north-
east., These may be as aignificant as the dipole anomaly. Agein, a more
detailed 5-P survey with more traverse lines would be needed to better define
the ahape of the anomalies. The present suggested size from the contouring

would give a similar depth a3 the dipole.
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Figurs 4=1.

Map of area southeast of Crater Peak showing contours of equi-sell-potential (light
conktoura) and topography at 500' [nterwvals (heavy contoural. Large + and - slgna
indicate the polarity of anomalieéa. Nokte the Linedr patteérn of tWo poaltive and three
negatlve anomalies at about 3500 ft. elevation {ncluding a +641 to -815 dipole.

L=6



There 1a a very interesting linear northeast alignment of poaitive and
negative anomalies Including the dipole about along the 3500 ft. contour. The
hot apring discussed in Chapter 1 lies on the southwest end of that align=-
mant. Anaother wery profound 5-P anomaly ia located oan hill 2450 at the socuth-
esst corner of the survey area (Figure 4=1)}. There {3 a +1000 mV peak,
dropping off to over -1000 mV to the scutheast. The significance of this
anomaly 13 somewhat uncertaln because of the extreme TE apparent in the
date. It ls possible that the hydraullic circulation responsible for the TE ia
complex, and that very high near-surface resiativity amplifies the effect.

Yet a 2000 mV anomaly is hard to dismiss offhand. As will be discussed below,
the CSAMT resistivity measurement on the hill shows a very low resistivity

zone about 1 km beneath the hill. :

DEEP ELECTRICAL RESISTIVITY MEASUREMENTS

Introduction

The second, deeper method used was the controlled source audiomagneto-
telluric (CSAMT) method. Geothermal reservoirs can often be detected by
measuring the electriecal resistivity va. depth from the swface. Thizs iz dus
to the fact that the reaistivity of geothermal reservoirs is usually signifi-
cantly lower than the resistivities of swrounding formations. The resls-
tivity tends to be lower for two reasons: 1) resistivity of the water filling
the pore spaces of the reservoir rock decreases with increasing temperature,
and, 2) the hot water iz able to dissclve more minerals than normal tempera-

ture ground water.
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Explanation of the CSAMT Method

Caigniard (1953) provided the basis for the pnagnetotelluric method of
investigating resistivity va. depth. Natural variationa in the earth's
magnetlio fleld called mioropulzations cauwse electrle current to flow In the
ground. By measuring the magnetic and perpendicular electric fields at the
garth'a surface at a wide range of frequencies, the apparent realstivity vs.

2
where N ls the apparent resis-

E
frequenay dan be calcul ated: - ;%1 ﬁi
¥
tivity in Q-m, f 12 the frequency in Hertz (cycles per second), E, is the

electric fleld in mV/km and H, is the magnetic fleld variation in gammas. The

¥
phase angle ¢ between E, and H:|Ir is also measured to provide a curve of ¢ va.
frequency. Calgnlard (1953) showed that For an earth approximated by horl-
zontal layera 1t was possible to Interpret the apparent resfistivity va,
frequency and phase angle wva. fregquency curﬁaa in terma af true realistivity
va. depth. The depth of penetration of the magnetic and telluric waves depends
upon frequency and resiztivity, and 12 called the akin depth = 503 HEF? (m}
or 1650 ¥p/F (ft) where p is the earth's resistivity in @-m and f is the

frequency in He. Table 8=1 shows the akim depth {n £t va. frequency and

reaslativity.
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Table U-=1
Skin Depth In Ft., Realativity im f=m

fiuz) 5 10 20 4g a0 160 320 G40 1280
1 | | | | | | | |
256 | 230 | 35| we2| 653 | 922 | 1305 | 1843 | 2668 | 3681
126 | 325 | we2 | 653 | ge2| 1305 ) 1843 | 2608 | 3687 | s218
G4 | 462 | €53 ] 922 | 1305 | 1843 | 2608 | 3687 | s5218 | TITT
32 | 653 | 922 | 1305 | 1843 | 2608 | 368T | 5218 | T3TT | 10434
16 | 922 | 1305 | 1843 | 2608 | 3687 | S218 | 7377 | 10434 | 14757
8 | 1308 | 1843 | 2608 | 3687 | 5218 | TITT | 10434 | 14757 | 20867
4 | 1843 | 2608 | 3687 | sS218 | T3ITT | 10434 | 14757 | 20867 | 29513
2 | 2608 | 3687 | sS218 | 73ITT | 10434 | 14757 | 20867 | 29513 | 1738
1 | 3687 | S218 | T3ITT | 10434 | 14757 | 20867 | 29513 | 41738 |
.5 | s218 | 7377 | 10438 | 14757 | 20867 | 29513 | 81738 | |
25 | 7377 | 10434 | 14TST | 20867 | 29513 | 41738 | | |
125 | 10438 | 14757 | 20867 | 29513 | w1738 | | | |
I | | | |

.0625 [1375T7 | 20867 | 29513 | w1738

The frequencies used in Table 4=1 are in the awdio range and a little lower.
Skin depths of at least 40,000 rt are possible with natural audiomagnetotel-
luric soundings.

dne drawback to the magnetotelluric method 1= that the natural aignals of
the earth's field are used, and long recording pericods are often neceasary to
derive good apparent reafativity and phase curves because natural signals are
unprediotable in strength and direction. In the controlled-zource techni gue
this problem is eliminated by ualng a grounddd electrie dipole as a signal
source. Goldstein and Strangway {TBTE]I showed that 1if the grounded dipole
ocurrent transmitter was at & horiZontal distance of greater than three skin
depths from the E and H receliver, the conventional magnetotelluric interprata-

tions could be applied.
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In the CSAMT technique & single frequency 13 transmitted until sufficient
cycles are recelved to measure E. and Hf with satiafactory aigal-to-nolse
ratics. The measurements are repeated at a rangs of frequencies. The
recel ver ayatem consists of & palr of non=-palarizable electrodes at a dipole
spacing "a® orlented parallel to the transmitter dipole to measure E:l:' and
usually an induction coll oriented perpendicular to the tranamitter dipole to
measure H,.

Scme assets of CSAMT measurements are: 1) it {3 a good buried conductor
detector; 2) it has excellent lateral resolution (limited only by the receiver
"a" apacing), good depth of penetration and relatively fast survey speed;

3) apparent reaistivity and phase are calculated in real time so that results
ocan be seen in the fleld during the survey; and 4) Crequency-domaln-type
filtering can be used for optimum noise rejection. Same disadvantages are;

1)} effects of resistivity anomalies in the viecinity of the transmitter may be
seen; 2) effects of transition from the near fleld (0 < 3 skin deptha) to the
far field (D > 3 akin deptha)} must be carefully removed from the analysis and;
3) modelling cannot alwWways duplicate fleld resulta in intensity and sharpneas,
eapaclially in the case of burled three-dimensional bodies.

Data from a CSAMT survey may be taken from a serles of atations along a
line, and simply plotted as apparent resistivity with horizontal distance and
with frequency as inverse depth to produce a CSAMT peseudc—section. Although
the depth scale is only approximate, it i3 often posaible to interpret atruc-
turea, plck out conduckting Zones, and delineate horlzontal resistivity changes
directly. Beatick {(1977) presented an algorithm for Lnverting the apparent
resistivity and phase va. frequency curves tc approximate reslativity va,
depth, His algorithe written as a hand-held caloculator program by Campbell

(1931} can be used to convert the apparent resiativity-rreguency pseudo—

R-10



sgctlon to an approximate reaistivity section. The Bostick-produced seotiona
are only approximate, but offer a better ldea of the reaistivity structuras
than the raw pseudo—sestlen, and ecan be uwaed az a atarting point Ln more
sophisticated data reduction programs.

Ancther method for the lnversion of magnetotelluric frequenocy sounding
data i3 incorporated in Program IMSLPW (Anderson, 1979}, of the USGS. This
program utilizes a monlinear least squares sub-progras for the inveraion of
impedance veraus frequancy to realativity versus layer depth. The program
produces & more refined subsurface model than the Boatick program but the two
results should generally ocinclide. Fresently, over half of the twenty-four
CSAMT aites have been modelled successfully. When the reat are completed,
they will form the basis of a master's thesls. The IMSLPW models agree Iin
general with the Bostiok modela. Figure 4-2 shows = comparison at alte 3.
Sinea the TMSLPW modelling [a lncomplete, wée have uséed only the Bostick modala
in the CSAMT resistivity contour profiles. .

A third program that ocanm act as a check on IMSLFW or Bostick ouktput is
the program EMFINY [ Anderson, 1977). This program computes the magnetic and
electric flelds about a finite horizontal electric wire source over stratified
ground. By entering our modelled data, consisting of resistivities versus
layer depths, «& can compare the output of magnetie and electric componenta ko
our original impedance data. This can be accompliahed by caloulating the
ratios of electric to magnetic field strengtha to find the wave [mpedances.
The calculated wave impedances can be compared to the criginal impedance data

to produce the beat fit subswrface model.
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Plot of resistivity versus depth
for two inversion methoda.
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The CZAMT Survey

The aguipment used econsisted of a 20 ampere Ceotronlos FT-20A transmitter
powered by a Zonge 30 XKVA 400 eycle generator, and controlled by a Zonge
Englneering cryatal transmitter controller. Tha EH and "3 gignala werse
recorded by a Zonge Englnearing CDF-12 recelver. The electric field [Ex} Was
measured across grounded dipoles of elther 328 rt. (100 m) or 656 rt. (200 m),
while the H: signal was detected with a Zonge high-mu-oored coll of 80,000
turns. The GDP-12 receiver lnoorporates a computer which converts tha analog
aignals to digital, atacks and averages theas ajgnala, and then computes the
apparent reslstivity and phase angle between E and H. The poasible freguen-
cles transmitted are 256, 128, 64, 16, B, 4, 2, 1, 172, /4, 1/8, 1/16, 1/32,
1/60 and 1/128 Hz. In our survey we usually only went as high as &4 Hz to
congerve the tranamitter.

Tha firat tranamitting dlpﬂlﬂ Was located on 4 nearly flat plateau at
about 2100 rt. elevation located § km northeast of the terminus of 3traight
Cr. glacier. It was 2.4 km long oriented HZ20°W (Plate 6-1). Great efforts
ware taken to achieve low reaistance alectrode arraya. At each end about 30
metal stakes were driven 3 ft. into the ground. The ground around each stake
was saturated with saltwvater. A 10 ft. piece of aluminue foil was buried in a
trench dug into avampy ground and well salted. Qesplite thess afforts, only
8 amperes could be achieved with the transmitting system. Using this dipole,
tan CSAMT atatlons were measured, ranging from T to 13 km distance. Tellurlo
current actlivity and afterncon thunderstorm aferics nacessitated long runs at
moat low frequencies for szufficlient signal atacking.

Hine atations were scatbered widely to the east of the canyon separating

the camp and the Crater Peak flank where the 5-P data were obtalned. Statlon



10 was located just north of hill 2850 with the #1000 mV anomaly at the south-
gast end of the 2-P aurvey.

The zecond CSAMT tranamitter dipole was located on a silty rlver delta 1in
Seec. T T13N, R1TW, about 10 km west of the Crater Peak aurvey area. It was
1.8 km long, orlented at H15°W. The saturated silt of the delta provided low
contact realstance, and 20 amperas were 2aslly tranamitted. Fourtesn more
sites were ocoupied, ranging in distance frem 4.25 to 18 km from the
tranamitter. Three sites were ocoupied in sectionzs 9 and 10 TI3N, RITW 1n the
alder flata just sast of the Barrier Qlacier near where a geothermal lease
section was located. Ten altes were on the acutheast alope af Crater Peak,
and one was a re-pocupation of aite 4 in the marah below VABM Chaka.

Except for the last day when station 28 was ooccupied 18 km from the
tranamitting dipole, tellurics and aferlics provad troublesome, necessitating
long stacks and repeats of runs. According to Goldatein and Strangway L1975),
the CSAMT method is valid when the transmitter is at least 3 skin deptha away
from the receiver. In our case, we ahould nave been able to investigate to a
skin depth of up to & km. Howewer, at all atations there waa evidence of a
much shallower limit. In theory the phase difference between E: and H_lll should
be a positive value between 0 and 30*. A3 we found in nearly every case, the
phase became negative or greater than 90% at freguencies below about 1 Hz. It
is likely that this s due to tranamitter overprint. When the conductivity
structure in the vicinity of the tranamitter is appreciably different from the
recalver area, this will distort the recelved E and H. In fact, the geclogy
of both transmitter sites was different from the receiver sites, and probably
agopunts for theé reduced depth limit.

The data were recorded in the field on a Zonge paper printer, then E,

veraus ), HF veraus [, versua f and ¢ versus £ were all plotted. From
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these plots, spurious values were removed, and the average ar beat value
atatistically for multiple runa at one frequency wWere chosen to result in a
asmoath curve for inveraion to resistivity weraus depth. We uwaed an improved
Boatiok algorithm (Jonea and Foater, 1983). The improved transformation which
glvea a cloaer approximation to the true reailstivity versus depth was pro-
grammed on an HPTIE for computation of data im the field. Two modala of
resistivity versus depth are caloulated. One uses only the apparent reafs-
tivity wvaluss and differences between frequencles, the as galled Ap method,
and the second usss the apparent reslstivity and the phase, the aso called p-4
method. Usually the two models agree in general with some differencea. From
the individual plots p{f) and 4(f) we found that the phass was subject to more
variationa, 30 we gave more welght to the Ap models when the two did not

agree.

Aeaulta

Flate 6-1 showa the twanty-four sample sites. Most of them can be repre-
sented along 5 profiles shown in Figures &-3 to B-T. Profile A-A' ahows Ehe
interpreted reslstivity versus depth from the rim of Crater Feak to hill 2850
along with the self-potential data on a roughly parallel profile., Theare ia a
discontinuous wvery low resistivity zone {less than 5 G-=z) under stationa 14,
1T, 22, 11 and 15. The uphill edge of the zone near atation 18 correaponds to
the large dipole anomaly in the self-potentlal data, and the zone under hill
2450 correaponds with the large 5-P anomaly there. The low reaistivity zone
under station 14 i3 shallow {about 2000 ft.) and nearly the lowest (2.08 g-m)
of any discovered in the survey. Frofile B~B' 1s nearly perpendicular to A-A'

running west from atation T4 to 23. The low resistivity zone appears at about
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Figure 8-T. Cross sectlon E-E' (see Plate b-1) showing the CSAMT reaistivity
data. There 13 a low rt:latLvlty one over a very high
resiativity basement, probably composed of granite.



1650 ft. under station 23 not far from the %0°C hot apring discovered in the
canyan. The reaistivity.innreasea with depth beneath the low resistivity
layer.

Profile C-C', oriented northwest-southesat also ashows a discontinuous
zone of less than 5 §-m at depths ranging from 2360 to 3125 ft. This zone may
be fairly narrow a3 indicated by profile D-D" nearly perpendicular ta C-CV,
where only statlion 9 and perhaps T show the low resiativity zone, but the
coverage 1ls insufficient to meke a firm comclusion. It iz completely absent
in data from atations B and 4.

Threee atations, 19=21, were occupied to the west in sections 9 and 10 and
shown as profile E-E' in Figure 4=T. The general character of the CSAMT p
veraus [ was guite different in these data compared to those in the rest of
the survey. The shalloweat data at o8 Hz are falrly low reslativity, 5.5 to
29 fi-m, but very deep for that Crequency, about 2500 ft. At lower frequenciles
tand deptha) the resistivity increased very rapidly to essentially infinity.
The great depth at &4 Hz implies high reaistivity from the asurface on down to
some depth less than 2500 ft. where the resiativity {a much lower. Within a
few hundred feet below the low resistivity zone there 1s & contact with very
much higher reaiativity material. Az the mountains to the immediate acuth of
the Chakachatna River are granite, we auggest that the basement rocks under
profile E-E' are also granite (Plate 1-1). The high realstivity from the
gurface down iz alluvium from south-flowing atreams and the Chakschatna River,

but whether this accounts for the full 2500 cannot be determined.

=21



Conclusions

The two electrical methods uaed, self-potential and CSAMT have revealed
some slgnificant anomalies. By necessity, both were conducted as reconnais-
sance aurveys to locate areas of intereat, which could be explored in much
more detail if warranted.

The CSAMT data have reavealed a discontinuows, very low reasistivity layer
an the saoutheaat flank of Crater Peak. It has a salope roughly parallti 4]
that projected for the ancestral Spurr stratocone. Its upalope termination
near station 14 correaponds to & large 5-F dipole anomaly. The 5-F data ahow
an interesting northeaat alignment of anomalies at about the 3500 ft. level
colneident with the upalope termination of the low reaistivity zone and with
the upslope termination of helium anomalies discussed in Chapter 5. The 40°C
hot aprimg In the canyon at the weat slde of the area is on the extensaion of
the line of 5-F anomalies.

The large 5-F anomaly under hill 2450 i3 .also underlain by a low resias-
tivity zone of leas than 1 -m resaiativity. A perhaps narrow low resistivikty
zone underlies stations 1, 2, 9 and § i{n section C=C'. WNo 5-P surveying was
done 1in that area.

Figure 8-8 presents the CSAMT profllea as a fence dlagram to ahow the
relationship of the low resiativity zZones to the tapagraphy and to each
other. There are no data betwean the two southeast-trending profiles AA' and
CCP. So it 13 quite posalible that the Ewo low resiativity zonea are con-
nected, The possible sources of this zone are discussed in Chapter 6.

In Chapter 6 we have compared all the evidence, inmcluding the electrical
geophyaical, the helium and mercury asil survey and the geoclogical to suggeat

prime areas for geothermal energy resocurces.



‘dem seeq oyydedBodoy & uo B¥0OTqQ @cea] pue selijosd Jo suo|iecof

JoJ |-g 23Eld e85 ‘UCTIRABTD *1J Q00L- EF BUIT 9@ CUMOYE OETE @JE &@jJEpuncg
HooTq asea] [ewdsyjoed ajE3s 8UL “NoR[q Uf UMOYUR 7 (-0 § umy} EE8T) A3TATIE)Ead
Aol AJaa Jo suoz eyl *,30 Pue .00 ".gg ".vY saTiJodd Jo seaniea A1ATIEIESJ
paJnoiuod JHYS] 83 Jo Beade|p sous] BROR-aU0-01-8uc * TRUGTEUDNE| D -20J]

"g-h @JnF1g

BEREEREEE

§-23%



REFERENCES

Anderaon, Walter L., 1977, Electromagnetic flelds about a fimnlte electric wire
gource, Computer Frogram, National Technical Information Service Report

PE-238-199, 205 pp.

Anderson, Walter L., 1979, Inveraion of MT/AMT plane wave frequency scundings,

Computer Program, USGS Open-File Report T9-586, 3T pp.

Bostick, F. Xu«i 1977, A aimple almost exact method of MT analysia, in Ward,
3: Hsy ed., Workshop on Electrical Methoda in Geothermal Exploratlon:

Univ. of Utah, Salt Lake City, UT, 84112, p. 175-183.

Calgniard, L., 1953, Basic¢c theory of the magneto-telluric method of geophysi-

eal prospecting, Geophysiea 1H{3), p. GO0S5-635,

Caigniard, L., 1956, Electricité tellurique, in Encyelopedia of phyales XLVII,

Geaphysics I: Springer.

Campbell, D. L., 1981, MT inversion (Bostick's Algorithm) calculator program
EM-B. In: Manual of Ceophyaical Hand-Calculator Programa, Soclety of

Exploration Geophysicists, HP Volume, p. 1-8.

corwin, R. F. and D. B. Hoover, 1979, The self potential method in geothermal

exploration, Geophysies, B8, 226-285.

h-214



Ernatson, K. and H. Ulrich Scherer, 1986, Self-potential variations with time
and their relation to hydrogeclogic and meteorological parameters,

Geophyvsiea 51010}, 1967-1977.

Goldatein, M. A. and D. W. Strangway, 1975%, Audio-frequency magnetotellurica

with a grounded electric dipole source, Qeophyalos Vol. 30 (4}, p. £699-

683.

Jonea, A. G. and J. H. Foater, 1983, An objective real-time data adaptive
technique for efficient in-rleld sodel resolution Improvement in magneto-
telluric studies, extended abstract of paper presented at 1983 Society of

Exploration Geophysloa meeting, Laa'?agaa.

Morrison, H. F., K. F. Corwin, G. de Moully and.n. burand, 1978, Zesmi-annual
technical progress report, contract 14-08-0001-16586, Univ. of
California, Berkeley.

Republie Geothermal, 1983, Unalaska Geothermal Project, Phase 1B Final Report

for the Alaska Power ARuthority, 1:67-TO.

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

Gecphysics, Cambridge University Press, New York, 458-4E6.

Zabloskl, C. J.«, 197&, Mapping thermal anomalies on an active wvolcano by the
aelf-potential method, Kilauea, Hawai{l, Proc, 2nd U.N. Symposium on
Developmant and Use of Geocthermal RAesources, San Franciasco, CA, U.5.

Government Printing Offlce, Washingtonm DC 2:1299-1309.

§=-25



Chapter %

Merowry and Helium 3cll Surwveys at Mt. Spurr, Alaska

by

Donald L. Turner, Eugens M. Wescott and David Bratt

HERCURY SURVEY

Introduction

Mercury (Hg) is a highly volatile element found in mest rocks in amall
concentrations. Itz high vapor pressure mekes it extremely mobile, and the
elevated temperatures near a geothermal reservolr increase this mebility.
During the rise of geothermal hot water from deep levela, a vapar phase
(normally COs=rich) wWill start to exolve and Hg will partition Inmto this vapar
phase (Varekamp and Busek, 1983). Therefore, an Hg aurecle develops above the
zone of rising hot water. Such aurecles are typlcally much larger in area
than a corresponding helium anomaly. Volatilized Hg is extremely mobile, and
is known Lo have penetrated at 1eaﬂtl aeveral hundred meters (about 1000 ft) of
rock overlying base metal ore deposits (McNerney and Buseck, 1975).

Mercury content in sclls has been reported as a geothermal resgurge
indigator by aeveral workera. Matlick and Buseck (1975) confirmed a atrong
association of mercury with geothermal activity in three of four areas tested
(Long Valley, California; Summer Lake and Klamath Falla, COregon). Using the

Hg concentrations in the A hoerlzon of solls on & 1.6 km apecing interval, they



found broad HE anomalies ocutlining the geothermal areas. Phelpas and Buseck
(1978) also found broad Hg soll anomalles [n two other geothermal areas,
Yellowstone and Coso Springs, California. Capuanc and Bamford (1978) used
close—spaced btraverses across the Roomevelt Hot Springs, Utah, Kndwn
Geothermel Rescurce Area (KGRA) to define structures controlling fluld flow
and to delineate areas of near-surface thermal activity. Landress and Klusman
(1977) also confirmed that anomalous Hg concentratlions were found in A and B
soll horlzons In geothermal areas. Wescott et al. {(1981) found very good
correlation between sell Hg and nle;l'ate:l ground temperatures at Chema Hot
Springs, Alaska. Wescott (1981) also investigated soil Hg content vs ground
temperatwre at %.5 m depth at the Pilgrim Springa, Alaska KGRA. Esst (1982)
found good correlation between elevated temperatures and ao0ll Hg at HManley Hot
Springa, Alaska. Republie Geothermal, 1983, used anomalous Hg concentrations
in the B=1 moll horlizon on Unalaska Island, Aleska to succesafully alte &
geothermal well. These results ahow that mercury soll surveys are a very
useful technique for geothermal exploration.

Fang {1978) has shown that meroury ocan be captured by adsorption ocn clay
minerals, by adsorption on iron and manganese oxides and by reactions with .
organic materials, The process of HE soll enrichment {as a dynamic process.
Revelatilization and biogenic uptake with subsequent wolatilization will
remove Hg l"rnm- the apll continuouwaly. A steady-state system will be preasant
after an initial period of non—equilibrium {Varenkamp and Busaek, 1983). Thia
process of continuous Mg loss has enabled these workers to distinguish between
areas of old and current hydrothermal activity. They ]'I.EI'I"H- dotimented several
cases where Zones of fosail hot apring activity lack Hg enrichments, whereas
aotive zones zre enriched in Hg. They have conoluded that adsorbed or

organieally bound Hg will be lost to the atmosphere, possibly within a few

decades after the ceasation of hydrothermal activity.
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Sampling and Analytical Methods

Ge_uatnemal HE i3 usually concentrated in one or more of the scll profile
layers. The optimum depth of soil sampling 18 usually determined by
collecting and analyzing scila from three different aoll horizoms (A-3, B-1,
C-1) at the same location {(Republic Cecthermal, 1983). FHRepublic geologista
found that the B-1 layer was the beat sampling horizon on Makushin Voleans,
Alaska. The A-3 521l horlzon containa an arganle-rich material which causzes
analytical Interference and, on Makushin, the C-1 horizon occurrs at
unreasonable sampling depths (greater than 3 feet).

It was nmob posalble to sample a uniform 801l horlzon im the Wt. Spurr
survey, due to the numerous tephra deposita that blanket the area. However,
thin solls were developed in some areas and these were sampled where
posaible. Our sampling procedure was to dig a 2-foot plt with a showvel and to
sample the deepest soil level present. If no s0il layer was present, a tephra
sample was collected from the 2-foot depth. We were initially concerned about
possible sampling blias caused by this technique. In order to evaluate this
poaaible sampling problem, we plotted all measured HE values agalnst sample
depth. This plot showed no correlation, suggesting that warlable sampling
depth did not cause a significant sampling bias.

Individual samples were collected in ziplock plastic bags, dried on paper
towela in the ahade, and sieved td <80 meah aize. The <B0 mesh samples were
then stored in sealed glass vials wntll snalyzed. All samplea were analyZed
with a Jerome [nstruments model 301 én&rv.‘:u:":.r detector which uses a thin gold
film technique. This instrument has a sensitivity of one part per billicn
(ppbl}. The instrument was calibrated with known volumes of air saturated with

Hg wvapor at measured amblent temperature.
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Reaulta of the Mt. Spurr Mercury Survey

Two hundred and two aoll and tephra samples were taken at 189 statlons on
the south aide of Mt. Spurr, primarily in the acceasible areas above the
extensive alder cover. The flanks of Crater Peak were sampled Iintensively.
Freliminary analyses were performed In the Fleld and the presence of
anomaloualy high HE values was initially used to direct other survey
activities. All samples werw later analyzed in the laboratory using the same
fnatrument. Valuea ranged from essentially zero to 159 ppb, except at the
Crater Peak fumarole fleld, where extremely high values excesding the upper
meaaurement limits of the {natrument were found.

Thera ia no "atandarsd" background value for soll serdury. An appropriate
background value must be determined for each survey area based on widespread
sample measuremants, Figure 5-1 18 a histogram of the mercury valuea. The
mode of theas values [a ¥ ppb and background was eatimated to be 5 ppb.

Plate 5-1 shows the map distributicn of mercury values plotted as 2, 4, 8 and
16 times background. Except for samples at Crater Peak and near the Mt. Spurr
summit, all of the highest values (»*8 x background) are located on the tephra
apron that forma the south slope of Crater Peak. Numerous background and
relatively low-level samples are also located inm this same area (Plate 5-1),
indicating that the entire tephra blanket {3 not uniformly high in mercury.

The presence of extremely high values (off-scale on our instpument) at
the Crater Peak fumarole fleld, together with a value of 159 ppb from a tephra
sample at the south rim of Crater Peak (higheat non-fusarole value measured in
the survey), indicate that the Crater Peak vent {a presently a major source of
maréury. This might be conaldered to cause a serious problem for the

interpretation of our aurvey results in that a significant number of the high
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meroury ¥alues in the area could possibly represent high Hg content tephras
deposited by Crater Peak eruptiona. IF 5o, these values would not Be walld
indicators of Hg rising to the swface above & geothermal heat sowrce located
below the sample locality. However, the expected temperatures for basaltie
tephra-forming eruptions are on the order of BOO=-1200°C, and any meroury
prasent during an aruption would eertainly be wolatilized at much lower
temperatures than these.

The fact that other geothermal indicators (heliws, self-potential and
CSAMT anomalles discussed in subsequent aections) are alac present {n the same
area together with numerous background HE walues, auggeata that the mercury

anomalies are caused by geothermal sources at depth.

i HELIUM SURVEY

Characteristics and Sources of Helium

An extensive dlacua.;iﬂn of helium surveying as a geothermal exploration
method is given in Wescott and Turner (1985). Accordingly, only & brief
review of the method 1a glven In this report.

Helium is the second lightest known element with a density of 0.13B1
grams/liter [(hydrogen 1s 0.089% and air 1z 1). It has a molegular and atomic
weight of 4 and [s an inert, elemental gas with no known chemical compounds,
Helium's low solubility in cold water, monatcmic molecular structure, low
crogs-aectlon capture @elfficient, extremely llight welght, chemical inertneas
and high diffusivity give it a unique advantage over other geochesmical trace
elements in that helium will always migrate from ita sowce to the surface of

the earth.



Helium iz steadlly generated by radicactive elements In rocks and
minerala. Thia oecurs when alpha particles (released by decay in the uranium
and thorium [sotope series) capture two electrons to form atoms of inert
helium. Other souwrces of helium on earth, such as those due to primordial
accumulations, cosmic radiation, meteorites, radicactive tritium decay, etc.,
do not contribute aignificantly to the total annuwal production.

Helium production differs conalderably in different rock types due to
variable uranium and thorium content. Hellum loss to the atmoaphere {8 only
about five percent of its rate of production, Indiecating that moat of the
helium produced I3 trapped within the earth in various waya. Hellium movement
through the geologle colump i3 & complex combination of Fluid tranaport and
gaseous diffusien. Studiesa have ahown that the distance heliium mowes by
diffusion is several orders of magnitude smaller than the distance moved in
equal time by fluld trensport.

Helium is very unusual inm that 1ts selublility in water increases with
tm;:perat.m*a above 30°C (Mazor, 19T72). In a gecthermal system, preéssurized hot
water Will therefore be a vepy efficient scavenger of hellium prodused by
radiosct]|ve decay of uanium and thoriuws contained in the rocks at depth.
This acavenged helium will be releassd as the heated water rises towarda the
aurface, ooals and depresaurizes. Since helium is highly mobile it will seek
faults, fractures and pore spaces to rise to the surface above the geothermal
ayatem. The abllity of helium to migrate away from its ultimate source of
radioactive rocks and to accompany geothermal systems provides a convenlent
geochemical tracer. In fact, it appears that helium might even be oonaidered
a direct indicator for geothermal reservoirs since elevated levels of helium

are abserved at most geothermal aites.



Exploration Techniques

Helium surveys have been developed and perfected as a time-and-oost-
effective geothermal exploration method. The abllity of helium to migrate
long distances through the geclogle column creates anomalles which can be
defined by water, soil and soll gas sampling. Helium aurveys provide a rapid
gampling technique that can be used with minimm effort and at relatively low
cost. GSamples can be eollected as water, =o0il or soll gas and then analyzed
for helivm to better than 10 parts per billion in the gaseous sample by masa
spectrometry. It is this precise analytical capabllity that only recently has
permitted helium to be wtilized as an effective trage element i{n geothermal
exploration.

Due to helium's abllity to escape from a gecthermal system at depth,
anomalies will be noted above fractwres sonnected to the gesothermal
reservoir. In some cases this may be the only identifiable geochemical
indiecator, aince precipitated caleite and silica may have effectively sealed
the reservalr and prevented heavler elementa from resching the aurface.
Although there may be an actlive reservolr at depth, near-surface Lemperature
anomal ies may be slight or even nonexistent. Positive temperature anomalies
Will usually coinoide with helium amomalies; although there may be some
cf fsat. This 1s a very algnificant correlaticn and glves the geothermal
explorationist an additicnal methed Wwith which to define cpiimum drill aites
for reservolr confirmation.

Regional helium surveys generally reqguire a sample denaity of one ko five
gsamples per aquare mile, Detaliled exploration is wsually conducted with a 0.1
mile grid spacing, which can be followed up with sample spacing of 50 to
100 ft Ln the most andmalous Zonea. If an elongate reservolr i3 expected

fauch a3 & prift or parallel fault/fracture Zone) the grid can be modified

agoardingly.
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Sampling Methods and Analytical Prooedures

Figure 5=2 (after Pogoraki and Quirt, 1937) illustrates how helium coours
in scil, and indicates varlous ways it can be sampled. We sampled the soll
and tephra layers in the Mt. Spurr area by digging a 2-ft pit with a showel,
oollecting the lowest exposed soll or silt-to-sand size tephra layer from the
aide of the plt, removing any pebbles or larger size rogk fragments, and
hermetically sealing the sample in & special aluminum container. The station
barometric pressure, alr and soil temperatures and sample depth were recorded
at each station. The samples were shipped to Chemical Projects Ltd., Toronto,

Canada, for mass spectrometric analysis of helium and hydrocarbon gassea.

Helium Survey Reaults

Fifty-asven sasples wareé collected. A full report and a preliminarcy
interpretation of all analytical reaulis are given in the report produced Dy
Chemical Projects Ltd. which 18 included as Appendix 4 to this report. In
this chapter we will address only the main results and interpretation of this
WOr kK .

The sample population can be divided into three groups:

Oroup 1 = B0 soil samples (samples in which the micropores contain & gas

phaze)

Group 2 - 16 mud samples (soll samplea in which the microporea are completely

filled with water)



Helium in crystal lattice of soil grain

Halium in macre or intercrumb pore

( Sampled with soll gas probe
or collector)

Water film on soil grain *
[ Sampled by ta2king soil sample )

Halivm in micra or erumb pore
(Sampled by taking soil sample)

um in bubbla

[ Sampled by taking soil or
water sample)

alium dizsalved in water

[Sampled by taking soll er
walar SIMﬁFl]

Flgure 5-2. Schematic diagram showing how helium cooura in aoil. From
Pogoraki and Quirt (1981).
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Group 3 - 1 water sample (2 sample of water collected from a free-flowing warm

apring)

The rirat two groups of samples have been treated atatliatically as
geparate groups. Each of these two groupas has i{ts characteristic range of
helium and hydrocarbon ¥alues. The individual helium and hydrocarbon values
are comparable within each specific group but not outaide of a given group.

In order to compare helium levels in soill and mud, the data are presented an
Flate 5-2 in terms of atandard deviations above the background mean.

The mean value of helium in the background population ia 5.47 ppa for the
soll samples and 9.32 ppm for the pud samples. These values are glightly
higher than normal helium background levels. The higher background wvalues
indicate that the sampling grid was not large enocugh to fully extend beyond
the anomalous aress. The range of helium values in the soll samplea wvarles
from 1.37 to 12.8B ppm and in the mud samples from 6.66 to 39.5 ppm. The mean
bpckground value of methane {3 117.5 units (oo gas at NTP/gram of s0il) for
the zo0il samples and 9.42 units for the mud samples. The range of methane
values In the soll aamples varies from 60 to 4480 units and in the mud samples
from 2 Eo 931 units. These methane values are within the range of methane
levels which can be generated close to the swface by biogenic activity
{Pogorski, Appendix A).

A number of samples contain low concentrations of hydrocarbons of the C,
and Cy series. The two lowest values of helium observed (1.37 and 3.51 ppm)
are probably due to the depressing effect af hydrocarbon emanations {n the
ground. It [a likely that these emanations exeeed the rate of the helium [lux
at the above stationa. The water sample collected from the warm apring in the

valley below Crater Peak has a low helfium value (4.12 ppm) and a low methane



value of 34 units. This low helium value may have resulted either from helium
and hydrocarbons escaping prior to sample oollection or because the water flow
rate was greater than the helium emanation rate [Pogorski, Appendix A).

Plate 5-2 shows a general concentration of anomalowsly high helium values
on the south alope of Crater Peak, several acattered high wvalues to the east,
and one high value about 4 km west of the Crater Peak south alope anomaly
area. With very few exceptions, high hellum values are coincldent with high
merouwry values (Plate 5-1), lending support to the hypotheais that these
ocoinoident anomalies have a geothermal souroe.

We wish to draw particular attention to the NE-trending boundary formed
by the northermmost anomalous helium values located on the south alope of
Crater Peak. HNorthwest of this ®line" all helium valuea are leaa than 1
astandard deviation above Background. The bBoundary line ccécurs near the major
slope break of the Crater Peak cone. This boundary line also appears to be
related to significant features found in our aself-potential and CSAMT surveys
diascusaed in Chapter 8. The juxtaposition of all of theae different types afl
anomalies and thelr significance for geothermal resource assessment will be

discusased in Chapter 6.
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Chapter 6

Summary and Conclusions of the Mt. Spurr, Alaska,

Geothermal Energy Assesament Praject

oy

Donald L. Turner and Eugene M. Wescobtt

Spurr woleano ls a compoalte Quaternary cone of largely andesitic
composition located on the weat side of Cook Inlet about BO miles west of
gnchorage &nd about B0 miles from the Beluga electrical tranamisalon line
(Filgure 1-1}). The south side of the Spurr cone has been breached. A small,
Holocene, composite cone, Crater Peak, octuples the breach (Fligure 1-2). The
upper part of the original volcano i3 ne longer present. The upper part of
the mountalin {3 & 4.5 km-diameter, snow-and-ice-filled baain, believed by some
previous workers to possibly represent & caldera (Figure 1-2). 0w VLF
resistivity surveya indicate that snow-and-ice depth exceeds S00 m in the
deepest parts of the basin, & finding that {5 consistent with the Idea that
the top of the ocriginal wolceno has collapsed. The center of thia summit
dapreasaion is ocecupled by the =small, Holocene, summit cone of ME. Spurr.

EK=Ar dating indicates that much of the ancestral Spurr voleano was built
batwaan about 250,000 and 60,000 vears ago. OGeoclogle mapplng doea not aupport
the caldera hypothesis, but.-. instead, indicates that a Mt. St. Helens-type
gegtor collapse gocurred In Holoacene time., This sactor collapze produced a
voluminous wolcanic debris awalanche which flowed south-southeast down the

Chakachatna Rfver valley (Plate 1-1). Following sector oollapse; the Holocene



cones of Crater Peak and the present Mt. Spurr summit were built in the
breached rim and in the collapsed summit depression, reapectively (Flgure
1-2}.

Although we have rejected the calderz hypotheals, there {3 abundant
evidence from our K-Ar dating of lava flowa and from previous
tephrechronologic work that an sctive magmatic ayatem has been present during
the late Pleiatocene-to-Holocene time interval that Is of critical intereat
for geothermal energy resource assesament. There are also several preaently
active geothermal manifestaticns in the area. These include previcualy-
inreportad Zones of fumarolic ackivity an the flanks of the Mi. Spurr summit
oone, photographic evidence of anow melt at the summit orater, a previously-
undeseribed U0%C warm spring south of Crater Peak, and the fumaroles and hot
crater lake of Crater Peak.

A major portion of our project was devoted to explopation for aocessible
geothermal rezervolras on the south side of the Mt. Spurr area. Geophyslioal
and geochemical surveys were conducted, in addition to the geclogic mapping
and geochronologlic studies, Many colneident mercury and helium anomalles were
found, indicating the presence of geobthermal aystems at depth.

The CSAMT data ahow & discontinuous, very low reaistivity zone under
several areas surveyed. The presenca of low pesisativity does not
automatically indicate a geothermal reserveir. This zone could posaibly be a
cold, porous unit filled with saline or alkaline water or, alternatively, a
olay-rich bed. However, the combipation of other geothermal indicatera (35-P,
He and Hg soil ancmalies) suggests stropgly that the zone contalins hot
water. Flgure 8-8 i3 a three-dimensional fence diagram with the very low
reslativity zone ahown inm black. On the scoutheaat flank of Crater Peak, this

gong (a8 poughly parallel to the present topogeaphy, only somewhat stesper.
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Thias auggesats it might have been part of a pre-Crater Peak copne. If 8o, it
might be a porous tephra layer overlain by some sort of cap rock.
Alternatively, based on the mapped outorops of sedimentary rocks on the sast
alde of the glacler (Plate 1-1), the low resilstivity zone could be a sandstone
unit.

The 5-P survey on the alde of Crater Peak ahowa some world-class
anomalies. One, a dipole of +641 to -B15 mV, is located in the vicinity of
the uphill eut-off of the wery low resiastivity zone. In additieon to the
dipole anomaly, there are two negative and one poaltive anomalies im a linear,
nartheast-trending alignment that coincides with an abrupt cut-off in He =oil
gas anomalles (Plate 6-1). There is some indication of a reduction in large
HE anomaliea in the same area, although thia effect 18 not a sharp cut-off.

The combination of these various geothermal indicators strongly auggeats
that the low resiativity zone represents a geothermal reservolir with some sort
of a linear cut-off occurring near the 3500 rt. contour line on the acuth
slope of Crater Peak (Plate 6-1). The cut-off i3 on trend with & mapped fault
to the east that juxtaposes Kenal group sediments and granitic basement {Flate
1-1)}. Ho evidence can be found for the fault in the deep north-south canyon
that dissects the Crater Peak cone (Plate 6-1), Indicating that, if present,
the fault pre-dates the formation of the Holocene Crater Peak cone.

It ia possible that the low resistivity zone could be a scuth-dipping
Tertiary sandstone unit with an up=dip seal provided by sector collapse
deposits, anceatral Spurr wvoleano lava flows, or flows from Crater Peak. Tha
same argument can be made for & porous tephra layer deposited by the ancestral
Mt. Spurr Voleano. In this model, sector ccllapse would remowve the original
up=dip part of the porous bed and It would later be covered with Impermeable
lava flows of the Crater Peak cone, thus providing an up-dip trap for

geocthermal water and/or steam.
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Hill 2850 alaoc has a pronounced S-F anomaly (+1000 to -1000 mV) underlain
by a diacontinuous, very low resiativity zone at a depth of about 1 km. There
are only two He and Hg sample sites in this area, so we cannot as yet conaider
it aa a probable geothermal reservoir; but it seems to be a promiasing area for
future inveatigation.

Zome of the other arsas where He, Hg and CSAMT anomalles ocoour are also
possible areas of geothermal interest. The very low resistivity anomaly
suggested by the profiles C-C' (Figure B-5) and D-D" (Flgure 4-6) does not
have the extenalve 3-P, Mg and He coverage of the scutheaat alope of Crater
Peak. Thua it represents an area of poszaible interest, but cannot be
conasidered a prime aite without further investigation. The rather extreme
topography at atations 1, 2 amd 3 would tend to peduce the electrle Field (E),
thus decreasing the apparent resistivity. However, the fact that the CSAMT
data from site 3 show no low resistivity zone, at least to 5000 ft. depth,
suggeats that the topographie effect did not produce apuricus low reslstivity
at the other statlions. We cannot tell whether this zone connects with the
anomaly at the south sfide of Crater Peak because there were no CSAMT stations
({Figure 4-8 and Plate 6-1) between these widely separated areas.

Several lmportant questions remain which ouwr reconnalssance study cannok
anawer. If the low reslstivity zone is a geothermal reservoir, either a
tephra bed or a sandstone, what forms the cap rock for the reservoir? Could
the inferred reservoir be self-capped by depoaition of minerals? I the
reservoir is very hot, could there be a steam phase beneath the low
realati{vity Zone? Fasslve selsmio surveying would be an excellent follow-on
technique to explore for vapor-phase activity.

The C2AMT data of sections 9 and 10 (Figure 4-T) show around 10 O0-m

reslstivity at a depth of 2500 ft., just abowve wvery high resistivity, vwhich we
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think i3 probably the granitic basement rock. There ia one anomalous He value
in that area. - More work is needed in this area before a meaningful evaluation
can be made.

There 1a no doubt that the Mt. Spurr summit {3 hot=-=-fumaraole flelds and
melted snow at 10,000 ft. are ample evidence. One can also easily see the
thermal manifestations at the summit of Crater Peak--a hot lake, diffuse
fumarole flelds, and a alngle, very large fumarcle. The newly dooumented 30°C
hot spring and warm seeps in a mile-long Zone balow in the canyon south of
Crater Peak ahow that some geothermal heat 1a also available on the lower
flanks of the Spurr volcano. Based upon the location of low reaistivity zones
and the colncidence of 5-P, He and Hg anomalies, we have determined target
areas Tor further detailed study or drilling. PFlate &-1 showa these target
areas, together with CSAMT profile section lines, S-P anomalies and He
anomalies.

The results of this study indicate that a geothermal aystem on Ehe south
flank of Crater Peak should be accessalble by drilling to about 2,000 ft.
depth. Prior to any exploratory deilling, we strongly recommend a follow-on
program of passive seismic surveying to evaluate the possible presence of a
steam system, together with additional self-potential, helium and mercury
survays to better define the configuration and extent of prabable reservoirs.

It is also evident that there 13 a strong volcanlic hazard to be evaluated
in considering any development on the south side of Mt. Spurr. This hazardous
altuation =ay require angle drilling of production wella from safer areas and
placement of power generation facilities at a considerable distance from
hazardous areas,

Two State of Alaska geothermal lease salea have been held in the

Mt. Spurr area. The second sale was directly related to an earlier State
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release of preliminary results from this atudy. Completion of our atudy now
shows that the prospectz for geothermal energy resowces at Mt. Spurr are very
poaitive. A companicon report on the detalled geclogy and geochemistry of

Spurr voleano i3 currently in preparation by De. C. J. Hye.
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1. INTRODUCTION

During the peried of July 30 to August 5, 1985, a helium survey was
conducted over geothermal prospects in the Mount Spurr Area, Alaska.

This program was undertaken by the Geophysical Institute, University
of Alaska, with the objective of finding whether there are any helium
anomalies in the area under consideration.

An exploration crew from the Geophysical Institute collected 40 soil,
16 mud (water saturated spil) and 1 spring water sample during this

program.

The analyses of the samples and the interpretation of the resulting
datas were performed at the geochemical laboratories of Chemical Projects

Limited, Toronto, Ontario.



2. SURVEY TECHNIQUES

2.1 Sampling Methods

Forty seil, 16 mud (water saturated soil) and 1 spring water sample were
collected in the Spurr Mountain area of Alaska, These samples were
collected from random-spaced sampling stations, as indicated in Figure 1.

The soil, mud and water samples were preserved in hermetically sealed
aluminum containers having a dismeter of 1.5 inches and a length of

T inches.
During the sampling procedure, the station barometric pressure, the air,
soil and water temperatures and the sampling depth were measured and

recorded at each sampling station.

Z.2 Analytical Procedures

When the sealed containers with their contents were received at the
laboratory, they were subjected to a period of equilibration at a constant
temperature after which gas samples were extracted fFrom each container
and stored in Bistable gas samplers.

The gaseous contents of these Bistables were analyzed, employing a
helium-hydrocarbon analyzer developed by Chemical Projects Limited,
in order to determine the helium and hydrocarbon concentration in
each sample. During the analysis, the concentration of helium in

the sample was compared with that of standards which have heliuvm con-
centrations of 5.20 * 0.03 and 8.30 % 0.05 ppm (by volume).

The practical detection limit forthe helium analyses is 10 ppb (by
volume) while that for the hydrocarbons, if present at concentrations
of less than 10,000 ppm, is spproximately 1 ppm (by volume)}. AL higher
concentrations exceeding 10,000 ppm, the detection limit is 500 ppm
(by volume).



Since the helium concentration in the samples is & function of the soil
and mud parameters, these were also determined for each sample. These
data were used to correct the laboratory conditions back to those of
the field at the time of sample collection.



3. RESULTS

3.1 Data Tables

The corrected helium, methane, ethane, ethene and propene (= propene
+ propane) results for the soil, mud and water samples are listed in
Tables 1, 2 and 3. Also included in these tables are the statistical
parameters and ordered listings of the helium values for the soil and

mud samples.

In these tables and in the histogram, the following nomenclature is
used:

Table 1 (Soil Samples)

Sample Number s The number that was assigned to each soil
sample by the Geophysical Institute.

Depth = The reported seil depth (in inches) from
which the sample was collected.

Helium = The concentration of helium in the gas of
the soil micropores, expressed in ppm He
{h}- wvolume).

Me t hane = The concentration of each of these hydro-

Ethana carbon gases in the soil sample. Each

Ethene concentration is expressed as cm] gas at

Fropane NTP/gm of spil and has been multiplied by

Propens a factor of 1UB.

Table 2 (Mud Samples)

Sample Number = The number that was assigned to each mud

sample by the Geophysical Institute.
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Depth = The reported depth (in inches) from which
the sample was collected.
Helium = The concentraktion of helium in the mud or

sediment samples which was dissolved in
the interstitial soil water and bubble
phase of the sample. Each concentration
is expressed as nm3 He at HTF'.-"'v::r-3 mud and
has been multiplied by a facktor of 'JEIE.

Helium Log (e) The natural (leg.)} of the concentration

af helium present in the mud samples.

Methane = The concentration of each of these gases
Ethane present in the mud sample. Each concen=
Ethens tration is expressed as -:rl] gas at NTF,-"crlj
Fropane mud and has been multiplied by a factor of
Propene 1l]E'.

Table 3 (Water Sample)

Sample Number The number that was assigned to each water

sample by the Geophysical Institute.

L1

Depth = The reported depth (in feet) at which the
gample was collected.
Helium = The concentration of helium disscolved in

the sample water expressed as cm} He at
NTP;"EI} HED' In this table each dissolved
helium value has been multiplied by a

Factor of *lII:IIa i

Water Temperature The temperature of the sample water expressed

in *C.
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The concentration of each of these gases

Methane =

Ethane dissolved in the sample water. Each con-
Ethene centration is expressed as cm3 gas at NTR/
Propene |::m3 HED and it has also been multiplied

by a factor of 1ﬂ§.

3.2 GStatistical Evaeluation of the Data

The soil samples and the mud samples were examined statistically. The
two seta of data were treated in the same manner. The determination of
the background for the data set was commenced by first sorting and
listing the results {Iil in ascending erder. The mean fﬁ&} was then
calculated for the entire set of values. The subset of data having
values equal to or less than X was then defined. The mean {EL} and
standard deviation {Sh:I for this subset were calculasted and estimated
to be the background mean and standard deviation. Anomalous values were
assumed to be those results that exceeded the background mean by more
than one standard deviation of the background population, that is, data
greater than EL + Sbware taken as being anomalous. In terms of

Ii — {Ii - iL}IEh, anomalous values correspond to those of which li = 1.

The anomalous values in each data set were ordered as indicated below
into four categories sccording to the number of background standard
deviation {Sb} by which they exceeded the background mean. Increasingly
anomalous categories are shown by colour coding in the following manner:

Range of Values Colour Code

(In values of Z; or the number
of standard deviastion (5.}
that the dats exceed the back-
ground mean (X )

> 4 5.0. Red
»3 -4 5.0. Orange
> 2 - 3 8.0, Yellow
>1 =2 5.0 Lreen



3.3 Meps
The sampling locations and helium results for the 40 soil, 16 mud and 1
water sample collected in this survey are plotted in Figure 1 (map pocket).
This map was prepared from a sample location map and a topo map supplied
by the Geophysical Institute. One mylar copy of Figure 1 and two mylar
copies of the pertinent topo map are included in the map roll.

Dn this map, the soil sampling locations are designated as hollow circles,
the mud sampling locations are designated as squares and the spring water
sample location is designated as a triangle. The soil and mud samples
are coloured to accentuate anomalous helivm values, as described in Section
3.2,

Each helium concentration is marked in a larger type at the site of the
appropriate sampling location while the number assigned to each sampling

station ig given in & smaller type.
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4, COMMENTS AND RECOMMENDATIODNS

This helium survey consists of 57 samples. The sample population can
be divided into three groups:

Group 1 = 40 s0il samples (samples in which the micropores contain
a gas phase}

Group 2 - 16 mud samples (scil samples in which the micropores are
completely filled with water)

Group 3 - 1 water sample {a sample of water collected from a free-
flowing hot spring)

The fFirst two groups of samples heve been treabted statistically as
separate groups. Each of these two groups has its characteristic range
of helium and hydrocarbon values. The individual helium and hydrocarbon
values are comparable within each specific group but not outside of a
given group. In order to compare helium levels in soil and mud, the
data obtained are presented in Figure 1 in terms of standard deviations
above the background mean.

The results indicate that the mean value of helium in the background
population is 5.47 units for the soil samples and 9.42 units for the
mud samples. These values are slightly higher than normal helium back-
ground levels. The background values indicate that the sampling grid
was not large enpugh to fully extend beyond the anomalous areas. The
range of helium values in the soil samples vary from 1.37 to 12.8 units
and in the mued samples from &.86 to 39.5 wunits. The mean background
value of methane is 117.55 un;ts for the soil samples and 9.42 units
for the mud samples. The range of methane values in the soil samples
vary from 60 to 4440 units and in the mud samples from 2 to 931 units.
The methane values gquoted are within the range of metharne levels which
can be generated close to the surface by biogenic activity.



A number of samples contain low concentrations of hydrocarbons of the

C, and Cy series. The low values of helium (1.37 units at station Jr-10
and 3.51 units at station Jr-33) are probably due te the depressing effect
of hydrocarbon emanations in the grnﬁnd. It is likely that these emana-
tions exceed the rate of the helium flux at the above stations. Helium
highs extending from station Jr-31 to station TR-7 and station Jr-i7 to
station Jr-42 may indicate probable fault lines and hot spots. The
helium anomaly at Jr-11 sugoests the presence of a hot spot in this area.
The water sample collected at station Jr-B has a low helium value (4.12
units) and a hydrocarbon value [(methane 34 units). This low helium value
may have resulted either from helium and hydrocarbons escaping prior to
sample collection or becsuse the water flow rate was greater than the
helium emanation rate.

There are a number of points that would be of help in data interpretation.
These include:

1. determination of helium flux in near-subsurface as a function of
depth. This could be accomplished by collecting soil samples at
3 different depths, e.g. 12", 24" and 36".

2. determination of helium and hydrocarbeon, etec. levels in gas
emanation near hot springs, geysers and in volcang craters.

We suggest these points for possible inclusion in future work,
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