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SUMMARY

The Pilgrim Springs geothermal area, located about 75 km north of
Nome, was_thé subject of an intensive, reconnaissance-level geophysical
and geological study during a 90-day period in the summer of 1979. The
thermal springs are located in a northeast-oriented, oval area of thawed
ground approximately 1.5 km2 in size, bdrdered on the north by the
Pilgrim River. A second, much smaller, thefma] anomaly was discovered
about 3 km northeast of the main thawed area. Continuous permafrost in
the surrounding region is on the order of 100 m thick. |

Present surface thermal spring discharge is = 4.2 x 1073 3 57!

(67 gallons/minute) of alkali-chloride-type water at a temperature of
81°C. The reason for its high salinity is not yet understood because

‘of conflicting evidence for seawater vs. other possible water sources.
Preliminary Na-K-Ca geothermometry suggests deep reservoir temperatures
approaching 150°C, but interpretetion of these results is difficult
because of their dependence on éﬁ unknown water mixing history. Based

on these estimates, and present surface and drill hole water temperatures,
Pilgrim Springs would be classified as an intermediate-~temperature,
liquid-dominated geothermal system.

The springs are located in the Pilgrim River Valley, a fault-
bounded tectonic depression, or graben, flanked on the north and south
by mountains composed of highly-deformed, upper amphibolite facies
metamorphic rocks of probable Precambrian age, cut by discordant granitic
plutons of probab]é Mesozoic age. Seismic, gravity and resistivity
surveys indicate thaf the crystalline basement of the valley floor is

at least 200 m beneath Pilgrim Springs, much deeper than was previously

believed. The gravity data also suggest that Pilgrim Springs is near

iv




the intersection of th inferred fauit zones forming the corner of a deep,
downdropped basement block.

The seismicity of thé area indicates currently active normal faulting.
Mapped north-southvtrending faults in the Kigluaik Mountains south of
Pilgrim Springs mayAextend'through the downdropped Erysta]line basement
under the Pilgrim River Valley. One or more of these faults could
possibly pfovide a deep conduit for the geothermal system. Surficial
‘geologic mappingrindicates cohsiderab1e subsidence of the Pilgrim River
Valley during Quaternary-tiﬁe. A north-south trending Quaternary fault
extends across the valley and appears to coincide with the western
boundary of the main thawed. area.  Res1st1v1ty'stud1es confirm the présence
of this fault but do ndt suggest that it is presently serving as a hot
water conduit in the vicinity of our reSistivity profile.

Geologic evidence suggests that the 1ow—1y1n§ region extending from
the Imuruk Basin thrdugh the Kuzitrin Valley to the Imuruk lava fields
may represent an incipient rift through the Seward Peninsu]#. We there-
fore propose that the mainifestations of anomaious heat flow (young
volcanism and a]ka1i-chioride hot spr1ngs) 1n this region may be associated
with tensional tectonics and active: r1ft1ng '

Resistivity surveys have located a shallow, 50 m~th1ck, pancake-

2 in area under P1lgrim

shaped ‘reservoir of hot, saline water about 1 km
Springs. ‘Shallow ground e1ectromagnet1c surveys (used here for the first
.time in a geotherhai area), ground'températUre sUrveys and modei?ing of-

" convection celis have been used in conjunction with deep resiStivity
surﬁeys to determine dhi1ling targets within the area of this reservoir.
Thermal, hydrologic and geblogic4modelé'of the tota1 géothe}maT system
Suggést that hotter reservoirs cou1d be present at greater depths.

Computer modelling of resistivity data does not rule out this possibility.




Two 50 m exploratory test holes, separated by 100 meters, were drilled
in November, 1979, in the area of the primary drilling target recommended

in our preliminary report. Artesian aquifers were encountered in a 20-30

' m depth interval. Flow rates were estimated at 200 and 300-400 gallons

per minute, respectively, at a temperature of 90°C.

Preliminary hydrologic studies involving a Pilgrim River temperature
survey and ground water flow estimates célculated from. temperature profiles
have resulted in a proposed water.ba]éhce model and power estimates for
the geothermal system. Our analysis suggests that the power presently
being dissipated.from the upper 50 m of the system is a minimum of 350
megawatts (MW), with more than 300 MW of this amount in subsurface ground-

water discharge beneath the Pilgrim River. The accessible resource base

for theyupper 50 m of the system: referenced to 0°C is estimated at 500 M.

The beneficial power available for direct (nonelectric) use is estimated

at 30 Md. Referencing these estimates to 15°C would reduce them to
2/3-3/4 of the above values. Quantitative estimates of the electrical

power potential will depend on engineering and reservoir parameters which

are presently unknown. It is clear, however, that the electrical power
potential will probably be a small fraction of the 30 MW beneficial power
estimate.

We emphasize that many hydrologic measurements. are preliminary,
based on reconnaissance-level studies, and that our preliminary power
estimates should be viewed with caution until they can be tested by
more extensive field measurements and analysis. A follow-on program of
more extensive geophysical surveys, hydrologic stﬁdies, exploratory
drilling and geochemical studies is proposed in ordér_tq achieve a more
complete understanding of thé Pilgrim Springs geothermal system and to
provide & basis for future power estimates, production drilling, engineering

studies and commercial site development.
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INTRODUCTION

Pilgrim Springs, Alaska was the subject of an intensive geophysical
and gedIogical survey during June-August, 1979. The springs are
located on the Seward Peninsula, about 75 km north of.Nome (Figure 1).
Earlier studies, inciuding'a.reconnaissance geological.and=geophysica1
survey by Forbes,'etual.‘(1975),‘and geochemical studies of Pilgrim
Springs waters by the U.S. Geological Survey (Waring,.19f7; Miller,
et al., 1975) had ihdibated that Pilgrim Springs might be an important
geothermal target. |

Geophysica? Institute personnel were responsible for project manage-
ment, bedrock mapp1ng,'geophy$ica1 surveying, analysis and integration
of field data, ahd preparation of the final report. Alaska Division
of Geological and Geophysical Surveys (A.D.G.G.S.) personnel were responsi-
ble for surficial mapping, geolagic supervision and logging of fési drill
holes, geochemical analyses, and preparation of-the sections of this
report covéring these areas.

Base camp was established at Pilgrim Springs, Alaska on June 16,
1979.' The field'pfogram'was initiated with the thermal gradient
 measurements which were accomplished with driven probes on a 100 meter
grid (Figure 2). Helicopter supported mapping produced a 1:63,360
scale geologic map of the surrounding area (Plate I). A surficial
geologic map of the area is being prepared at a scale of 1:14,000 by
the A;D.G.G:S." Mapping,.temperatureAmeasurementuand éTectrfcéi'condUctivity
work was éompletéd by July 15, 1979. Seismic, resistivity, and gravity

studies were completed on July 29, 1979, and the camp was closed on July 31,

1979.
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A preliminary report to the Alaska Division of Energy and Power
Development (A.D.E.P.D.) with analysis of field data and drilling
recommendations was completed in late August, 1979 (Forbes, et al.,
1979). Based on the recommendations of the report, the A.D.E.P.D.
contracted for two 150-ft test drill holes which were drilled in November,
1979, with geologic supervision and logging by the A.D.G.G.S.

The present report contains a more extensive énalysis.of the
results of the geological and geophysical surveys than was presented
in the preliminary report. It also provides a preliminary discussion
of the recent initial exploratory drilling results and recommendations
for phase-two geophysical surveys, hydrologic studies, exploratory
drilling and geochemical studies. A1l geophysical surveys and drill
hole locations discussed in subsequent sections of this report are
referenced to the 100-meter-spacing, surveyed grid shown in Figure 2.

The Geophysical Institute part of the Pilgrim Springs study was
supported by funding from the U.S. Department of Energy, Division of
Geothermal Energy ($97,000); State of Alaska Division of Energy and
Power Development ($56,000); Comprehensive'Employmenf Training Act
($20,000); and National Science Foundation, Division of Polar Pro-

grams, Polar Earth Sciences Section, NSF Grant DPP77-20462 ($15,000).
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BEDROCK GEOLOGY OF THE PILGRIM SPRINGS GEOTHERMAL AREA, ALASKA

Samuel E. Swanson, Donald L. Turner,
Robert B. Forbes and Danita Maynard

, INTRODUCTION

PiIgrim Shrings is located in the Pilgrim River Valley, about 75 km
north of Nome, Alaska. The va11ey'is about 6.5 km wide, and bounded on
the north by Marys Mountain and Hen and Chickens Mountain, and to the south
by the Kigiuaik_Mountains. He]itopter-supported mapping has produced a
1:63;36055ca1e geologicvmap of the area (Plate I, in pocket). The mountains
are composed of Precambrian upper amphibolite facies métamorphic rocks,
cut by discordant Qranitic intrusioné 6f probab1e Mesozoic age. Locally
.some of the metamorphic rocks show the effects of retrograde metamorphism
to upper greenschist facies. The metamorphic-seduence includes pelitic
gneisses, synkinematic gneissic granites, calc-magnesian sghists, and
metaquartiités;v The metaﬁorphic terrane is.highly deformed with east-west
trénding isoclinal~overturned-to-recumbent folds.

The Kig1ua1k'Mounta{ns are bouﬁded on the north by a prominent range
front fault, the Kigluaik Fault, which cuts glacial moraines and is inferred
to be still active. The valley floor is downthrown to the north. The
actual disp?acément-is unkndwn, but'geophysicaI surveys indicate a downthrow
~ of at least 200'méters¢(K1en1e, et.al.,“thiéffeport), The P11gr%m Rivér
Valley appears to be a féuit-bounded téttonic‘depression_fi11ed by a great
thickness of relatively unconsolidated sedimentary fill, inc1udin§ alluvial
sediments, glacial outwash, terface debosits and-possible Tertiary sedi-
ments at dépth; The valley is an eastern extension of the Imufuk Basin,
and is similar to the Kuzitrin basin to the northeast which contains a

considerable thickness of sedimentary fi11, including Tertiary gravels.




Several north-south trending faults with large displacements
were mapped in the Kigluaik Mountains south of Pilgrim Springs. It
is Tikely that these fau1ts may extend through the downdropped

crystalline basement under the Pilgrim River Valley.

| PREVIOUS WORK
The area surrounding Pilgrim Springs (Bendeleben A-6 and Teller
A-1 quadrangles) has been mapped previously by C.L. Sainsbury (196§a,
1972,_1974; 1975). This earlier work provided a useful geologic
background .for our subsequent, more detailed mapping and petrologic
studies. These studies have resulted in a somewhat different set of
designated map units than thoée used by Sainsbury, as discussed

below.

METAMORPHIC AND INTRUSIVE ROCKS OF PROBABLE PRECAMBRIAN AGE

The Pilgrim Springs area contains a heterogeneous assemblage of
metamorphic rocks that have been recrysfa11ized under conditions
corresponding to the upper amphibolite facies of the Barrovian Facies
Series of regional metamorphism. Paragneisses from the core of
the Kigluaik Mountains complex southwest of Pilgrim Springs give a
Rb-Sr whole rock isochron age of 735 m.y. (late Precambrian). This
probably represents a minimum age for metamorphism and the parent
rocks are thus at least late Precambrian in age (Bunker and others,
1977). Intrusion of small masses of biotite quartz monzonite and
biotite granite in the form of small stocks and pegmatites has had

1ittle effect on mineral assemblages in the metamorphic rocks. An




area of retrograde.metamorphismv(chlorite and epidote-bearing assemblages) -
is found along the northern border of the Kigluaik Mountains.

Calc-Silicate Rocks

In the northwest ﬁortibnnof5the area studied, calc-silicate rocks
are the dominate 1ithology and are mapped as a separate unit. They also
occur in minor amounts as thin beds or layers within the pelitic gneisses
interlayered with biotite paragneisﬁ. The calc-silicate rocks include
diopside-quartz—ﬁlagioclasejpalcite gneiss, quartz-plagioclase-hornblendet
gafnet amphibolite, and calcite marble. Other mjnera1s include talc,
chlorite, tremolite, scapolite, vesuvianite, and sphene. These 1ithologies
ake intimately inter1ayered,,éven atﬂthe'scaIevofia thin séction, reflecting
eithef'origihal bedding or metamorphic differentiation. Retrograde
metamdrphism has resulted in the partial conversion of diopside
to an assembjage_of calcite+tremo1ite in.one sampie studied, and in the
formation of chlorite in three others.

Metaquartzite

‘Thé:dominatellithology of:this'map unit is a dark-gray, fine-grained

graphitic:metaquaftzite; OutckOps are not found in the area studied
and exposurés'dfé']fmited'td angular surface rubble. In the eastern
Kiglﬁaik Mountains the fine grain size combined with the abundance of
graphite give the rock the appearance of slate. | o

i‘The"metaQUaftzite contains minor amounts of graphite, muscovite,
sillimanite, biotite, and chlorite. Some of the muscovite is being replaced
by si]limanite; resulting in fibrous patches of white mica and sillimanite
1-3 mmhcrst that are appar"ent in hand s'pecimen.'.‘ Ch1oh‘te appears to

be a retrograde phase associated with biotite. -




Due to a lack of outcrop, contact ré]ations,between the meta-
quartzite unit and other units could not be determined. However,
the distribution of the unit (Plate I) suggests it is conformable
with the paragneisé. In the eastern portion of the map area, small
amounts of metaquartzite are found inter]ayered with the paragneiss,
again suggesting a conformable reiationship.between the units. Con-
sidering the map pattern of this unit (Plate I) it is possible that
there may.befmore than one metaquartzite unit in the area.

Gneissic Rocks

Gneissic rocks include biotite-quartz-plagioclase péragneiss and
gneissic biotite granite. The two lithologies are easily distinguished
in the field and they have been mapped as two separate units (Piate ).
Contact relations show that the gneissic granite is intrusive into the
paragneiss as evidenced by cross-cutting relations and xenoliths of
paragneiss included in the granite.

Paragneiss

Biotite-quartz-plagioclase paragneiss is the dominant lithalogy in
the region studied (Plate I). Concentration of biotite into discon-
tinuous bands or lenses gives the rock a banded appearance. Modal
amounts of biotite are variable and in some places the rock could be
termed a schist. The unit does form moderately abundant outcrops and
preferential weathering of the biotite-rich layers accentuates the
foliation.

Plagioclase and quartz are generally the most abundant minerals
in the paragneiss, although biotite is quite abundant in some samples.
Other minerals that are locally important iﬁ the paragneiss include

garnet, sillimanite, muscovite, staurolite, andalusite, alkali feldspar,
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and chiorite. vTextura] relations indicate that the andalusite and some

of the mdscovite have been repiaeed by sillimanite. Alkali feldspars

contain coarse perthitic exsolutions in some samples, especially in

‘samples that contain chlorite.

The biotite-quartz-plagiocIase paragneiss commonly contains small
Iayere‘of mefaQUartzite and'calc-siiicate rocks and this, together with the
apparently conformab1e contacts, indicates that the. paragne1ss-metaquartzite-
calc-siiicate units probably represent a conformable sequence of metasediments.
This sequenee“was intruded by granite (now the gneissic granite) prior to

the thermal peek of metambrphiSm.v The andelusite»noted in one thin section

"méy repreeenfra’re1ic phase formed during the contact metamorphism associated

with the granite intrusion.

Chlorite-Biotite Schist .

~ Mineral assemblages found in this unit are retrograde assemblages
containing chlorite in the pelitic rocks and tremolite in the calc-silicates.
The unit is restricted to the northern border of the Kigluaik Mountains.

The unit probably represents pe11t1c rocks of the paragneiss unit that

.have undergone low temperature recrysta111zat1on to produce chlorite and

tremolite. Relwc high temperature phases such as sillimanite or diopside

"are'ioEaTTyapreServed" Oniy the retrograde metamorphism dist1ngu1shes this

unit from the paragneiss

Gneissic Granite

Gne1551c'granite is widesbread in the southwestern porﬁidnhbf'the

" area studied (Plate I) where it forms isolated masses surrounded by the

paragneiss and metaquartzite units. The unit has a good foliation defined
by biotite and is generally conformable to the regional foliation. Com-

positional 1eyering; defined by biotite abundance, is common in this unit.

1




Outcrops of gneissic granite are fairiy abundant and in some cases
form picturesque tors, such as those found on Hen and Chickens Mountain.
Minera1ogiba11y, the granite is dominated by feldspars and quartz
with alkali feldspar being more abundant than plagioclase. Biotite is
the common mafic mineral, minor.hornb1endé was found in several samples
and a blue amphibole (riebeckite?) was found in one sample. Other
minerals include sillimanite, garnet, muscovite, and chlorite. Silli-:
manite is found replacing muscovite in some of the samples; while
chlorite is replacing biotite in other samples. Perthitic alkali
feidspars are found in some samples that also contain chlorite.
‘ Contact relations show the granite is intrusive into the paragneiss
and the metaquartzite. The granite is not in contact”withAthe calc-
silicate rocks in the area studied; but it is presumed to be younger.
than these rocks. The appearance of sillimanite in the granite indi-
cates that these granitic rocks were crystalline prior to the thermal

peak of metamorphism.

INTRUSIVE IGNEOUS ROCKS OF PROBABLE MESOZOIC AGE

Intrusions of three distinct lithologies crosscut the regional
foliation and have igneous mineral assemblages and textures, indicating
that they post-date the regional metamorphism in the area. The
intrusions (with the éxception of the granite pegmatites) do not form
outcrops and it is thus difficult to study contact effects on the
intruded metamorphic rocks. The three types of intrusions are:
medium-grained, unfoliated, biotité granodiorite with loca11y abundant
sphene; unfolidated, medium-grained biotite quartz monzonite; and_'

dikes of granite pegmatite with tourmaline and garnet. Since none of
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these units are in contact with the other, it is impossible to determine
relative age relations. It is possible that thé granite pegmatite dikes

are'genetica1]y related to either or both of the other intrusiohs.

Biotite Granodiorite

A pluton of bioiité granodiorite outcrops in the south-central Kigluaik
Mountains (P]ate I). The granodiorite is unfoliated, medium grained and is
characterized by locally abundant sphene. Biotite, in part altered to chlorite,
is the mosf abundant accessory’mineral. Plagioclase is more abundant than
alkali feIdspor and is commonly altered to sericite and clay minerals in the
calcium4rich cores. A1though contact relations‘between the granodiorite and
the’metamorphic}rocks are obscured by rubble, the massive character and
minera]ogy'boch suggest thatvintrusion of the pluton post-dates the regional
metamorphism. i | |

Biotite Quartz Monzonite/Granodiorite

Rubble crops of this unit are found in the north-eastern part of the
varea studied (Plate I). The rock is massive and contains alkali feldspar
and plagioclase in variable amounts. Biotite and hornblende are the common
f%Ccésoory phases. AToe rubble cropstof thiélonit are be1ieved to represent
post'metamorphic‘intruSions. |

Granite Pegmatites

Pegmat1te dikes (up to 500 m 1ong and 100 m wide) of granite composition
form good outcrops fn the area studied. The rocks are typicaily very coarse-
: grained and contain alkali fe1dspar in much greater amounts that p]ag1oclase
Additional accessory m1nerals 1nc1udefmuscov1te, garnet, and\tourma11ne.
Biot1te was only observed in one or two outcrops. The dikes incrude‘and

cross cut the fol1at1on of a11 the metamorph1c rocks units.
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METAMORPHI SM

Metamorphic rocks in the Pi]griﬁ Springs area have been regionally
metamorphosed under conditions corresponding to the'upper amphibolite
facies of the Barrovian Facies Series of regional metamorphism.

Mineral assemblages in the pelitic rocks are commonly sillimanite+
biotite+quartz+plagioclase (+staurolite, +muscovite, +garnet). Calc-
§iTicate rocks contain the assemblage diopside+quartz+p1agioﬁIase
(jhofnblendejpélcitej;phenq:piotitg:;capolite). Amphibolites commonly
contain quartz+hornblendetplagioclase (+garnet+sphene). Within the
paragneiss of the Kigluaik Mountains are layers of granitic rock sug-
gesting partial melting of the metamorphic rocks at the peak of the
thermal episode. A Rb-Sr whole-rock isochron age of 735 m.y. has been
determined for paragneisses of the Kigluaik Mountains by Bunkef, et al.
(1977). This age probably corresponds to the time of post-metamorphic
cooling and the protolith is therefore older than 735 m.y.

A1l three polymorphs of A125i05 are found in the pelitic rocks of
the Kigluaik Mountains. Si11imanité is the dominant form and is wide-
spread throughéut the area. It occurs in mica-rich layers as s]énder
needles and prisms up to 15 mm in length. Andalusite as anhedral
crystals 1-2 mm long is found in a sample from the Kigluaik Mountéins
4.5 km east of Pass Creek at an elevation of 580 m. The andalusite
is not in equilibrium and is being replaced by sillimanite. Kyanite
occurs as euhedral crystals up to 0.5 mm long in association with ’
sillimanite in pelitic gneiss 5.5 km east of Pass Creek at an elevation
of 500 m in the Kigluaik Mountains. Some of the kyanite is rimmed by
sillimanite. Pressure-temperature conditions during the regional meta-

morphism were clearly in the stability field of sillimanite. .However,
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the pressure-temperature path followed prior to the peak of metamorphism

must have come close to the aluminosilicate tripieapoint (6Kb, 600°C)

‘ as evidenced by the occurrence of all three polymorphs within a relatively

small geographic area.
" Due to the uniformly high grade of metamorphism in the Pilgrim Springs
area, it has not been possible to map isograds. However, the distribution of

muscovite does form a pattern within the area studied, a pattern that is

probably related to metamorphic grade. Muscovite is found as a stable phase

in pelitic rocks of the eastern hills and the southeastern Kigluaik Mountains.
In the central-Kig1ua1k Mountains, muscovite is found being replaced by
sillimanite. Muscovite is not found in the western range front of the
Kigluaik Mountains, Marys Mountain, Hen and Chicken Mountain, or in the
extreme southern portion of the study area. Apparently the pressure-.

temperature conditions in these areas exceeded the upper stability limit

" ‘of muscovite+quartz during metamorphism.

Evidence for retrogradé metamorphism in the Pilgrim Springs area is found
in the contact zones of igneous intrusions and along the northern border of
the Kigluaik Mduntains.“Pe11ticfand calc-silicate gneisses form a small

pendant‘in.thefgranitic‘focks of Hen and Chickens Mountain. The metamorphic

‘frock‘haslbeen intruded by the granite and the granite contains hornblende near

the contact with the metamorphic rocks. Mineral assemblages in the pelitic

rocks are characterized by epiddte+ch1orite+biotite+p1agioclase+quartz,

f while*thé'calc-si1¥cate rocks’tdhtain'c1indzoisite+trémo1ite+biotite+diopside+

plagioclase+quartz. Chlorite and epidote are replacing biotite in the

pe11t1c7r0cks and tremolite is replacing diopside in the calc-silicate rocks.'

- Extensive chloritization of biotite in the assemblage sphene+bidtite+

diopsidet+quartz+plagioclase is also found in the contact zone of the plutons
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in the eastern hills. A rock unit composed of retrograded calc-silicate
and pelitic rocks occurs along the northern margin of the central and
western Kigluaik Mountains. Calc-silicate rocks contain the assemblage
clinozoisite+ tremo1ite+biotite+quartz+p1agioc1ase and the pelitic rocks
are characterized by biotite+plagioclase (largely altered to muscovite)+
quartz. Some relic sillimanite is found in the pelitic rocks, but only
as inclusions in biotite. The distributions of these relatively low
grade rocks near the Kigluaik Fault‘suggests this,rgtfograde metamorphism
might be related to movement along the fault, perhaps caused by the

movement of hot fluids along the fracture system.

STRUCTURE

Structural relations discussed here are based on observations made
principally in the metamorphic rocks. The igneous rocks, with the
exception of the gneissic granite, are unfoliated and generally structure-
less. Where réiic bedding is found, the strike is westerly and dips are
moderate to either the north or south. Large-scale folding was not
recognized during the present study. However, small-scale, east-west-
trending, isoclinal-overturned-to-recumbent folds suggest a complex
deformational history for the metamorphic rocks. Joihting is common in
the basement rocks and is especially well developed in the intrusive
igneous rocks. Thesé joints control the formation of the distinctive
tors developed on the gneissic granite of Hen and Chickens Mountain and
the granite pegmatites of the eastern hills. Faulting in the area is
characterized by high-angle faults with a significant component of
vertical movement. Only one possible low-angle fault was identified in

the current study.
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Faults

High-angle dip-slip fau]ts are common in the Kigiuaik Mountains, south
of Pilgrim Springs (Plate I). Two sets of fau1t§ are foﬁnd, one with a
east-west strike and another with a predominantely north-south orientation.
This orthogonal fault system, together with the east-west trending pattern
of contacts between rock units, produces a checkerboard pattern of rock
units, especially well-developed in the southwestern portion of the map
area (Plate I). The offset of the steep 1ithologic contacts together with
the trace of the faults shows tﬁe high-angle character of these features.
An east-west system of faults forms the northern border of the Kigluaik
ﬁcuntains and is called the Kig]uaik Fault. Two distinct "steps" in the
 range-front are found in the map area and these appear to correspond to
northweard steps in the Kigluaik Fault as the fault is traced from west to
east. The Kigluaik Fault is downthrown on the north side, forming the
graben of the Pilgrim River Valley. The throw of the Kigluaik Fault is at
least 200 m, corresponding to the minimum depth of valley fill determined
by‘geophysica1 studies. The fau1t.offsets moraines along the base of the
Kigluaik Mountains at least 10 m and is thus relatively young. Seismic
actiyity in the area of the Pilgrim River Valley shows currently active
normal faulting; thus suggesting the Kigluaik Fault is still active
(Biswas, et al., 1980). | -

. Many_of the canyons found on the north flank of the Kigluaik Mountains
are apparently controlled by north-south-trending faults (Plate I). A similar
vertical fault was also mabped on Marys Mduntain., Some faults in the north-
south-trendihg system may have a significant strike-§11p‘compohent as

evidenced by the offset of 1ithologic units and the apparent offset of the
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Kigluaik Fault to form "steps"‘in the range front. It has not been
possible to measure the amounts of displacement along these faults. The
trace of one of these faults can be followed across the Pilgrim River
Valley just west of Pi1gfimiSprings,~where the f;ult'apparentiy cuts
Quaternary terrace deposits (Plate I). This fault will be discussed in
more detail in the following section (Kline, et al., this report).

Only three faults were mapped that do not correspond to the pre-
viously discussed north-south or east-west fault sysiems; North of Hen
and Chickens Mountain there are two. faults with a northeasterly trend
and undetermined displacements. These faults show the same trend as
some of the near-surface thermal anoma1iés at Pilgrim Springs. In
addition, the possibly fault-controlled alignment of Pilgrim Springs
with the newly-discovered small thermal area just south of Hen and
Chickens Mountain (Kline, et al., this report) also defines a similar
northeasterly trend, as does the major axis of the thaw ellipse at
P{Igrim Springs. The age, displacement, and significance of this north-
easterly faulting is undetermined. The third set of faults on the east
end of Marys Mountain appears to have a relatively small dip and may be
related to an extensive series of thrust faults found.on the Seward
Peninsula as described by Sainsbury (1969b).

It is likely that the north-south-trending faults may extend through
the downdropped crystalline basement under the Pilgrim River Valley.

One or more of these faults could provide a deep conduit for upward
migration of hot water to Pilgrim Springs. The pervasive joints and

fractures in the crystalline rocks of the mountains north and south of
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Pilgrim Springs could possibly provide an entrance for meteoric water to
énter the geotherma];éystem.vﬂDeep circulation could allow this water to
be heated and latef rise along one or more fault-controlled conduit
systems by thermal convection. |

Howevér, the mountains td the north and south are probably part of
the pervasive permafrost terrain surrounding the Pilgrim Springs thaw
ellipse. If thi; is true, meteoric wéter would freezé at shallow depths
after entering bedrock fractures and could not penetrate to sufficient
depths to enter the geothermal system. At present, the permafrost
thickness uﬁder,these<mountains is unknown. An alternate water balance
model for the gediherma] system is discussed in a subsequent section by

Osterkamp, et al.
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SURFICIAL GEOLOGY AND TEST DRILLING AT PILGRIM SPRINGS, ALASKA

1 1 1 1

Jeffrey Kline!, Richard Reger', Rena McFarlane' and Thomas Williams
SURFICIAL GEOLOGY

Surficial geologic mappingvinrthe.Pi1grim Springs area disclosed
an interesting and comp]ex Quaternary history in the Pilgrim River
va{1ey,-wh1ch méy provide some insights into the age and characteristics
of -Pilgrim Springs. Changes in regional base level, rates of sedi-
mentation, and climate havé combined to proddce at least three ﬁajdr
episodes of terrace formation since Sangamon time. Evidence that relatively
rapid subsidence has recently been occurring in the vicinity of Pilgrim
Springs includes: (i) the apparent burial of older terraces by modern
alluvium upstream from the springs while terraces downstream from the
springs are relatively well preserved, (2) major changes in the course
of the Pilgrim River as indicated by abandoned river channels whose
former flow direction was significantly different than at present, (3) the
relative absence of thaw lakes and thermokarst features in a 5 square
- mile area upstream from and including the thermally disturbed area;
(4) apparent grading of old alluvial and outwash fans to a level higher
~ﬂthan¢thé‘present val1ey'f1obr, (5) the pfesence of abrupt scarps at the
toes of alluvial and outwash fans derived from the Kigluaik Mountains,
(6) mudflows and springs occurring along the outwash scafps; (7) a signifi-
cant steépening.of stream gradient just upstream from the area of maximum
‘apparent subsidence, énd (8) the presence of lacustrine or estuarine clay,

"silt, and a very fine sand beneath 1.5 to 4.5 m of modern floodplain

alluvium.

]Aiaska Division of Geological and Geophysical Surveys
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Areal distribution of these features as well as the presence of
several faults, including the east-west-trending Kigluaik fault which is
inferred to be active, and several north-trending cross faults (Plate I)
suggests that Pilgrim Springs may be located near the western edge of an
actively subsiding graben whose surface is being continually buriéd by
the accumulation of alluvial sediments. Further evidence which may
support or refute this hypothesis will be forthcoming when terrace
samples co]lected for radiocarbon dating-are processed and aftef the
environment of deposition of the clays and silts has been more firmly
Aestébiished. Information derived from future exploration dnd test
drilling logs will be invaluable in pulling together the complete history
and geometry of the Pilgrim Springs thermal anomaly.

A thermal anomaly located approximately 4 km to the northeast of
the main thaw window was discovered by examination of the U-2 aerial
photographs, and later verified by thermal probing. This small ouilying
anomaly lies along the same northeasterly trend as that defined by the
direction of elongation of the Pilgrim temperature anamalies and the

main thaw window (Plate I).

PRELIMINARY DRILLING RESULTS
Two 150 ft test holes (PSTH and PS2H) were drilled in November,
1979, at grid locations 200 m S, 150 m W and 258 m S, 207.m W, re-
spectively. Test hole locations are shown on Figure 1. Holes were
sited based on the recommendations from the shallow ground temperature,
shalew ground conductivity and deep,resistivity surveys conducted by

the Geophysical Institute (Forbes, et al., 1979). In addition, the
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Figure 1. Locations of 1979 test drill holes and 100 meter arid.
Stippled areas indicate agricultural fields. Wave
pattern indicates lakes and ponds.
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Alaska Division of 0il1 and Gas (A.D.0.G.) required that the initial test
well be sited outside the 60°C ground temperature isotherm due to safety
considerations. The second test well was allowed by the A.D.0.G. to be
sited half way between the first well and the most favorable target site
" recommended by the Geophysical Institute.

Drilling results were very encouraging. Artesian hot water aquifers
were encountered at 21.3-27.4 m and 18.3-27.4 m; flow rates were estimated
at 200 and 300-400'ga110ns per minute, respectively, at a temperature of
90°C. |

A more extensive discussion of the surficial geology and pre-
liminary test drilling results will be forthcoming in a future D.G.G.S.
open-file report. Preliminary lithologic logs for the two initial test
drill holes are given below. Rock descriptions are based on field

~ examinations of cuttings and drive samples.
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PS 1 H

Grid Location = 200 m South x 150 m West

Elevation above MSL - 4.4 m

- Depth Below Surface (m)
0-3 0

: .,'«3‘.0-5.1
6%1-9.1

9.1-12.2

12:2-15.2

15.2-18.3

18.3-21.3

- 21.3-24.4

Generalized Hole Log

Medium sand with trace to some silt inter-
calated with coarse pebble sand and 3-5 cm
organic layers or lenses/very low compaction:
easily driven.

Coarse sand and pea gravel intercalated
with thin beds or lenses of fine-to-medium
sand and thin (< 1 cm) organic layers and
smears. Increase in density over previous
interval. - :

Sand with some silt (poorly sorted)
intercalated with considerable organic
material. Organics, peaty, up to 18 cm
thick. Drive sample contains trace to

some peat slightly less dense than preceding
interval.

Moderately-to-well-sorted fine sand with

12% silt, discontinuous organic streaks;

7-fold increase in density over preceding
intervals (penetrometer).

Fine sand with some silt. Peat streak
(discontinuous); density similar to previous
interval.

Interbedded medium sand and 2 to 4 cm
diameter subrounded gravel layers; 5-10 cm
peaty organic layers occur this interval;
density decrease noted. Penetrometer
measurements approximately 1/2 preceding
interval, probably due to increased organic
content and less dense gravels.

Fine-to-medium sand, trace silt, trace f
organics; density has tripled this interval.

Cemented medium sand encountered at 22.3 m

below ground surface. Thin-bedded cemented

sandstone. Diagenetic, euhedral quartz

overgrowths on grains and cubic pyrite.

Density very high. Material too hard to
take drive sample.




PS 1 H (Cont'd)

Depth Below Surface (m) : Generalized. Hole Log

24.4-27.4 Cemented silty sand with some pebble
gravel intervals. Drilling rate con-
siderably slower than previous intervals.

27.4-30.5 Cemented fine~-to-medium sand; thin-
bedded with trace silt; diagenetic
euhedral quartz overgrowths on
clastic quartz grains and cubic
pyrite. Scattered pebble intervals.
Density approximately equivalent to
 previous interval.

30.5-33.5 Dirty sandstone (poorly sorted) and
pebble conglomerate intervals.

33.5-36.6 Coarser conglomerate (to 7.6 cm
clasts); thin sandstone and silt-
stone intervals.

36.6-39.6 Coarse gravel conglomerate with
sand matrix; drilling hard.

39.6-42.7 Finer sand conglomerate inter-
. calated with silty sandstone
intervals; drilling slightly easier.

42.7-45.7 Coarse sandstone with trace to some
pebbles. Secondary sulfide minerali-
zation. Drilling rate slowed dra-
matically at 44.2 m.

45.7-48.8 Medium-to-coarse sandstone with
B coarse conglomerate interval.
Drilling rate very slow.

PS 2 H
Grid location - 258 m South x 207 m West
Elevation above MSL - 3.9 m

0-3.0 Top 30.5 cm sandy silt (oxidized)
underlain by 45-60 cm of dark blue
silt and clay. Rest of interval
silty sand with trace gravel.
Organic layer encountered at 90 cm.

3.0-6.1 Fiﬁe-to-coarse sand and .silt to
5.5 m. Pebble gravel 5.5-6.1 m.

6.1-9.1 Poorly sorted silty fine-to-coarse
' sand. Gravel intervals to 15.2 cm
thick; very soft, easy drilling.
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PS 2 H (Cont'd)

HDepth Below Surface (m)

9.1-12.2

12.2-15.2

15.2-18.3
18.3-21.3

21.3-24.4

24.4-27.4

27.4-30.5

30.5-33.5
33.5-36.6
36. 6’39 06
39.6-42.7

42.7-45.7

Generalized Hole Log

Fine sand with trace silt. Dense
interval; possible weak cementation;
slower drilling.

Medium sand with some silt; easier drilling
this interval. Less dense material.

" Medium sand with trace silt. Scattered thin

gravel intervals less compacted than
previous interval.

Entering cemented gravels and sands;
cementing discontinuous first 1.5 m of
this interval. Cubic pyrite present.

Sandy shale and siltstone; possible
conglomerate between 23.7-24.4 m.

Silty micaeous medium-to-fine sandvcohtains
organic fragments; some recognizable plant
material.

Poorly sorted, poorly consolidated
sandstone and siltstone, some minor

gravel intervals; less dense than

previous interval. :
Fine-grained-to-very-fine-grained micaceous
subarkose, some siltstone intervals
(cemented). ‘

Granular poorly sorted sandstone.
Occasional thin interval of gravel (pebble
gravel) conglomerate (cemented) (Soft
interval between 36.0 and 37.8 m).

Fine-to-medium sandy pebble gravel con-
glomerate (cemented).

Angular fine gravel to coarse sand.
Indicative of relatively short transport.
Mostly gneissic and slaty rock fragments.

Intercalated very fine sandstone and

‘coarse sandstone, cementing weak to

moderate. Hydrothermal alteration and
diagenetic minerals present, including
sulfides. Micas look altered; bottom
of hole shows 1ittle or no porosity.
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LOCAL AND REGIONAL GEOTHERMAL GRADIENTS AND RADIOGENIC HEAT
PRODUCTION IN CRYSTALLINE BASEMENT ROCKS
Robert B. Forbes

RADIOGENIC HEAT AND GEOTHERMAL GRADIENTS

Regional and local geothermal gradients in the upper part of the earth's
crust can be elevated by the addition of radiogenic heat generated by the
decay of the unstable isotopes of uranium, thorium and potassium, if these
elements are present in abnormally high concentrations.

Studies of thermal spring convection systems must address the question
of whether or not the spring waters have acquired their heat by deep descent
and return in a crustal section characterized by a normal geotﬁermal gradient,
or to shallower depths under cOnditions of a high geothermal gradient.
Unfortunately, chemical geothermometers cannot answer this question, and there
are no- recognized solution geobarometers to estimate confining pressure at

the time of equilibration.

Near Surface Heat Production in Crystalline Rocks

The contribution of radiogenic heat to the thermal regime of near-
surface rocks can be calculated, if analyzed uranium, thorium and potassium
concentrations‘can‘be obtained from a representative sample grid. Heat

production may be calculated from equation (1):
H(ucal/g-yr) = 0.73U(ppm) + 0.20Th(ppm) + 0.27K(%) (1)

H is independent of rock density, but it can be converted to volumetric

heat-generation units (HGU), by equation (2):
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Hau: (10713 cal/em® sec = 0.418 w/m’) = TTS%H L (2)
where p is the rock density.

Sample Location and Distribution

Figure 1 shows the locations of rock samples analyzed for uranium
and thorium. As shown on the sample location map, an attempt was
made to sample the most representative rock units which crop out in the
highlands surrounding the Pilgrim River Valley.

As discussed in the section by Swanson, et al. (this report), thg
crystalline basement rocks in the area have been subdivided into three
groups, including: |
(1) High pressure/low temperature metamorphic rocks of the Precambrian

"Nome Group" terrane.

- (2) Gneiss complexes, including amphibolite and granulite facies
terranes, of the Kigluaik and Bendeleben Mountains.
(3) Discordant granitic (granite-quartz monzonite-granodiorite)
- plutons with Cretaceous and early Tertiary K-Ar cooling ageé.

Rocks from each of these groups occur in the highlands adjacent to
Pilgrim Springs, but fn this area the rocks of Group (1) have been up-
graded by the thermal perturbation accompanying the emplacement and
recrystallization of the gneiss complexes and the .intrusion of the
granitic plutons. |

Uranium-Thorium Concentration and Heat Production Calculations

Table 1 1ists uranium and thorium analytical data.for the 17 rock
samples discussed above. As shown in Table 2 the average concentration

of uranium and thorium for all 17 samples far exceeds that of "average

. 30

-




i

P FOR §AMPLES ANALYZED FOR URANIUM ANI?
s’ e T

38& Sample Number
'&T!SPS& e
-—a-!—-—

[ 4

Figure 1. Locatmn map for samples ana]yzed for uranium and thorium.
Base reduced from Plate I (geologic map).




TABLE 1

URANIUM-THORIUM CONCENTRATIONS IN METAMORPHIC AND
INTRUSIVE IGNEOUS ROCKS IN THE PILGRIM SPRINGS AREA

Uranium Thorium

Sample No. Rock Type Th/y
DT-79-P-2 biotite~granodiorite gnefss 1.2 13 10.8
0T-79-P-4 diopside~bearing amphibolite 0.6 9 15
0T-79-P-7 biotite-sillimanite gneiss 3.9 17 4.4
DT-79-P- biotite-muscovite granite 9.3 7 0.7%
DT-79-P-13 biotite-granite gneiss 1.9 47 24.7
0T-79-P-14 biotite-granodiorite 6.7 42 6.3
0T-79-P-15 biotite-granite 4,2 35 8.3
0T-79-P-18A garnetifercus granite 0.7 n.d.
0T-79-P-228 biotita-granite 12.1 20 1.7
DT-79-P-26 biotite gneiss 2.3 17 7.4
0T-79-P-31A altered aplite (zeolitized?) 6.8 65 9.6
0T-79-)-36 ‘biotite-grancdiorite gneiss 1.0 n.d.
0T-79-P-46 diopside~scapolite gneiss 2.3 14 6.1
0T-79-P-49 biotite-quartz monzonite 1.4 10 7.1
0T-79-P-60 hornblende-granodiorite 2.5 i 15 6
SP«3-1.79 garnet-bictite-actinglite paragneiss 1.8 n 6.1
SP-4-1-79 diopside-phlogopite gneiss 3.1 12 3.9
Average 3;64 22.27 6.12
TABLE 2
AVERAGE ABUNDANCES OF URANIUM AND
THORIUM IN VARIOUS ROCK TYPES
Rock Type U_(ppm) Th (ppm) Th/Y Reference
Crustal 1.7 9.6 5.65 Taylor (1964)
Granite 4.75 18.5 3.89 Wasserburg, et al.
(1964)
Intermediate (qtz diorite) 2.0 7.4 3.70 Tilton & Reed
(1963)
Basalt 0.6 2.7 4.50  Shimazu (1966)
Eclogite 0.043 0.16 3.72 {;;gg? & Reed
Peridotite 0.016 0.06 3.75 Shimazu (1966)
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crust“_(Taylor, 1964),'and is rather close to the concentrations expected
in an "average granite" (ﬁasserburg, et al., 1964), which fs slightly en-
riched in thorium. Several of the analyzed rocks are clearly enriched
in thorium vs. uranium, as“Compafed to average Th/U ratios listed in
Table 2 |

It is 1nteresting to compare the average uran1um and thorium con-
centrations torthose that we have recently obta1ned for other Alaskan
crystalline terranes and complexes. Table 3 shows that the average
uranium-thorium content of the rocks‘adjacent to Pilgrim Springs is similar
to that of the surrounding Kuzitrin District and to thé Granite Mountain
complex, but appreciably’highenfthah otherﬁAlaskan metamorphic terranes-
‘analyzed to date. - o "»'

The average U and Th values in Table 1 have been used along with an
,estimated average K content of 2.1 wt%, and the average density of granite
(2.67) to ca1cu1ate the approximate near-surface rad1ogenic heat production

1n the crystalline basement under1ying P1]gr1m Springs.

= (3.64) (0.73) + (22.27) (0.20) + (2.1) (0.27) =7.68 (3)
A‘”(7.58%.§5g(2 57) - g.50 MU . (@

| ~ LOCAL AND REGIONAL GEOTHERMAL GRADIENTS
~ There are few heat flow or geothermal gradient measurements in
most areas of Alaska, including the Seward Peninsula. To date, no test

‘holes of suitable depth have been drilled at the Pilgrim Springs site,
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Terrane

Capper River Basin
Copper River Basin

Chitina River Valley

Chitina Terrane

Kennektok Terra

Kluane Terrane

Lake Clark

Wales Group

Efelson Deep Test Hole;
Yukon-Tanana Complex

Ruby Ridge, Brooks

Kuzitrin District,
Nome Group

Pilgrim Springs Area,
Kuzitrin District

Granite Mountain
Darby Mountains
Zane Hills
Selawik Hills

Bakan Mountain,
Prince of Wales Island

TABLE 3

AVERAGE URANIUM AND THORIUM CONCENTRATIONS IN -

ALASKAN-CANADIAN CRYSTALLINE TERRANES

Iype Yppm) ~ Thipom)

Regional greenschist facies 0.76
and post-kinematic granites

Regional greenschist facies, 0.62
and post-kinematic granites

Regional greenschist and 1.23
blyeschist facles, intruded
by post-kinamatic gqranites

Blueschist facies, intruded 0.55
by post-kinematic grgnites

Gneiss dome complex, with 0.47
core including retrograded
granglite facies rocks

Regional Barrovian terrane 1.80
with synkinematic granites &
migmatitic gnefsses

Amphibolite facies terrane 2.94
intruded by post-kinematic
granites

Regional greenschist facies + 1.50
synkinematic belt with
migmatitic gneisses

Reaiona! Barrovian terrane, 2.06
with post-kinematic granites

Regiona] blueschist terrane, 2.42
with post-kinematic granites
& gneiss domes

Regional blueschist terrane, 4.69
with post-kinematic granites
& gneiss domes

Regional blueschist terrane, 3.64
with. post-kinematic granites
& gneiss domes

Zoned alkaline granitic 3.7
complex

Regional metamorphic belt, 5.1
with post-kinematic granites

Zoned alkaline granitic 6.7
complex
Zoned alkaline granitic 10.9
camplex

Zoned peralkaline granitic 11.46
complex
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3.77

3.16

3.14

1.62

3.38

2.70

9.85

10.93

13.36

19.03

22.27

25.60

32.70

27.60

46.10

37.50

No. of
Samples
15
66

37

21

21

40

25

15

29

17

28
26
32
"

12
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or in the adjacent area for geothermal gradient and heat flow measurements.
The closest heat flow measurement yet taken was obtained by the U.S.
Geo]ogi§a1 Survey from ardiamond drill hole located on the Lost River
minerél claims north of Teller (approximately 75 miles northwest of
Pi1grim Springs);f Pré]imihary measurements indicate an abnormal geothermal
gradient that may‘be very high. 'The measurement may be influenced by
a nearby mine; but even with the mine effect taken into consideration
the hole gives a heat f16w value of > 80 mi/m?.

Previous work by Sainsbury (1964, 1969) has shown that the Lost
River tin and berleiumAqeposits are associated with biotite granite,
which is exposéd iﬁ'subsurface Workings. This granite is highly uraniferous,
and similar to. other granites in the area including the Cape Mountain,
Brooks Mountain and Ear Mounta1n plutons. Local uranium-thorium data
indicate that the abnorma11y high grad1ent could be due in part to a
significant increment of radiogenic heat production. Additionally, a
large Quaternary alkali basalt eruptive field is located about 30 miles

east 6f the Ldst Rivef claims, and if these vents are a western extension

 of rift volcanism similar to that of the Imuruk volcanic field, a strong

case could also be presented for a-rift-re]ated geothermal anomaly (see
Kienle and Lockhart, this report).
Test We115 in the Ba]dw1n Peninsula-Cape Espenberg Areas

Under the provisions of a development agreement with the NANA Regional

Corporation, the Standard 0i1 Company of California drilled two wells in

~ the Kotzebue area during the winter of 1974-1975 (Figure 2). Both of the

wells were "dry holes", as no indications of gas or 0il were detected in

either well. Both wells are of interest, however, as they have provided
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Figure 2. Map showing the location of the Nimiuk Pt. #1 an
Cape Espenberg #1 wells.
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new information on the subsurface geology of the area, including the presence
of a rather thick section of coal-bearing Tértiary rocks which contains salt-
water-bearing aquifers and a geothermal gradient which is above normal.
The Nimiuk Pt. #1 Well

The Nimiuk well reached a total depth of 1924 m, with a bottom hole

temperature of 72°C. Crystalline basement rocks were penetrated at
approximately 1817 m, including calc-schists and phyllites. The schists
are overlain by a basal basalt unit which 1s»about 100 m thick. The
Tertiary section is dominated by sandstones with éubordinate conglomerates,
‘siltstones, and claystones. A thin bed of low-grade coal was intersected
at 829 m. Conglomerate bed§ incresse in frequéncy with depth in the
section. Based on the bottom hole temperature, the estimated geothermal
gradient may be as high as 40°C/km.

A formation test was conducted on the sandstone and conglomerates
in the 1145-1078 m interval. No oil or gas was produced, but a column
of clear salt water, muddy salt water and drilling fluid rose 668 m in
the hole'(top 363 m = drilling fluid; next 251 m = muddy salt water;
bottom 54 m = clear salt water). The test conclusively showed that the
zone waS‘producﬁné,saTt water. At this depth, the temperature was 42°C.
This was fhé only test which was run on this well. Other sands and
conglomerates at greatef»depths mayralso be "wet" and potential producers
of hot salt water. A ge61691c section for the Nimiuk Pt. #1 well is
shown as Figure 3.

The Cape Espenberg #1 Well

The Espenberg well reached a total depth of 2553 m, (Figure 4)

with a bottom hole temperature of 72°C. Crystalline basement rocks
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geologic section, Nimiuk Pt. #1 well.
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) vere intersected at approximately 2470 m, 1nc1uding marbles, calc-
schists‘and phyllites. The schists appear to have been hornfelsed by
intrusives. The crystalline basement is over]ain’by a basal sequence of
conglomerates, sandstones and shale, Which is succeeded by tuffaceous
volcanics interbedded with sandstones and si]tsfones.. The tuffs leave
the section at'about 1667 m, and coal-bearing sandstones, conglomerates
and si1tstdnes make up the rest of the section. Both conglomerates and
coal beds decrease up sectio; in the drill hole. The estimated geo-
thermal gradient is 28°C/km,‘based on the bottom ho]e‘temperAtureland
down hole température measurements taken during formation tests.

| Tests were conducted oh four zones in the Espenberg well. - Three .
were either unsuccessful orkdry tests. Formation test #2, conducted on |
a zone near the bottom of the well at'2413-2478 m, reéuited in no oil or
gas, but a 2260 m rise of salt water mixed with sand and mﬁd occupied
the hole in three hours and fifty minutes. This zone is apparently an
excellent saltwater aquifér.

As discussed in a previous section, thé Pilgrim River valley fill
may include Tertiéry sediments. If so, & basal unconformity similar to
that cut by both test holes may be present in the subsurface. The
estimated geothermal gradients based on bottom hole temperatures from
_both holes must be treated with caution due to water and mud circulation
and thermal disequilibrium. However, the estimated geothermal gradient
in the Nimiuk Pt. section is slightly above normal and‘perhaps:representa_
tive of Tertiary sections overlying Nome GrbupAmetamorbhié rocks, undis-
turbed by thermal perturbations accompanying embTacemeﬁt’of igneous

bodies.
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SUMMARY

The existence of a large thaw window in permafrost indicates that
thé underlying basement rocks should be thermally perturbed around the
| conduit system. However, we have no'wéy to estimate the magnitude of
this perturbation, nor do we have any heat flow data for the unperturbed
basement rocks, which underiie the valley fill. The available data from
the Seward Peninsula andvnearby'areas indicate thermal gradients in
crystaliine basement on the order of 20-30°C/km. In areas of low thermal
conductivity such as sediment-filled valleys, thermal gradients of
this order could produce thermal gradients of 40°C/km in permafrost
20nes and up to 50-6 0°C/km in unfrozen, highly porous sediments.

A background heat flow value of 1.8-2.0 HFU (80 mi/m?) would be a
reasonable estimate for the Pilgrim Springs area. In the va11ey f111
sediments at Pilgrim Springs, the background thermal gradient might'ber
as high as 50°C/km. An estimate of 200 m of sediments above the basement
would suggest an 8-9°C témperature differential between the surface and
basement. Since the me;n annual surface temperature méy be as low as
-4 $0--5°C (Nome’s mean annual surface temperature is ?3.5°C), the assumed
thermal gradient would give a.bermafrost,thickness of approximately 125 m.
Certainly the bottom 50 m of sediments should be ice free, presumably
a11ow1ng f1u1d flow beneath areas of permafrost outside the thaw elTipse.

It is conceivable that the therma1 waters of P11gr1m Spr1ngs can be
e;blained by the deep circu]ation of ground water. The estimated radio-
genic heat generation (6.5 HGU), even if absorbed tota]]y'by c1rcu1ating |
groundWater, would. only contribute a 2 or 3°C increment assuming a

. velocity of 5-6 cm/year and a 105 year traVel time. It is not clear,

41




given the present data, that a buried magma body needs to be postulated
to explain the hot spring. If however, a reservoir temperature of
greater than 150°C is found during future drilling and/or unequivocal
chemical geothermometry studies, other epranatioﬁs such as a rift-
associated, buried magma body or circulation along deeper faults will be

required (see Kienle and Lockhart, this report).
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GEQCHEMISTRY OF PILGRIM SPRINGS THERMAL WATERS

Roman Motyka1 1

» Robert Forbes and Mary Moorman
INTRODUCTION

Chemical analyses of thérma] wéters obtained from Pilgrim Springs
and from the two shallow test wells are nearing completion within the
ADGGS geochemical laboratory. The preliminary results of these analyses,
subject to.confirhation, are provided in Table 1. An analysis of waters
from Serpentine Hot Springs, located 75 km north of Pilgrim Springs,
is also included for comparison. ADGGS water analysis procedures are
currently undergoing a process of standardization to conform to USGS
establiéhed methods. The USGS Branch of Fie]d Geochemistry and Petrology,
Menlo Park, CA, is performing duplicate analyses on these samples and is

serving as a reference lab for the initial stages of the ADGGS water

~analysis program. The final results will be presented in an ADGGS open-

file report.

| Most analyses performed at ADGGS were done by methods described in
Skougstad, et al., (1979). Water samples were filtered and treated in
the field following procedures des@ribed'ih Presser and Barnes- (1974).
Bicarbanate and pH were determined in the.field for Pilgrim Springs and
Seipentine Hot Springs, using methods described by Barnes (1964). Lack
of time and’eQuipment‘prevented field determinatioh of bicarbonate at

the two test wells. Water samples from the two wells were obtaihed at

the wellhead. Several hours of flushing the drill hole by natural

artesian flow of subsurface thermal waters preceded sample acquisition.

]A1aska Division of Geological and Geophysical Surveys (ADGGS)
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TABLE 1

PRELIMINARY ANALYSES AND OTHER CHARACTERISTICS OF THERMAL
WATERS FROM PILGRIM SPRINGS AND SERPENTINE HOT SPRINGS
(A1l chemical analyses in parts per miliion)

Pilgrim Pﬂgrim1 Pilgrim, -
Springs Well #1

SiO2 73 75 156
Al Inc _ Inc Inc
Fe Inc Inc Inc
Ca ' i} 518 516
Mg 1.0 0.9 0.9
Na 1412 1828 1820
K 55 75 75
Li 3.0 3.9 3.9
HCO, 32 n.d. n.d.
C03 n.d. n.d. n.d.
504 13 16 15
) 3250 . §000 5000
F ' 3.3 4.8 4.8
Br ' Inc Inc Inc
8 ' Inc Inc Inc
pH 7.1 6.4 6.4
Temperature, °C T8 90.5 9%
Flow rate, liters/min 250 800° 1600
Specific conductance

micromhos/cm 10,000 10,000 10,000
Date sampied 6/22/79 1177779 11/19/79

1

Well #2 Serpentine

95
Inc
Inc

92
0.4

1026

4.8
60
n.d.

2000
6.0
Inc
Inc
7.9

75
450

5300
6/23/79

Water sample obtained from well-head flow under artesian pressure from

50 m deep well. Water is believed to originate in aquifer at 20 m depth.

2Hel1-head flow rate.
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Based on evidence accumulated at thé drilling sites, the thermal waters
emerging from the test wefTS appeared to be coming from an aquifer at a

depth of approximately 20-30 meters.

WATER CHEMISTRY

Comparison of the preliminary chemical analysis of 1979 Pilgrim
Springs water to an earlier USGS analysis on waters obtained in 1973
(Table 2; Miller, et al., 1975) suggests a marked decline has occurred
in several of the ionic constituents bf the thermal springs. The differences,
however, could be attributable to dilution effects caused by an abnormally
high precipitation -in the Pilgrim Springs area just prior to sample
acquisition. Meteoric éurface waters infiltrating into a shallow sub-
surface reservoir directly feeding the spring may-not have had sufficient

time to chemically equilibrate to the subsurface conditions before

emerging at the spring site.
The well sites are 1ocated\in_a thermal area which is distinctly
different from the thermal area containing the surface springs (Figure 1,
Kline, et al., this report). The difference in-lqcation could account
for some of the differences in chemistry between the wells and the surface
springs. ‘The wells themsélves are very close to each.other, being
separated by ~ 100 meters and the marked similarity in Chemica1 composition
suggests a common aquifer supplying both wells. One striking difference,
however, is in silica content of the water taken from well. #2 which has
twice the silica concentration of waters from well #1. The cause of
this difference is. puzzling. Suggested explanations for this difference

are discussed below,
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TABLE 2

USGS CHEMICAL ANALYSIS, PILGRIM SPRINGS AND SERPENTINE SPRINGS
SEAWATER ANALYSIS FOR COMPARISON
(Values in parts per million)

im_Sorings Serpentine Springs Seawater Seawatar
er, et al., er ot al., (Krauskopf, 1967)  (5:T dilution)
_ 1975) 1975)
510, 100 100 3 -
Al 0.04 0.08 e .-
Fe n.d. n.d. -- . -
ca 530 47 400 66
Mg 1.4 0.48 1,272 2N
Na 1450 730 10,556 1752
L 61 40 380 83
Li : 4 4.7 - -
“H‘.i n.d. n.d. - -
HCO, ] 30.1 64.5 140 23
603 n.d. n.d. - -
50,4 24 29 2,590 Al
(W] 3346 1480 18,980 15
F 4.7 6.4 - o=
gr n.d. n.d. 65 10.8
8 .- - - -
Sr - .- 8 -
T(°C) 82 7
pH 6.75 7.9
TABLE 3
CHEMICAL COMPOSITIONS OF SELECTED EXAMPLES OF ALKALI CHLORIDE THERMAL WATERS
(A11 chemical analyses are in parts per million)
Growler
Spring,
Pavzhetsk, Spring 80, Spring 190, ° Regfon 1II, Hakune Near Lassen
Kamchatka, USSR €1 Tatiu, Chile Wairakei, New Zealand Volcano, Japan Pk., Calif.
{E11is & Mahon, 1977) (E11§s & Mahon, 1977) (E11is & Mahon, 1964) (Oki & Hirano, 1970) (White, 1963}
SiO2 160 - 174 245 - . .23
Al - -— - 0.12 -
Fe 0.0 .- - 0.105 0.2
Ca 64 252 ' 20 114 79
Mg 10 1.3 0.05 0.0 0.8
Na 1010 3200 950 . 1490 1400
K 88 165 62 154 196
Li - 34 10 2.4 9.2
HCO, - ) 48 - 29.7 52
co, .- .- - .- 0
S04 83 50- 56 81.5 79
¢ 1684 5878 . T 159 2568 2830
F 0.8 - 5.8 , .= 1.5
Br 3.2 - - - 0.8
B 39 139 82 ) 3.6 88
pH 8.4 6.93 7.5 7.7 7.8

¢ 100 84 - 91.§ 95.4
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Under classification schemes advanced by White (1957) and E114s and
Maﬁoh (1964),vthe thermal waters of Pilgrim Springs belong to the alkali
chloride category. These ‘thermal waters are typified by high con-
centrations of Na, K, and Cl withva renging from slightly acid to slightly
alkaline (pH 5-9). Chlorine/sulfate and chlorine/bicarbonate are usﬁa11y
high and the main dissolved gasses are carbon dioxide and hydrogen sulfide.
Na/Cl1 ratios are commonly below 1.

Selected examples of alkali chloride thermal waters having compositions
simi]ar to Pilgrim Springs are given in Table 3‘ There afe some signifi-
cant dffferences Potassium and magnesium concentrations are comparatively
lower in Pilgrim Springs waters.}and calcium is higher. . The Na/C] ratios
however are similar. o

The source and cadse of the high salinity of.Pilgrim waters is still
not well understood. Based on 51m11ar1ty of Na/Cl ratio te sea water
Werfﬁg\(1917)'ahd Mi11er. et al (1975) have cons1dered a possible seawater
origin for Pilgrim Springs Waters, but the Tow magnesium and sulfate
content seems to argue against such an origin. Fu}ther, oxygen isotope
and deuter1um ana1ysis of these waters 1nd1cated an origin 1nv01v1ng
deeply c1rcu]ating meteoritic water, and extensive deep.seated water-.
rock reactions (Miller, et al., 1975). Alkali chloride waters are
commonly associated with areas of recentyvo1canism. Although the closest
'Quaternary vdIcahic field to the Pilgrim Springs 1ies 60 km to the NE,

a volcanic association cannot be discounted.

GEOTHERMOMETRY
Silica and Na-K-Ca gedthermometers have proved valuable in estimating

subsurface reservoir temperatures (e.g., Fournier and Rowe, 1966;
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Fournier and Truesdell, 1973). Using the preliminary chemical analyses
these thermometers have been applied to the Pilgrim and Serpentine
thermal waters (Table 4). The Na-K-Ca thermometer is based on ratios of
element concentrations and is therefore less susceptible to dilution
effects. Similar Na-K-Ca temperatures (144-148°C) were obtained for all
»four‘analyses of Pilgrim waters. Interpretation of the Na-K-Ca geo-

; thermometer, however, is confused somewhat by.the uncertainty of the
cause of the highly saline waters at Pilgrim.

| The quartz-conductive thermometer for well #2 gives the highest
estimate of subsurface temperature (164°C). The. quartz-conductive
temperature for well #1 and the springs is considerably lower. The
chalcedony thermometer however is in fairly good agreement with méasured
water temperatures for the spring water and well #1. Shallow subsdrface
siiica-cémentation along with diagenetic pyrite was noted in the drill
cuttings from the wells. This suggests a possible explanation for the
Tow silica vajue$ for either well #1 or both we11 #1 and the spfings.
Thermal waters coming from deeper in the system may well up and thén
reside in the shallower 90° aquifer where, if residence time is long

enough, the waters may partially or totally re-equilibrate.

DISSOLVED GASES
Although sulphurous odors can be occasionally detected at upwelling
points, the spring waters are not depositing obvious sulphur-bearing
mineral phases in surface pools, unless the bottom sediments contain

undetected precipitates. The well site geologist (J. Kline) reborted
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TABLE 4

~ PILGRIM SPRINGS AND SERPENTINE HOT SPRINGS SUBSURFACE
~ TEMPERATURES IN °C, CALCULATED FROM APPROPRIATE GEOTHERMOMETERS.
Temperature of springs and well waters included for comparison

Water Chalcedony , Qz-Conductive Na-K-Ca
Pilgrim spriﬁgs7 82 o 137 146
Pilgrim Springs? 81 93 122 144
Pilgrim Well #1 905 & 122 148
Pilgrin Well #2390 140 164 148
Sercentfne ' 75 | 108 _ }135 - ‘ 154

]M111er, et al., 1975

'2006GS, this report.

3Un1fbrm down-hole temperature measured from 0 to 50 m depth while
‘well f1ow1ng at maximum artesian pressure.

that vigorous degassing, accompanied by a strong sulfurous odor and a
positive indication with a field hydrogen su1f1de detector, occurred at
the well during dri?ling and f1ow tests. Based on the occurrence of
carbon dioxide in test wells at other geothenna1 f1e1ds, it is probable

that a carbon dioxide component was also present in the gas which was

~ released during the test.

DISCUSSION
The cause of the difference in silica values between the two closely
spaced wells is problematic. ‘Prccedures followed in obtaining the well
samples are being reviewed invordér to eliminate ehy poSsibiTity that -

inadvertent contamination may have influenced the analysis.
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Based on other evidence presented in this report by Osterkamp, et
al., it appears that the thermal area in which the wells are located may
be compqsed of a series of shallow subsurface convection cells. It is
possible that the wells, although encountering the same aquifer, may
have penetrated different ce11s. If the residence time of thermal
waters rising from deeper sources is significantly longer in the cell
encountered by well #1, then silica may have precipitated from the
waters with re-equilibration to conditions in the shallow aquifer.

Based on the Na-K-Ca thermometry and assuming that the silica
concentration determined for well #2 is representative of the deeper
system, the chemical data indicate the existence of a deeper, hydro-
thermal reservoir with a temperature of at least 145-150°C. The presence
of a silica cement plus accompanying pyrite deposition at 40-50 m suggests
that actual reservoir temperatures may be considerabiylhigher than those
derived from the chemistry df samples acquired to date; Whether tempera-
tures are actually higher and whether a multiple reservoir system exists
cannot be deciphered without further test holes and geochemical analyses.
Further work should include application of chloride-enthalpy models,
sulfate isotope geothermometry, and additional oxygen isotope analysis.

In view of the high HZS content of gases released from the test
wells and the lack of any definitive evidence connecting the high salinity
of Pilgrim waters to séawater, we prefer at this time to ascribe the

high salinity to an association with the region's volcanism.
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SEISMIC REFRACTION SURVEY OF THE PILGRIM SPRINGS GEOTHERMAL
AREA, ALASKA

Juergen Kienle, Andrew Lockhart and Jerry Peace

OBJECTIVES
The seismic refraction program at Pilgrim Springs was designed to
obtain subsurface information on the stratigraphy and structure of the
valley fill and to outline the configuratfon of the crystalline basement

and possible fau]ts.

BACKGROUND AND PREVIOUS WORK |
In September, 1974, Forbes et al. (1974) shot a seismic refraction
profile along a N-S 1ine extending from the ald landing strip to the
mission buildings. The profile was broken dijnto 3ireversed sections
of 223 m, 226 m, and 290 m lengths, cutting the NE-SW-trending thermally
disturbed zone obliquely, and trahsecting an abandoned meander channel
of the Pilgrim River. Their data'suggested 3 layers beneath the surficial
“weathered zone" (which has a velocity of about 455 m/sec): |
(1) Fluvial sediments, including sand and silt, with velocities
‘ranging from 874 to 973‘m/sec;~w1thvvariab1e thickness, but
generally less than 30 m thick. SR '
{2) A layer with'a3bruader range of sefsmic'velocities rangiﬁg from
1689 to 2036 m/sec, and about 38 to 46 m thick. This layer was
interpreted to be glacio-fluvial gravels. Two breaks in the
- relief of the upper surface of this layer were interpreted as
a normal fault, a buried river terrace or cut and fill structure

in gravels.
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(3) A third layer was poorly defined in the northernmost section

| beneath the mission buiidings, based on a discontinuity at 63
m. The velocity of this layer was 2761 m/sec and was inter-
preted as possible poorly consolidated Tertiary sediments.

The subsurface velocity structure of the Pilgrim Springs area
appeared .to be laterally and vertically heterogeneous, as revealed by
consistent departures from expected arrival times at individual geophone
sites--anomalies that were most likely due to the presence of discon-
tinuous lenses of sand, silt and grave1.

When we begah the 1979 refraction seismic program'the major questions
to be resolved were (1) whether or not the breaks on the top subsqrface
of layer 2 were due to norﬁai faults as interpreted from the resistivity
work by Harding-Lawson (Stefano et al., 1974) or due to river cut-and-
fill structures, (2) whether or not crystalline basement is located at
relatively shallow depth, and (3) whether we could.locéte any faults

that might control the conduit system of the thermal springs.

METHODS AND INSTRUMENTATION

In mid-July 1979 we shot 9 reversed refraction profiles in the
thermally disturbed zone at Pilgrim Springs, shown in Figure 1, with
spread lengths of 110 or 165 m, corresponding to a geophone spacing of
10 or 15 m respectively. In addition to the end shdts, one supplementary
shot was fired at center profile and usually at least two additional
shots were fired beyond the two ends at one-half and onespread lengths.
In one case, six shots at even increments of the spread length were

fired beyond one end of the profile in an attempt to reach basement.
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Figure 1.

Location of seismic refraction profiles in the thermally
disturbed area, labelled A-A', B-B', etc.
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We also shot two short (55 and 110 m) reversed refraction profiles
outside the Pilgrim area on the metaquartziies of Birch.Hill and on
gneissose granite on the eastern flank of Hen and Chickens Mountain (P¢
q and PE g, respectively, Plate I) in order to determine characteristic
crystalline basement velocities.

The shot size of nitrocarbonitrate was 1imited by having to bury
“the charges using a small, hand-operated, power auger. The sigha]s were
recorded on a 12-channel field portable signal enhancement seismograph,
Geometrics-Nimbus, Model ES-1210. This seismograph features signal
enhancement by stacking repeated signals in a digital memdry, allowing
the use of repeated shots at one location to improve the signal-to-noise
ratio. This tends to increase signal amplitude whi1e random noise is
cancelled or limited. The permanent record printed on electrosensitive
paper could be scaled to the nearest millisecond. . 4

Interpretation of refraction seismograms éonsisted of. picking and
plotting all first arrival times on travel time graphs. Using linear
regression analysis, best-fit lines were drawn through points on the
travel time graphs representing arrivals from the same refractor.
Seismic velocities were calculated and the refractor surfaces were
defined by one of three techniques: horizontal layer solutions, dipping
layer solutions, and delay time methods which bring out refractor
topography. Horizontal layer solutions were used for unreversed data,
and for making minimum depth estimates to unseen refractors. Delay time
methods were used on reversed profiles showing arrivals from,the same
refractor at}the same geophone. Dipping layer solutions were used on

reversed profiles which did not show this 'overlap’.
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RESULTS

The seismic refraction profiles and their interpretations are shown

in Figures 2 through 11. On the basis of these profiles we have reached

two concluéions which relate directly to the geothermal system at Pilgrim

Springs:

(A) The Pilgrim River Valley sedimentary fill is much thicker under the

springs area than previously suspected; at least 200 meters thick

beneath_profi1e'D-D'.

(B) There are three seismic refractors in the unfrozen sedimentary

fi1l below the springs.

)

(2)

(3)

An upper layer with velocity 600-1000 m/sec and a thickness of

0-25 m.

A second layer with velocity 1200-1800 m/sec at depths of
0-25 m and a thickness of 15-60 m. A
A layer of undetermined thickness with velocities of 2100-3300

m/sec, found at various depths greater than 15 m.

Based upon the test well logs (Kline, et al., this report) we

suggest that:

(.

Layer 1 consists of wet-to-saturated, fine-grained, fluvial

(2

(3)

deposits (silts, sands and clays); it is sometimes missing

fram the section.

Layer 2 consists of & sequence of Waterqsaturated‘sands, with

_abundant lenses and'thinylayersrof gravel and finer-grained

material. k
Layer 3 is characteriied’by cementation of the sediménts’andv
consists of a thick sequence of saturated, moderately-to-well-

cemented gravels with some sandy layers.
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Figure 2. Seismic profile A-A'.(in this and the following Figures

3-11 the numbers refer to velocities in m/sec).
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Figure 4.‘ Seismic profile C-C'.
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Figure 5. Seismic profile D-D'.
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velocity of 2200 m/sec would be at least 29 m.
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Our results corroborate the preliminary findings of Forbes, et al.
(1974) who idehtified the same three basic units. The travel time data
a]so‘show substantial scatter of the first arrivals caused by lateral
inhomogeneities in the sediments. We interpret these to be cut-and-fill
structures related to the depositional history of the Pilgrim River
Valley as suggested by Forbes, et al. (1974).

Crystalline basement (metaquartzites = 5000 m/sec; gneissose granites
= 5600 m/sec) was not detected in any of the profiies;. Long shots up to
760 m beyond the end of array D-D' indicate a velocity of only 2300
m/sec for the deepest sediments encountered. If one assumes that meta-
quartzites (5000 m/sec) lie just beyond the reach of the longest shot, a
minimum.depth'of 200 m to basement méy be inferred.

Three of the refraction profiles are of pafticu]ar interest:

Profile B-B' (Figure 3): This is a profile through the thermal
anomaly centered at 290 m S, 290 m W (Osterkamp, et al;,,this report),
interpreted by the delay time method. This profile is close to a
recommended drilling site and shows the very high relief (10 m) of the
surface of the gravel layer 3.

Profile D-D' (Figure 5): This profile represents our main effort
to find bedrock. A composite travel-time curve.of all the south to
north shots is given in Figure 6 showing that even at receiver-shot
poiﬁt separations of over 700 m refractions from the crystalline base-
ment cannot be detected. Debartures of arrival times at individual
receivers from the mean travel time curve suggest high relief on the
surface of layer 3. The 53 m sec offset between 550 and 640 m may be

reasonably interpreted in two ways:
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(1) A large thickness (approx. 70 m) of low-velocity layer 1 material
under the last shot point, or:
(2) A depth increase of approximately 80 m to the surface of the
layer 3 gravels (assuming layer 1 is 18 m thick).
| On the basis of the gravity survey (Kienle and Lockhart, this report)
which suggests a downdropped basement to the west of the springs, the
“second alternative may be more likely. The faCt that layer 1 never
exceeded 25 m in any of the other profiles also adds support to the
second alternative. R
| Profwle I-1' (Figure 11): This profile was shot across a north-south

lineament seen:on the U-2 photo of the P1lgr1m R1ver Valiey This
lineament (Plate I) has recently been 1dent1fied as a Quaternary fqu1t
(Kline, et al., this report). In addition, a 100 m dipole-dipole
resistivity profile aéross the 1ineament suggests a thickness of 100 m
of ice-rich permafrost on the west side and only 25 m of less ice-rich
- permafrost to the east (Wescott, et al., this report). | |

 Because of the presence of high velocity massive ground ice and
ice~rich soiT,'we could nntvsee through to'1ayér 3, in which we hoped
to find evidence of fau]ting.)_HOWever; several shots suggest an offset
(efther 12 or 28 m) of the massive ground ice, with the east side down.
This is the proper sense of motion for the fauit,fasrdisc&ssed in the
surficial geology section of the report, but»becanse'of-thefpoor quality
" of the data from this profile, we would be hesitant to use them as solid
evidence for the observed fault. Profile I-I' was the only one in which

we detected ice.

69




STRATIGRAPHIC INTERPRETATION

The surficial layer (layer 1-velocity 600-1000 m/sec) appears in
places to grade into layer 2 (veiocity 1200-1800 m/éec) and in other
places (profile C-C', for example) to be entirely absent.. Travé1 time
data for both of. these layers show remarkable scatter indicating strong
lateral variations .in velocity and the presence of isolated.refractors,
typical of a heterogeneous assemb]age of materials, often as discrete'
bodies. Much of the detail of these fine subsurface structures lies
beyond the resolution of our wide geoﬁhone spacing, designed to find
deeﬁ refractors. However, the recent surficial geologic studies of the
depositional history of the area by J. Kline, etaaI.,(this report),
allow us to postulate a.depositionai sequence which is:consiﬁtent with
the travel time data of our seismic survey.

Today the Pilgrim River is a meandering stream.andlnumerous meander
scars demonstrate thét it has previously meandered oveé the themally
disturbed area surrounding Pilgrim Springs. A meanderiﬁg-river leaves a
distinctive set of deposits as it sweeps back and forth over a valley.
The deposits may be broken down into two major groups (Reineck'and
Singh, 1975).

(1) Channel deposits: Volumetrically the most important, these
are deposits formed mainly from processes in river channels
and include:

(a) channel lag deposits; coarse-grained sediments deposited
in the deeper parts of the channel in discontinuous
lenticular bodies, |

(b)' point bar deposits; large volumes of sand which accumu-
‘late on the insides of meander scrolls forming thick,

tabular bodies,
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(c) channel fi1l deposits; fine-grained sediments which
eventually fill an abandoned meandef 1oop.

(2) Bank and floodplain deposits: Flood deposits composed mainly
of fine-grained sediments which spread-out in thin layers over
the floodplain, and slightly coarser sediments which tend to
pile up on the ri?er banks. |

The thickness of an ideal sequence of meander deposits will depend
on the size of the river. An estimate for the Pilgrim River might be
1-5 m. In time, a meandering river valley will develop a sedimentaﬁy
package consisting méiniy of point bar sands which contain lenses of
channel  lag gravels and channel fill deposits covered by a drape of
fineﬁgrainéd'f106d:deposits. If the valley is slowly dropping while
maintaining a low river gradient, the resulting fill will be a complex
sedimentary}package‘of sands, gravel lenses, filled channels, and layers
of fine-grained sediments.

Elsewhere in this report, J. Kline, et al., cite evidence suggesting
that the Pilgrim River Valley has been lowered in the vicinity of Pilgrim
Springs. This downdropping probably resulted in the heterQQEneous sedi-
mentary package discussed above. This model, together with theisi1ica
cementat{on probably caused by-hydrothefmai activity, could be expected

to produce the travel time anomalies detected in our survey.

- SUMMARY AND CONCLUSIONS
We have obtained shallow subsurface information on the sedimentary
fi11 of the Pilgrim Springs area. Three basic units have been defined
on the baSis of seismic velocities, the most important of which is the

conglomeratic third layer of possible Tertiary age. This layer is over-
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lain by river meander gravels, sands and fines that make up ]ayérs 1 and
2. ;In the area of the first two test drill holes the top 9 m of this
layer contains a hot artesian aquifer with estimated flows-of 200 and
- 300-400 gal/min (Figure 1, Kiine, et al., this report).

We have also determined that the crystalline basement of the valley
floor is much deeper than previously thought, at least 200 m beneath

Pilgrim Springs.
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GRAVITY SURVEY OF THE PILGRIM SPRINGS GEOTHERMAL AREA, ALASKA

Juergen Kienle and Andrew Lockhart

OBJECTIVES
A'reconnAissance gravity survey was undertaken to aid in defining
the regional crustal structure and to attempt to estimate the depth

" to crystalline basement at Pilgrim Springs.

- METHODS

- During July and October, 1979, 122 gravity stations were occupied
coverfng,an area of about 720 5quare‘ki1ometers,‘inc1uding the Pilgrim
“River Valley near Pilgrim Springs and parts of the Kuzitrin Valley, the
northern flank of the Kigluaik Range and the hills north and east of the
Pilgrim and Kuzitrin Valleys. Data were also taken a}ong the south flank
of the Kigluaik Mountains south to Salmon Lake alongmihe Taylor Road,
and & detailed survey foIfowed the course of the Pilgrim River.

. The survey was tied by repeated flights and truck trips to the
gravity base station NOMA (Barnes; 1968) at the Nome airport. Uncertainties

~_in this tjgvaffqgt absolute gravity values at Pilgrim Springs by less than

. 0.8 mgal. |

"The 1nstrument uéed was a-LﬁCoste-Romberg gravimeter, model G-248,
vwhiéh'is thérmostatica11y maintained at constant temperature. The gravi-
meter drift was evaluated by repeated ties at the Pilgrim Church secondary
base; the drift correction was less than 0.12 mgal/hour under the worst

conditions.
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The oniy real limitation of the quality of the gravity survey was the
elevation control. Station elevations determined with a Paulin surveying
altimeter were corrected by recordings from é base station barograph at
Pilgrim Springs and are accurate to + 4.6 m (+ 0.90 mgal). Whenever
possible we occupied stations on benchmarks (+ 0.9 m, + 0.18 mgal) or on
checked elevations (+ 2.3 m, + 0.45 mgal). The best relative elevation
control was obtained along the gradient of the Pilgrim River with stations
taken at river level (+ 0.9 m, + 0.18 mgal).

The Bouguer reduction density used for all gravity stations is
2.67 g/cc. This is a standard reduction density for gravity stations
on crystalline basement. For the valley stations taken on alluvium,

a more accurate reduction density would be 2.00 g/cc. However, because
most valley station elevations are less than 10 m, the error caused by
using the higher reduction density is less than 0.3 mgal which is in-
significant in terms of the magnitudes of the observedlanomalies.

| Terrain corrections for selected gravity stations have been made

in order to estimate the terrain effects on the gravity map shown on
Figure 1. Figure 1 is bounded on the south by the east-west trending
Kigluaik Mountains which crest at about 915 to 1430 m. These mountains
require a positive terrain correction on the Pilgrim River valley stations
grading from 1.5 mgal on the southernmost gravity stations to 0.5 mgal
neﬁr the axis of the Pilgrim River. Terrain corrections for stations
along the Pilgrim River show no chahge in magnitude from east to west.
Terrain corrections for stations on Mary's Mountain and Hen and Chickens
Mountain range from 1 to 2 mgal as do corrections for stations in the

hills to the west of the Pilgrim River and north of the Kuzitrin River.
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Figure 1. Bouguer 2.67 g/cc gravity anomaly map (mgal), Pilgrim Springs and vicinity.
Stippled areas represent possible- fault zones.




Adding the terrain corrections would have very little effect on the
overall shape and magnitude of the gravity anomalies shown in Figure 1:
The gravity low to the southwest of Pilgrim Springs would be slightly
reduced, and the dominant northeast-southwest gfain of the gravity map

would be slightly enhanced.

RESULTS

Figure 1 is a simple (not terrain corrected) 2.67 g/cc Bouguer
gravity anomaly map, which reveals surprising complexities near Pilgrim
Springs. Tﬁe~01d crystalline terrain. north and east of Pilgrim Springs
is‘characterized by gentle gravity anomalies that vary between 0 and -7
mgal. The gravity data taken in the Pilgrim River valley and a few
stations in the lower Kuzitrin drainage reveal sizeable negative anomalies,
imp1yin§ that in places the low density valley fill is quite thick.

The gravity anomalies in the Pilgrim River Valley between the
Taylor Highway bridge and Marys Mountain. define 2 distinct regions
roughly separated‘by the 164°55'W meridian passing through Pilgrim
Springs. As discussed elsewhere in this report (Kline, et al.) this
line also separates regions of distinctly different morphology andx
surficial geology and is the locus of a mapped Quaternary fault (Plate
I). The valley is narrower and the river gradient steeper east of
Pilgrim Springs as compared to the much wider valley west of the Springs
characterized by a lower river gradient and extensive thaw lakes at the
level of the flood plain.

Northeast of the springs, Bouguer gravity values of -2 to -4 mgal

suggest a thin sedimentary cover. A small southwest-northeast-trending
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low of 3 mgal (-6 mgal contour closure) centered on the Pilgrim River
indicates an 80-to-100 m-deep pbcket of low density sediments. A
narrow gravity high (-4 mga1 contour élosure) lies immediately southwest
with the same southwest-northeast elongation.

The valley floor west of fhe Springs, characterized by numerous lakes,
has low Bouguer gravity that defines a sedimentary trough, again elongated
in a,Southwest-northeast.dikection.' Pilgrim Springs is located at the
ﬁortheastern corner of this trough. At the springs, crystalline

- basement may lie at depths of at least 200 m while the deepest part of
the trough, characterized by a -15 mgal contour closure, could be as deep
as 400°to 500 m. (These rough depth estimates are based on a horizontal

- slab approximatiéh of the mass anbmaiies, using a backgfoﬁnd regional
field value of about -2 to -3 mgal and a density contrast of 0.67 g/cc.)
If the sedimentary trough is that deep one might expect to encounter older
sediments, such as the late Tertiary Kougaruk gravels Qﬁich ouicrop in
the Noxapaga valley, 70 km to the northeast of the Pilgrim area. Bouguer
gravity values in the Kuzitrin valley north of Marys Mountain are as low
as -12 mgal, again indicating a great thickhess of low density valley
,fiii and possibly another area qccupfed by Kougaruk gravels at depth.

The grévity trough southwest ofiP11grim Springs is bound by fairiy
steep linear gravity gradients along its northern and southEaséern,margins
(Figure 1, stippled trends). We do not have enough data-tn)define the
western and southern margins, but an active normal fault offsetting
glacial moraineé by as much as 10 m has been mapped at the southern margin
\(P1ate_1); Both the northern and southeastern margin gravity gradients

Suggest>norma1 faulting. If this interpretation is correct, the crysté]1ine
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basement is dropped by about 200 to 300 m going south across the Pilgrim
River and west across the linear gravity gradient that passes through Pil-
grim Springs. The springs appear to be located at the northeastern corner
of this subsided basement block. The sense of downdropping is opposite to
that shown by the surficial geology as discussed elsewhere in this report
(Kline, et al.). However, there is no conflict assuming the surficial
geology reflects more recent fault motion than that shown by the gravity
data. |

A more detailed analysis awaits 3-dimensional computer modelling of the
anomalies. Nevertheless, the present gravity data are adequate to show that
Pilgrim Springs is located at the intersection of 2 strong gravity gradients
that suggest a block-faulted basement. These two gradients correspond in a
general way to mapped faults on P]afe I.

In view of the surprisingly thick sedimentary section suggested by
seismic and gravity data for both the lower Pilgrim and Kuzitrin—Valleys one
might speculate that the low-1ying region extending from the Imuruk Basin
through the Kuzitrin Valley to the Imuruk Lava fields, which has had active
volcanism perhaps as recently as 200 years ago (Hopkins, 1963), represents
an incipient northeast-trending rift through the Seward Peninsula. The rift
may be as old as the late Tertiary because the Kougaruk gravé]s occupy the
basal portion of the trough at least in the Noxapaga valley. Because no
evidence of young plutonism was found when we mapped the area (Swanson, et
al., this report), it may be more attractive to associate manifestations of
anomalous heat flow (alkali-basaltic volcanism, hot springs) with tensional
tectonics and active rifting in the region. Additional evidence for this

model comes from a recent seismic study by Biswas, et al. (1980). This
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study indicates that the Imuqu Basin and 10Wer Kuzitfin Valley comprise an

area of anomalously high seismicity with fault plane solutions indicating

active normal faulting typical of modern rift zones.
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ELECTRICAL RESISTIVITY SURVEY OF THE PILGRIM SPRINGS
GEOTHERMAL AREA, ALASKA |

Eugene Wescbtt, Richard Sydora, Jerry Peace and Andrew Lockhart

- THEORY
The high salinity of the hot spring water produces a water resistivity
~of 1.0 e-m. Thus unconsolidated sgd1ment5'or rocks containing this hot water
will have a low resistivity. By Archie's law the resistivity of a rock is
approximaté]y; p = p“,¢'2,‘where P is the resistivity of the interstitial
wwater“énd ¢ is the porosity. The resistivity will also decrease with in-
Acreasing temperatﬁre uh to 250°C. Thus we haVe’confidencéJthat the hot
water reservoir underlying Pilgrim Springs can be delihéated at depth by

low resistivities of the order of a few Q-m.

METHODS

Deep electrical resistivity measurements were made usiﬁg a Zonge
Engineering and Research Organization GOP-12 indﬁced pq!arizatjon/resistivity
: receiverksystem. A Geotronics FT-4 trénsmittér capable of;a 4 ampere
'squgre'waye signal waskusedasfthe.sigﬁa1lsource;~'The Zonge'syﬁtem uses
a pairtof‘eloo Intersil'miérapkocessors to process the field daté'(stackfng
and averaging), to improve the signal-to-noise ratio and calculate the
resistivity and phase shift. The system can be used with 16 different
- frequencies from'1/125 to 256 Hz to produce a complex resistivity curve,
" but due to the time available we ran 1/4 Hz as the stﬁhdard measurement

"~ on both Schluberger and dipole-dipole measurements.
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PREVIOUS WORK

The first priority of the resistivity work was to extend and interpret .
the previous resistivity survey done by Harding Lawson Associates (1973).
They had run an east-west Sch]dmberger depth profile, céntered near our 55
station (500 m south of the grid origin), and then had extended to the north
and to the south by means of the equatorial dipole system. They found aﬁ
upper layer of about 30.m thickness with a resistivity of 10 g-m underlain
by material which they interpreted as being crystalline bedrock with 200 o-m
resistivity. To the north the equatorial dipole points suggested to them a |
much greater depth to bedrock of near 180 m. Thus their interpretation
suggested an east-west fault near the springs dowh-droppéd to the north with

an offset of 150 m somewhere to the north of 58S.

1979 SURVEY .

OQur first survey to check this hypothesis was to rﬁn an east-west
Schlumberger depth profile at 5N, line §-S' on Figure 1.

The field data and a theoretical computer model curve are shown in
Figure 2. Modelling was done using an automatic curve fitting program
(Zohdy, 1974a) for.guidance and a convolution curve fitting program to fit
the curve with greatest possible accuracy (Zohdy, 1974b). The best fit to
the data incorporates 9 horizontal layers. There are a series of thin
layers from the surface downward, approximating Qariations in resistivity
due to the dry surface soil grading downward to water-saturated sediments.
We find a fairly low resistivity layer, 12.1 q-m, 3.1 m thick at a depth of
3.9 m, which may be a blue clay layer found near the surface in seismic

drill holes. It is underlain by a layer 8.5 m thick of slightly higher
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RESISTIVITY SURVEY LINES
PILGRIM SPRINGS AREA

Figure 1. Location of resistivity survey
indicate agricultural fields.

83

lines.

Stippled areas




LBC RESISTIVITY
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East-west Schlumberger depth sounding at station 5N
(500 m north of origin). The model resistivities and

bed thicknesses are shown.
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resistivity (16.1;9-@), which may have a higher sand and silt content.

Beneathithis°1ayer our mode1 calls for a 54 m thick layer of 6.3 @-m. The

low resistivity ﬁrobab1y,indicates a hot water aquifer, with the water

somewhat diluted by cold ground water. |

Eeneéth the 54 m thick aquifer the model shows a floor of higher
resistivity sediments, presumably of lesser porosity and/or not containing
hot water. Owing to seasonal flooding we were only able to extend our
current electrode‘ha1f'5paCing to 256 m, so the modelled thicknesses and
resistivities beyond that depth are not very meaningful. The indicated
slope of the resisitivity CUFVE, however, does not suggest that crystalline
bedrock was reached. |

Further tolthe'ﬁorth,‘towards‘the Pilgrim Rivef, inspection suggests
that permafrost is present just below the surface. This is where the Lawson-

Harding (1973) equatorial dipoles were located on the northern exterision

" of their Schlumberger sounding. The very high (v thousands of g-m) resistivity

of permafrost constitutes a lateral inhomogeneity which is the most 1ikely

explanation for the purported crystalline bedrock at 180 m depth erroneously

‘identified by Harding-Lawson Associates, (1973).

'Our next effort was fé run a dipoleédipo1e survey north-south along
the baseline, 1ine P-P' on Figure 1. Our pre-survey computer model studies

indicated that such a survéy would be very sensitive to the type of fault

structure proposed by Harding-Lawson Associates (1973). We used 100 m

dipoles and generally extended each receiving spread out to n = 5. The

diagram below indicates the nature of the dipole-dipole resistivity spread.
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The nominal depth of investigétion is 1/2 the distance between the
transmitting and receiving dipoles. Thus survey sampled to about 300 m
depth, yet features of a few tens of meteré could be distinguished.

Figure’3a illustrates the results of this survey presented in pseudo-
section, where the resistivity values are plotted at the 45° intersections |
of lines between the transmitter and receiver locations. Note that several
n =1 values are less than 3, 2.5 and 2.6 Q-m respectively.

We have made a number of two-dimensional model calculations using the
computer code developed by Dey and Morrison, (1975). This modelling program
uses a mesh of discrete resistivity values. Owing to the very large size of
the array and the cost of computer runs for such a large program, we re-
stricted the array to 113 x 16 elements. This means that the smallest
feature we model is a resistivity element 25 x 25 m. With the 1im1tation of
this minimum discrete element we have run many models, all of which have
shown the same basic structure, that of a low resistivity "pancake" 50 m
thick, about 1 km in diameter, and underlain and surrounded by material of
resistivity 200 q@-m.

Figure 3b shows the basic model. The gross features and resistivity
values are fairly close to the field values of Figure 3a. The model in-
cludes a 25 m layer of 3 o-m, underlain by a 25 m thick layer of 1 G-m. The

south edge of the reservoir is near 55 where the resistivity grades
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into.the background 200 @-m. At the north edge near 6N the depth increasesv
to 75 m while the resistivity increases to reflect the Schlumberger results.
Thus our basic model agrees with the hypothesies of a shallow reservoir
about 50 m thick.

We ran three variations on the basic model to see if we could detect
the presence of another hot brine layer at depth. Figure 4b shows the
pseudosection for a model with a semi-infinite brine layer of 1 g-m, 50 m
thick at a depth of 150 m. In Figures 5b we moved the layer up 50 m to a
depth of 100 m and in Figure 6b a 25 m layer is modelled at a depth of 75 m.
As one can see the gross featdres of the pseudosections arerall similar to
the basic model, Figure 3b. The actual numbers vary as do the fit of
various features. From the dipole-dipole survey and models we can defi-
nitely say that there is a bottom fo the shallow (50 m) surface reservoir,
but we cannot rule out additional thin reservoir layers at greater depths.

We also ran several inverted cone models in order to represent a rising
plume of hot water. A typical cone model is shown in Figure 7b. The general
features of the cone model are inconsistent with the field results, and thus
argue against the presence of a thermal plume of these dimensions.

Finally, in Figure 8b we show the results of the computer model of the
proposed Harding-Lawson fault structure. The general features aré signifi-
cantly different from the field results, indicating that their proposed
fault is not present.

We also ran a Schlumberger depth brofi]e near the ground temperature

anomaly centered at 290 m S 290 m W (Osterkamp, et al., this report),
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line Q-Q', Figure 1. Figure 9 shows the field data and a theqretica]
computer model using a 6-layer earth. There is a dry surface layer of about
1 m thickness which was observed in the field to grade from soil into a blue
clay which was saturated with hot water. The main feature of the model is a
40 m thick layer of resistivity 3.5 @-m, which is clearly a very hot water
reservoir, with high salinity. ABeldw the reservoir we find a 45 qg-m section
of sediments with Tow porosity and probably no hot water. Below 240 m the
curve suggests a basement of 1000 @-m, but the last few data points may be
affected by the lateral inhomogeneity of the edges of the disturbed grodnd.
In any case these eXce]lent data indicate a Bottom to thé shallow reservoir
near 41 m depth.

Because the dipo1e-dipo1e computer models do not seem very sensitive to
deeper reservoirs under the shallow (about 50 m) reservoir, we tried runniﬁg
- the Schlumberger program with a 25 m thick layer of 1 q@-m at various depths.
Figure 10 shows fhe results of this layer at 75, 100, and 125 m depths.
Clearly such a layer has a pkonounced effect on the resistivity vs. spacing
curves and could easily be detected at much greater depths. Thus a flat
layered earth interpretation at anomaly number two does not support the
suggestion of deeper reservoir layeré. However, we did not run Schlumberger
depth profiles at other places in the disturbed ground area to preclude such
a possibility.

To test the hypothésis of @ N-S-trending Quaternary fault along the
west edge of the disturbed ground (Plate I) we ran an east-west 100 m
dipole-dipole survey to the south of Pilgrim, 1ine R-R', Figure 1. The
mapped fault intersects the survey line at nearly a right angle in the

vicinity of station 0. The pseudosection of the field data is shown in
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Schlumberger depth profile at ground temperature anomaly
at 290 m S, 290 m W. With computer curve calculated

for best fit dashed Tine, and for three cases of a

1 @-m, 25 meter-thick, deeper layer inserted at depths
of 75 to 125 m.
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Figure 1la. There is a clear difference in the surface resistivities
across the line near station 1E (100 m east of origin). To the west we
encounféred very high resistivities of order 30,000 Q-m, which we interpret
as being very ice-rich permafrost. The permafrost east of the line has
much lower resistivity and is also thinner.

The best computer model pseudosection is shown in Figure 11b. Many

models were run attempting to duplicate all the features, and in general all

‘agreed with a 100 m-thick section of permafrost of resistivity about

25,000 a-m to the west of station 0 and a 25 m-thick layer of permafrost of
less ice content, 6000 @-m, to the east. We had to vary the near surface
resistivity somewhat to duplicate the field values in the fina] models.

The most significant feature of the model fs that underlying the
permafrost. on either side are sediments of resistivity 300 Q-m. That is,
the permafrost does not extend to basement, and water would be free to
mjgrate'in aquifers beneathythe pérmafrost.» The mapped fault is a
reasonab]e explanation for the obsefved difference in surface resistivities,
but no hot water is indicated by the resistivity'data in this area.

Apparently the fault is not serving as a conduit'bringing hot water to

" near-surface 1evels in the v1c1nity of our resist1v1ty prof11e

~ We also ran a Schlumberger and a 10 m d1pole-d1po]e survey in the
region of the smaller thaw window NE of Pilgrim wh1ch produced 20°C’_»

temperatures at 4 meters depth. P1ate I‘shows the configuration and

" location of this thaw window. Figure 12 shows the pseudosection. It

shows a high resistivity near the surface (dry,fsandy soil) underlain
by a lower resistivity layer and then again highér. The resistivity
data do not suggest hot saline water within a few tens of meters of the

surface in this area.
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WATER AND HEAT FLOW MEASUREMENTS AND THEIR RELATIONSHIP TO
POWER ESTIMATES AT PILGRIM SPRINGS, ALASKA

William Harr1son and Daniel Hawkins

INTRODUCTION
To assess the power potential of a geothermal system it is important
to'map-the temperature distribution of the area, both ih plan view
and in depth. It is also important to determine surfaee and ground
water flow rates. Both types of measurements were made as part qfrthe
work degéribed here. The'procedures and results will be described
below, as we]] as their 1mp11cat1ons for the power budget of the P1lgr1m

Spr1ngs area

PROCEDURES AND RESULTS

~ Surface Measurements »

| The temperature of the hot water from the‘main hot springs area was
determined to be 81°C and its flow rate to be 4.2 x 1073 m¥/sec (0.15
ft3/sec or 67 gallons/min). The,uncertainty‘in the flow rate estimete
is:4 30%. It was not feasib1e;t0umeasure the flow rate'directly at the
springe area. Instead, the flow rate of the Stream draining the area was
measured at the first good site about 150’m downstream, just below the
confluence of a small cold water stream (F1gure 1). Flow rate was
determined by mapping the velocity over the stream cross prof11e with a

small current meter. Temperature was also mapped and the average temperature
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calculated. The average temperature of the cold stream was also determined.
From this information the flow of water formerly at 81°C was calculated

from the conservation of water and heat:
Mot * Meowo = McomsINED

Myor (Thor - Tcomsnen’ = Mcorn (Tcomsrnep - TcoLo’

where M stands for flow rate and T for temperature; THOT = 81°C. MCOLD
can be eliminated and the flow of 81°C water (MHOT) calculated from

Moo = Moo (Tcomarnen - Teoro!

MeoLp also includes the cold water mixed in at the main hot springs area,
and the most sekious assumption=-the one dominatiﬁg the above uncertainty
estimate of 30%--15 that this co]d water was at the same temperature as
that measured in the cold stream. |

' The proceduré was repeated at a second site about 100 m farther down

‘stream just below the confluence of a second cold stream,(Figure 1).

At this site the ratio of original 81°C to cold water is less, but about

_the same flow rate of original 81° water was calculated, lending support

to the validity of the main asSumption. The measurements at this site

‘ “can be interpreted in a second way, in which the hot water input at site

2 is the known output at known temperature from site 1. This over-
determines the unknowns and the consistency found verifies that the

approach contains no serious errors. The measurements and results are
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summarized in Table 1. As the best estimate of MHOT’ the flow of 81°C
water, we take 4.2 x 10'3 m/sec, which is slightly weighted in favor of site
1 because it is closer to the source. '

fhe flow rate obtained is about 7 times that estimated by Waring in
1917. Neither the uncertainty of his estimate nor the poséib]e variation of
flow rate with season or surface water cpnditions are known. One possi-
‘bility is that our value is higher because it is representative of the
entire main hot springs area, but the difference could also represent a real
secu1arichange.

Borehole Measurements

Temperature, thermal conductivity and groundwater flow rate measure-
ments were made in two holes,vconsisting of sections of 3/4" water pipe hand
driven vertically into the ground to depths of 9 1/2 m. These were called
holes 1 and 2, and their locations are shown on Figure 1. Temperatures were
measured in both holes, and the results are shown in Figures 2 and 3. In
both cases temperatures of roughly 80°C (176°F) are reached at 10 m, where
the temperatures are still increasing. Strong convection in the water in
the pipe in hole 1 caused scatter in the data, which is especially evident
at 2.3 m depth. A more viscous fluid was used in hole 2, and the results
are somewhat better. A damaged housing on the thermistor temperature sensor
also contributed to the scatter. Calibration uncertainty could cause a
systematic temperature error of about 2°C.

An attempt was made to measure the flow of ground-water perpendicular
to holes 1 and 2 using a new thermal tracing technique (Harrison and Hawkins,
to be published). A pair of wires is placed in the hole, and heated
electrically. This heats the fluid in the hole, but with time, after the

power has been turned off and the wire removed, the fluid cools off again.
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TABLE 1*
Site 1:

Date: June 19, 1979 June 19

. -3.3 -3
MCOMBINED‘ 16.7 x 10 Y m"”/sec 21.5x 10 " m
TCOMBINED 31° - 26°
TeoL 13° 13°
Toor 81° g1°
Moot 4.4 x 1073 m3/sec 4.1 x.107° w

*The measurement accuracy of’the~méasured'flow rate M
10%. Temperatures are accurate to * 1°C.
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Site 2:
June 23
3/sec 13.0 x 10
36°
21°
81°
/sec 3.3 x 1073 m/sec

-3 m3/sec

comsingp 'S roushly
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If water is flowing through the ground past the pipe, the rate of cooling
will be faster because the moving water will help carry away the heat. This
method was used in an attempt to measure the horizontal component of ground
water motion. The technique also measures the thermal conductivity of the
ground, an essential quantity in heat flow calculations.

Any horizontal flow rates at holes 1 and 2 were too small to be de-
tected by this technique, at least given the problems discussed above.
However, an upper limit to the flow was obtained. This 1imit varies some-
what depending upon the quality of measurements at a given depth, but it is
typically 1 m/day. The approach is illustrated by the data of Figure 4.
Temperature after heating is plotted vertically, and a convenfent mathe-
matical function of time t after heating began (and time s that the power
was on) horizontally. Time increases to the left, and zero represents the
undist&rbed temperature. The dots represent the measurements, which have
some scatter due to the broblems discussed above. The solid line shows how
the temperature should behave if the horizontal flow were zero; the broken
1ine would be the behavior if it were 1 m/day. The first line fits the data
. better, but it could be argued that the broken line is also almost con-
sistent with the data, so we conclude that the flow is less than 1 m/day.

Also shown in Figures 2 and 3 are values for the thermal conductivity.
(It should be noted that the flow rate limit of about 1 m/day was determined
at the depths at which thermal conductivities are plotted.) The error bars
plotted with the data points represent more or less random errors. Since
these are smaller than some of the variations, these variations must be real

and represent variations in lithology. Systematic errors (introducing

108




PILGRIM SPRINGS HOLE No.2
7.24mDepth

.6°85, 1 I ) B
, , | . _
%)
L
w
x
EE ‘

& 680 . . =
Tt | Increasing
= | ~ Time

Cold
‘.,—-
B 4
67.5 = L L
-0 04 02 03 0.4
¢t
Lo =
Figufe 4., An éxampTé, at a particular'depth (7.24 m), of hole

cooling after heat was applied. The dots represent
the data. The solid and broken curves are the theor-
etically expected cooling curves for water speeds of
0 and 1 m/day respectively.

109




a bias the same for all depths) are caused by uncertainty in heating power
measurement, and may amount to 5 or 10% in addition to the erbors plotted.
The errors seem to be slightly larger in hole 2 because the "real" tempera-
ture changes (as opposed to those induced by us with our heating wire) were

not as well measured.

DISCUSSION

Surface Measurements

The stream temperature and flow measurements permit an important
quantity to be estimated--the power produced by surface flow from thé main
hot springs area. It turns out that this quantity is slightly ill-defined,
‘but we make it definite by assuming that it is the power that can be
supplied to a reservoir of approximately 0°C water, such as the Pilgrim
River. This power is then the product of water heat capacity, flow rate,
and temperature in deg C.

The power carried by the main hot springs 81°C water is thus calculated
to be 1.4 MW (megawatt). The total power carried by the stream at the
vicinity of site 2 is higher, since it has picked up heat from other sources
which outweigh its losses to the atmosphere, and is about 2.2 MW.

These resu1ts'are summarized in Table 2a.

Borehole Measurements

In addition to the horizontal ground water flow discussed earlier, a
1imit on the vertical flow can be estimated from the temperature profiles

and the measured thermal conductivities. In the deeper part of hole 2 this

vertical flow is less than 4 m/year; with a roughly similar value
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TABLE 2a

SURFACE MEASUREMENTS

HWater flow: | -
4.2 x 10'3-m2/sé¢ (67 ga11dns/minute) +30% of 81°C water from
main thermal area

Heat flow: o
1.5 MW (megawatts) carried by the 81°C water from main thermal area

2.2 MW carried by stream at Site 2

. TABLE 2b
BOREHOLE MEASUREMENTS

Water flow:
< 4:métérs/yeaf - vertical -
< 1 meter/day - horizonta]v* :
Heat flow:

o IO»MW/mg‘(megawaﬁts per- square meter)-- vertical-

< 1000 W/m® - horizontal

applying for hole 1. The vertical heat flow can also be estimated,
assuming‘it is mainly conductive. This is 12 and 9 WIm2 for holes 1 and
2 respectively. If the flow is‘not‘COmpletely conductive, as seems
likely, these values could be somewhat larger. The horizontal component
of heat flow, due to horizontal ground water motion of less than 1 m/day,
would be less than 1 kW/mz, assuming again that this goes to heating a
large source of 0° water, such as in the Pilgrim River. These results

are summarized in Table 2b.

m




The heat flow values are quite similar at both holes. If the vertical
heat flow estimate were representative of the entire therma1 area of
roughly 1 square kilometer, the total vertical heat flow would be roughly
10-Mw (megawatts). 10 MW is therefore the crudesf order of magnitude
estimate for the total thermal power currently being produced naturally
at the surface of the area, and is roughly 4 times that carried by the
stream at site 2.

Power Budget

10 MW is probably not a serious overestimate for the total surface
heat flow because it is the same order of magnitude as the power carried
off by the surface streams. However, it could well be a serious under-
estimate because it does not include the power carried off by ground-
water. The main purpose of the boreholes was to estimate this power, but
it is important to point out that at only 9.5 m they were too shallow to
be 1ikely to intercept any important aquifers. In fact, the groundwater
component: of the power budget appears to be very large (possibly greater
than 300 MW), given the surface water power estimate from this work, and
the Pilgrim River water temperature measurements discussed by Osterkamp

and others in a subsequent section of this report.
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A RECONNAISSANCE STUDY OF THE HYDROTHERMAL CHARACTERISTICS
AND ACCESSIBLE POWER OF PILGRIM SPRINGS, ALASKA

Thomas Osterkamp, Joan Gosink, Robert Forbes, Richard Gaffi,
Janet Hanscom, Martha Kane, Camille Stephens and Jeff Kline

INTRODUCTION

Pilgrim Springs is located in an area of thawed ground = 1 1/2 kn®
" _in size bordered on the north by the Pilgrim River. Tne‘continuous
permafrost in the general area is probab1y onrthe order~of.100 min
thickness, judging from wells located at Nome and Kotzebue, and from
‘electrical resistivity soundingfmeasurements'(Weeeott et al., this report).
The surface discharge of Pilgrim Springs appears to be' = 4 x 10 -3 3
(Harr1son and Hawkins, this report) at a.temperature of 81°C. There
‘are no apparent steam vents, geysers or other‘discharges_present. As
such, it 1s a pool-type hydrothermal system probably consisting of a
“heat source, heat sinks, reeharge system,:reoichIation system and dis-
Charge‘system components; The purpose of this investigation was to
" carry out a reconnaissance study of these components. These data

‘are to be combined with that of other geopnysica1 and geological stpdies

" to serve as a guide for further studies and partitularly for defining
5future dr111ing programs des1gned to evaluate the potent1a1 of Pilgrim
Springs as a geothermal energy source. '

" The measurements reported here include soil temperature, apparent

e]ectr1ca1 conductiv1ty of the soil-water system, electrical conductivity

:of grOundwater samples and water samp1es>from the Pilgrim River, saturated

nlaska Division of Geological and Geophysical Surveys
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hydraulic conductivity of the soil and groundwater flow characteristics
(direcfion and velocity). Most of the measurements were performed on a grid
consisting of NS (north-south) énd EW (east-west) baselines as shown in
Figure 1 with the origin‘at the basketball backboard pole in front of the
old Catholic Church. Eleven EW lines were surveyed at 100 m intervals along
the NS baseline; 4 to the N and 6 to the S. Two additional lines were
investigated; line A from the above grid origin along a farm trail to the
Pilgrim River and line B from 100S (100 m south of the origin) procee&ing
SSW down the middle of the new airstrip. A few conductivity measurements
were made in permafrost terrain near 500E,400S (500 m east and 400 m south
of the origin) and temperature profiles were also measured at a site = 4 km
NNE of Pilgrim Springs where some vegetative changes indicated warmer than
normal ground. . |
TEMPERATURE MEASUREMENTS

Hydrothermal circulation of hot water in permafrost terrain produces
thawed ground. The thawed érea at Pilgrim Springs may be somewhat larger
than the area outlined in Figure 1, which represents the area with the
greatest disturbance (= 1 1/2 kmz), as estimated from changes in vegetation
on an aerial photograph. Generally, there are large variations in the
hydrological and thermal regimes within a hydrothermal system which are
related to the under]yfng sources. Commercial development of these sources
réquires determination of their position, geometry, strengéh and internal
flow characteristics. Soil temperature measurements are required as a first

- step in delineating these sources. A temperature survey of the shallow
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near-surface (within 10 m) thermal regime of the more promising sites in the
thawed area was conductgd durihg the latter part of June, 1979. Temperature
profiles were obtained from measurements made inside 1/2" diameter iron
pipes driven into the soil by hand or by a mechanical driver. The tempera-
tures were measured with a thermistor thermometer with an accuracy of N
1/2°C. Most of the measurements were made, periodically, at the tip of the
pipe while it was driven into the soil. In a few cases, the pipes were
logged after being driven to their total depth. Convection in these air-
filled pipes was a problem which was overcome by filling the pipes with |
engihe 0il. A few profiles were measured with a much more precise wheat-
stone bridge and specially calibrated thermistor probe assembly on a long
cable.

Most of the thawed ground area in the study site was flooded during
break-up of the Pilgrim River prior to the time we arrived at the site.
Although the river was within its banks there were still some wet areas
during mid-June. It would seem that flooding by cold water would affect
both the thermal and chemical regimes. However, only a few temperature
profiles showed an indication of water infiltration into the soil. The
effect of this flooding on the chemical regime of the soil-groundwater
system is unknown but probably significant.

Attempts were made to plate the pipes for temperature measurements to a
depth of 10 m or more, since this had been found to be possible in previous
investigations of other systems. However, it was found that penetration
became increasingly difficult below 5 m and impossible below 10 m. This
difficulty was attributed to changes in soil properties and was verified'

during subsequent drilling by the State of Alaska.
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The distribution of temperatures at the 4 1/2 m depth was derived from
about 70 temperature profiles and is shown’in Figure 2. Generally, the
lowest temperatures were found in the NW quadrant and the highest in the
SW quadrant. ?igure 2 shows 6 areas within the thawed region with 4 1/2 m
temperatures > 50°C. Only the pool area near 30W,30S, had a flow of
hot water to the surface. There are distinct differences in the size of

2

these hot areas with the upper three'about 500 m~, the lower two about

10,000 m2 and the far left area about 60;000,m2. The lowest temperatures
at the 4 1/2~h depth'ranged near +10°C in the NW quadrant and the
 highest temperature, 96°C, was recorded in the SW quadrant at 276W,276S
in an air filled pipe and changed to 87°C when the pibe was filled
with 011 at a later time.

The temperature profiles generally ehow increasing temperatures
with depth, near the ground surface (within 1-2 m). At.greater depths
the thermal behavior was very complex, as shown in the four:temperéture
profiles in Figure 3. The two profiles from 200W,100N and 420W,500S
are outside of any of the 6 hot areas.» The profile from 324W,276S is
similar to other profi]es Jjust outside the hottest area and the profile
from 124E,185S5 is on the edge of one of the hot afeas. gThisFIast profile
shows a gradient reversal which seems to indicate e lateral influx of hot
groundwater abd#e—the 5m depth, probably in a westerly direction away from
the hot area. These temperature gradient reversals, zero gfadients and
large temperature variations over small depths are cha;acteristic'of
areas where hot water from deeper sources is in convective motion toward

the surface where it spreads laterally while mixing with cooler groundwater.
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Eight temperature holes were driven along the center of the new air-
strip at a spacing of 20 m and Figure 4 shows the subsurface isothermal
lines along this profile. There is a significant and well-defined heat
source roughly between the 50 m and 130 m positions. At the 100 m position
- the temperature at the 5 m depth exceeds 75°C. A winter photograph shows
bare, snow-free ground near the 100 m position and the vegetation there
consisted of a sparse and short grass cover in a band running across the
airstrip; which contrasted with the surrounding lush vegetation. This band -
is visible on a U-2 photﬁgraph of the area.

Figure 5 shows the temperature profiles along the airstrip. The
temperature distributions shown in Figures 4 and 5 are typical of a con-
vective cell moving hot and/or salty water toward the surface from a deeper
source. The central core of the cell appears to be about 10-20 m in width
and the whole cell about 80 m or more in width and somewhat asymmetric. The
presence of a convection cell implies vertical transfer of hot and/or salty
water from depth toward the water table and lateral spreading of this water
away from the cell. It also implies the presence of a source and possible
recharge mechanisms. While these temperature data are limited in depth,
Figure 5, a through h, appears to illustrate these features. A tentative
interpretation is that Figure 5f suggests a strong upward vertical water

1

transfer on the order of 40-50 m yr'. Figure 5e suggests upward vertical

water transfer on the order of 10 m yr'].

Figures 5d and 59 suggest strong
vertical transfer below the 3 1/2 m depth changing to lateral transfer or
possibly combined lateral and vertical transfer over the 2-3 m depth.

Conductive heat transfer occurs at the 20 m and 40 m positions as shown in

120




Depth {m)

4.0

PILGRIM SPRINGS
Isotherms in a vertical section under
“the new airstrip |

Ground Surface 7

1.0} ‘ “

N
CL

3.0;___—/
-//

Q

o
‘»Q.
o0

, '65“%

5.0% I -
0 20 40 60 80 100 120 140
o Position (m) o

Figure 4. Contour map of the isotherms in a vertical section under
-the new airstrip. The zero position is at 00,100S. A
convection cell appears to exist between the 50 m and
130 m positions. , '

121




‘Temperature profiles

Pilgrim Springs

Temperature {C)

along

the new airstrip

Temperature (C)

0 20 40 60 80 20 40 -Bp [8'ﬂ
= K &y & (b)
= 20 Q
£ L - o,
Q. 4 - .' ' - .
a + °*< zeroposition L
gt . 00,1008 " 20 m
0 o—p—— T 1 T S B M ST RS R
- L2 - . d
E 2 _.'. (C) L o' ( )
£l L
§ ar 5, -t
gL ' 40 m L 60 m
0 . 1 1 t T 1 i ] ] L § t 1] 1
= F - (e) - -, ()
-E' 2F . L .
= - :
o4r ’ i A
2l 80 m [ 100 m
u . 1} 1 s ¥ ) ) § ..l ¥ L] ) ¥ ] 1)
T F . (9) B (M
S 2 p ¢ -
< . %
e4r -
° sl 120 m | 140 m position
Figure 5. Temperature profiles along the new airstrip.

122




 electrical conductivity measurements.

Figures 5b and 5c. Vertical infiltration of colder surface water into the
soil at a velocity of = 5m yr'1 is illustrated in Figures 5a and 5h which

suggests the presence of a near surface recharge mechanism (possibly

~ flooding) for this convection cell. We would feel more comfortable with the

above iﬁtefpretation with deeper temperature measurements; however, it
appears to be intefné]ly consistent and is also supporfed by the electrical
conductivity data. Additional detaile of the intefpretation are given in
theihydro1ogy section and a more eomp1ete analysis will be given in a
subsequent report.

Other temperature profiles (24 total) also show evidence of eonvect1on

cells and/or groundwater mbtidn. Unfbrthhate]y these data are too sparse to

have detected all the cells in‘the'thawedﬂarea or to define cells as was

done in the case of the cell along 1ine B. Considering the size of the cell
along line B and the spacing of our temperature grid survey it appears that
many cells were not detected. This conclusion is supported by the shallow
We also furnished temperature measuring apparatue ahd 1nstructibhs to

the‘Alaska Division of Geoldgicai and GeOphysicai Surveys (Mr. J. Kline),

“for the burpose‘of 6btaining'temperature measurements in two holes drilled

“durfng Octobervand‘November 1979, at P11gf1m Springs. The first hole

(P$-1~H)‘was drilled at 150W,200S to a depth of 49 m. Its position was

Tdecided on the basis df our temperature grid survey (Fig. 2). The'secbnd
hole (PS-2-H) was drilled at 207W,2585 to a depth of 46 m. Interpretation

of the measured temperature profiles in these holes must be considered
tentative sincerthefho1es had not eqU111brated at the time the measurements
were made."Also, the majority of the temperature data and dril]ing:data are

not available at this time.
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PS-1-H flowed 90°C water at 200 gallons per minute (Kline, et al., this
réport) and the measured temperature profile éuggests that this water
probably came primarily from a layer centered about the 16-18 m depth and
possibly from layers near the 28 m and 46 m depths. PS-2-H also fldwed 90°C
water, but at between 300 to 400 gpm (Kline, et al., this report), and the
temperature profile suggests that this water probably came from']ayers’near
the 26 m and 39 m depths. The preliminary drilling logs suggest a layer of
increased density and silica cementation in both holes near the 10 m depth
(top of seismic layer 2, profiles B-B' and D-D*, Kienle, et al., this
report) which accounts for our difficulty in driving pipe to'depths >10m
fof the temperature grid survey. We are awaiting additional temperature

data and drilling information to carry out a more detailed analysis.

ELECTRICAL CONDUCTIVITY MEASUREMENTS

The electrical conductivity of unfrozen soils depends primarily on the
soil type, moisture content, temperature and purity of the groundwater.
Purity refers to the amount of dissolved ions in the groundwater which can
be characterized in é general way by its electrical conductivity. In a
given type of saturated soil, the temperature and electrical conductivity of
the groundwater determine the bulk electrical conductivity of the soil-water
system. Conductivity increases with temperature and with increasing salt
concentration so that a saturated soil with hot and/or salty water in the
pores may be expected to have a higher conductivity than soils with cooler
and/or less salty pore water. Therefore, it is reasonabie to expect that in
Situ measurements of the electrical conductivity of a soil-water system

would show that areas of hot and/or salty groundwater would have
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corresponding high values of conductivfty. Accordingly, a conductivity
survey was carried out to try to detect theﬁe hot and/or salty areas. While
deep conductivity measurements have been used to investigate hydrothermal
systems, to our knbw!edge, this is the first time that shallow electrical
conductivity measurements have been used tb locate and define hot and/or
salty groundwater sources near thé ground surface (within 10 m).

These conductivity measurements were made with a magnetic induction
(MI)vmethod a non~contact measurement. A magnetic dipole transmitter
generates a primary fie]d which 1nduces eddy currents in the earth. These
currents produce a secondary magnetic field detected by the receiver coil.
The magnetic coupling between the primary and Serondary fields is related to
the earth Cthuctivity.t The instrument qsed for these studies was operated
with the coils in the horizontal or vertical cop]anar orientations at a
height of = 1 m above the ground‘surface, It senses the bulk appareht
electrical conductivity of the soii‘water‘system to ah’effective depth of =
6 m in the horizontal coplanar coil orientation (gH)rand‘# 3min the
vertical copl&nar coil orientatioh (gv);‘ Measurements were made at
iﬁterva1s of IO m along the:Ew lines, NS baseline, lfhe A, lihe B, and near
500E,400S. These data (= 2000 measdremenfs)'are summarized in the contour
maps in Figures 6 and 7. Figure B'Shows thetiSOCOnduéfivity‘lfnes for G
and Figure 7 the isoconduct‘ivity Tines for o- |

Since these conductivity measurements are a new techn1que for detecting
hot and/or sa]ty groundwater sources they should be compared to the
temperature measurements to evaluate their usefulness and limitations.
HOwerer, the,condUCtiv1ty’measurements rgpreséntvan averaging ovér thevdepth
of penetration with the layers c1oser to the surface'wéfghted more than

underlying layers, and it is not totally clear what temperature function of

125




Figure 6.

PILGRIM SPRINGS _
Contour map of isoconductivity (mS-m~1)lines for Oy

Contour map of the isoconductivity lines at Pilgrim Springs
for magnetic induction measurements with the horizontal

cop]a?ar coil confiquration. The numbers have units of
mS-m~ ',
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Contour mapfof the iéoconductivity;lines at Pilgrim Springs
for magnetic induction measurements with the vertical
cop]aTar coil configuration. The numbers have units of

mS-m"~
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a temperaiure profile should be used for comparison. The plotted contours
of the conductivity data (Fig. 6 and 7) show that the high conductivity
areas (i.e., hotter and/or saltier water) are primarily in the SW quadrant
of the grid which is in general agreement with the contoured isotherms in
Fig. 2. It should be remembered in comparing conductivity and temperature
data that the dehsity of measurements for the conductivity data is about 30
times that of the temperature data.

A more direct comparison of conductivity and temperature measurements
can be made along line B. Figure 8 is a graph of the measured conductivity
values Y and oy along the same line as the temperature measurements shown
in Fig. 4. It is assumed that the soil conditions do not vary significantly
along line B. The general features of the conductivity profiles and the
isotherms are the same. There is a sharper peak near 100 m superimposed on
a broad peak from about 50 to 130 m. Lower values of conductivity near 80 m
correspond to a slight depression of the 1sofherms. The hot area near 100
m, indicated by the isotherms in Figure 4, appears as a peak in the
conductivity profiles which is sharper for oy The conductivity data also
show some asymmetry with values decreasing rapidly from 120 to 140 m but
much slower from the 60 to O m positions. '

Three soilwater samples were taken from the 40, 100 and 140 m positions
from depths between 1 and 2 m in the ground. These samples were returned to
the laboratory for determination of their electrical conductivity. Values
of 1.05, 1.12 and 0.765 S m'] (0.95, 0.89 and 1.31 Q-m) were measured at
25°C for the above respective positions. The latter value at the 140 m
position is somewhat lower which may have contributed to the rapid decrease

in conductivity at that end of the profile.
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~ Magnetic induction measurements
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A direct comparison of conductivity (or equivalently, resistivity) and
temperature measurements along fhe same profile is shown in Figure 9, taken
from a recent geophysical survey of the Chena Hot Springs area, Alaska
(Osterkamp, et al., 1979). This figure demonstrates an excellent inverse
correlation between ground resistivity and temperature.

Much more detailed information can be obtained by modeling the response
of a layered earth to MI measurements. Layer thicknesses and conductivities
can be adjusted to reproduce the measuréd values of conductivity. Our
modeling results indicate that, at the 100 m position, a layer of very high
conductivity soil exists near the surface of the ground with decreasing
values downward. This finding seems to contradict the measured temperatures
which increase with depth, implying that conductivities shou]d also increase
with depth. Also, the water table was = 1 m below the ground surface
implying a low conductivity in the unsaturated layer. These contradictions
can be resolved by assuming that salt deposition occurs over the core of the
convection cell in a thin layer near the ground surface. In fact, apparent
salt deposits were observed on the ground surface at several places in the
thawed area at Pilgrim Springs. An additional fact, which supports the
above—-assumption, is that the measured conductivity values peaked sharply
over the hot stream from the pool area and values for oy equalled or
exceeded those for oy over the hot and salty water.

Our interpretation,of the temperature and conductivity measurements
along line B is that a convection cell brings hot and salty waterwto the
surface in a plume near the 100 m position. Salt deposits occur near the
ground surface over the plume, increasing the conductivity of the surface

layer, which causes oy values to approach %Y values. The underlying hot and
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Figure 9.

measurements along the same profile at Chena Hot Springs,
Alaska (Osterkamp,.et al., 1979). -Note excellent inverse
“correlation between MI and temperature data. «
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salty water in the soil produces peaks in both values and’the asymmetry in‘
the data implies that the ground water flow is asymmetric and primarily -
toward the N or;NE.

These measurements and their interpretation suggest the use of con-
dﬁctivity measurements by the MI method to detect hot and/or salty areas
near the ground surface in a hydrothermal system. Conductivity values

1 at pilgrim

substantially larger than background (roughly 15-40 mS-m_
Springs) indicate the presence of hot water. When values for q equal or
exceed those for oy then hot and salty water with probable ;alt deposition
near the surface is indicated. Precise location and delineation of con-
vective plumes and areas with hot groundwater appears to be possible from
the conductivity measurements alone. Figure 10 shows an example of con-
ductivity data obtained along an EW line at 400S. The criferia that o, >
100 mS m'] represents hot water in the ground and that 9y 2 9y repreSents
hot and salty ground was used to delineate the position of possible con-
vective plumes and hot water areas. These criteria appear to be somewhat
conservative since a value of oy = 80 mS m'].indicates fairly warm ground (=
25°C at the 3 m depth) along line B. Using.fhe above criteria, 5 areas of
hot ground which includes 2 areas of hot and salty ground and the hot stream
are found along the 400S line in Fig. 10. When these criteria are applied
to all the conductivity data, 13 areas of hot ground and 7 areas of hot and
salty ground were found in addition to those indicated in the temperature

data of Figure 2. Using o, > 80 mS m!

add; only a few more areas to the
.above total. It is not possible to determine the exact location and
geometry of the convective plumes from our conductivity data without a more
closely spaced grid survey of conductivity values; since there is no way to

determine whether our present survey lines have passed directly over a plume
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or along the edge of one. However, a rough idea of the size of these hot
and/or salty groundwater areas can be obtained by examining the width of
disturbed ground in the more prominent peaks of our conductivity
measurements. These widths ranged from 10 to 160 m for the hot ground;
although most were < 100 m and the data further suggests that the 160 m
value may have been a doublet. Areas with hot and salty groundwater which
are assumed to represent the central core of the convection cells ranged
from 10 to 40 m in width.

Qur interpretation of the conductivity data is that the convective
plumes of hot water sources in the Pilgrim Springs hydrothermal system range
up to roughly 100 m in width and that some plumes have a hot and salty core
up to 40 m in width. These findings, namely the large number and size of
hot and/or salfy groundwater areas encountered with a 100 m spacing of the
conductivity survey lines, suggest that the total number of convective
plumes moving hot and/or salty groundwater toward the surface may be about
2-3 times the number detected, probably about 40-60. This is surprising in
that only the pool area gives rise to a flow of surface water away from the
springs. The data also suggést that there may be extended hot and/or salty
water sources at depth in the SW quadrant while the 3 smallest hot areas
noted in the temperature data of Figure 2 may be isolated point sources.
The implication for developmental driiling is that placement of the hole may
not be so critical over an extended source but very critical over point
sources.

Another application of the conductivity measurements is in detecting
the boundary between the thawed ground and the surrounding permafrost
terrain (i.e., delineation of the total area of thawed ground). Permafrost

soils have ice in the soil pores rather than water which creates a strong
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conductivity contrast betﬁeen permafrost ahd unfrozen soil. The MI method
of measuring conductivity was tested for detecting the transition from
thawed soil to permafrost along line 400S. (Fig. 10). From 160E to 340E g, |
decreased from 38 to 18 ms-m'l,,values typical of the background values in
~ the thawed region. Between 340E and 370E there was a sharp decrease to 2.6
ms-m'], a value typical of permafrost terrain. The edge of the permafrost
is predicted to be at 360E‘1'10_m. -While no temperature measurements were
made in this area visualrobservations suggested that the portion of line
beyond 370E was tundra permafrost.. Thus, the MI measurements accurately
delineate the boundary,offthe permafrost terrain with the thawed hydro-
thermal system. These measurements were made at a spacing of 10 m which
could bé reduced to obtain a more precise determination of the permafrost
‘boundary.

-The utility of these shallow conductivity measurements for delineating
hot and/or salty ground water areas can be shown from the fact that the
hottest site (near 300W,300S) was missed with our temperature grid survey.
When high electrical conductivity values were noted at this site, we
returned there to make the temperature measurements which proved to be . the
hottest temperatures measured}during this field season. For ieconnaissancé
studies of geothermal areas another favorable aspect of these shallow MI
measurements is the large amount of data that can be gathered in a short
time. It requirés'k 1 minute to make measurements at each position, the
data reduction is simple and straightforward, and; if desired, modeling can

yield additional information on the subsurface.conditions.
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HYDROLOGICAL MEASUREMENTS

Evaluation of a hydrothermal system like Pilgrim Springs requires a
precise knowledge of the hot water sources, recharge, discharge and internal
flow characteristics of the system, as noted previously. Detailed
measurements of the hydrological characteristics of this system were beyond
"~ the scope of the present study. However, a few soil water samples were
obtained along 1ine B, as noted above, and also along the river at 24
points, és shown in Figure 11, for determination of their electrical
conductivity. Two‘jgngjgg;measurements of the saturated hydraulic
conductivity of the soil were carried out and an attempt was made to
determine the volume of ground water flow at one site.  In addition,
vertical and horizontal ground water velocities were estimated from the
measured temperature profiles.

Figure 11 shows the measured in situ temperatures in the Pilgrim River
.adjacent to and downstream from Pilgrim Springs. These temperatures were
measured from a boat at a depth of ~ 1/2 m below the water surface in the
main part of the flow. The temperature measurement at station 3 was
repeated, and again gave 6.5°C, after all the other measurements had been
made. Water samples taken from the river at the sites noted in Fig. 11 were
returned to the laboratory for determination of their electrical
conductivity at 25°C. These data show a gradual increase in both water
temperature and conductivity from a pofnt just upstream of the Pilgrim
Springs area to a point = 10 km downstream.

Water temperatures increase from 6.4°C to 7.9°C, or 1 1/2°C, between
stations 1 and.16 on Figure 11. The corresponding increase in conductivity

of the river water from stations 1 to 16 was 0.5 mS-m'].

3 -1

Assuming a river

discharge of 50 m* s™', this temperature change would involve a heat input
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Pilgrim ‘Rive'r

WATER TEMPE.RATURE. AND ELECTRICAL -CONDUCTIVITY MEASUREMENTS

PILGRIM RIVER

grim
¢ Springs
~ ELECTRICAL CONDUCTIVITY
STATION TEMPERATURE (C) {mS—m~1)

1 6.4 - 1256
2 6.5 12.47
3 6.5 12.48

4 o 6.5 - 12.48
5 67 NN 12.55
6 6.8 ' 1256
7 68 12.76

8 6.8 1278
g 69 12.80
10 700 f 12.96
11 711 v 12.96
12 ' 7.1 . 12.90
L2 R 2 R 12.88
13A 75 ~ - 1283
14 76 1296
15 1.7 Bl 12.94

154 | 18 1297 ¢
__16. - 7.9 1298
17 % ‘ 11.1 15.26
18 .80 - | 13.05

*THE HOT STREAM FROM PILGRIM SPRINGS ENTERS AT THIS STATION.

Figure 11.

Measurements of water temperature and electrical con-

~‘ductivity of the Pilgrim River. A hot saline stream enters

the river at station 17, causing the observed increases
in temperature and conductivity.
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of = 300 MW! The temperature change associated with solar, evaporative and
convective influx was estimatedrwith the expressions given by Dingman, et
al. (1969). The maximum temperature increase assuming a continuous 15°C air
temperature was found to be 0.1°C. Air temperatures during the field
program ranged from 4°C to a maximum of 15°C. A more reasonable estimate of
air temperature at 10°C implies a negligible river temperature decrease.
Calculations are given in Appendix A.

Calculations also show that an increase in water temperature of 1 1/2<C
3 -1

wov]dlrequire a groundwater influx of = 1 m at a temperature of 78°C.

The conductivity incfease could be produced by a groundwater influx of a few

3

hundredths to a few tenths m s"I depending on the amount of salts in the

incoming water. This mass influx required by the conductivity increase
would heat the river a few tenths °C. These observations suggest that the
rise in water temperature of the river must be primarily a result of heat
' transfer, rather than mass transfer, through the river bed.

There are several lines of evidence suggesting the presence of hot
water under the river. The = 1.5 km2 size of the thaw area, the presence of
numerous convection cells bringing hot water toward the surface and the
large artesian flow from the 2 wells drilled in the area all suggest a good .
supply of groundwater to the thawed area. Yet, the surface discharge from
Pilgrim Springs is very small. This would seem to imply a substaqtial
groundwater discharge from the thawed area or possibly recirculation of the
water. The Pilgrim River valley is generally underlain by permafrost so
that the only possible near-surface flows must be in the thawed ground under
the river channel or under the very small discharge stream from the Pilgrim
Springs pool. We have not yet made any measurements in this discharge

stream where it passes through permafrost terrain but some should be carried

out in the future.
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Shallow MI measurements along the trail between the old Catholic church
and the Pilgrim River suggest that there is no permafrost present. This
~result implies that both groundwater recharge from the river to the thawed
area and growndwater discharge from the thawed area to the river are
possible. In addition,VWescott, et a]. (this‘report) has discovered a
highly conductive layer (159,ms-m'1), about 50 m in thickness, between the
depths of 15.5 and 69.5 m. This conductivity value is typical of
measurements made over convective cells and the discharge‘stream from the
pool. We suggest that there is a discharge of hot (= 7890) and salty
groundwater in this layer and that the flow is to the Pilgrim River and then
‘turns downstream for at least 10 km in a thanbglbror thaw window under the
‘river. It is also syggested,ﬁhat this‘discharge is capped by a semi-
impermeable layer which prevents substantial flow of hot and salty water
into the river itself.

_As noted above, heating of the river water must be primarily by heat
transfer through the river bed which could be conductive and/or convective
transfer. Calculations based on a conductive model show that conduction
-~ cannot supply sufficient heat to the river softhat convective heat transfer
must be dominant. We havercarried oﬁt calculations based on several
convective heét transfer models Which will be presented in a ]ater.report.
We also note that it is theoretically possible for hot saline groundwater to
enter.the’river through the bed and to f1ow'a]ong the river bed withbut
mixiﬁg. This type of situation would significantly alter our .
1nterbretation. Further speculation 1s'not Justified at this time, however
it should be noted that the disco?ery of what appears to be a substantial
groundwater discharge from the Pilgrim Springs systeﬁ has important -
implications for the mass and energy balance of the system, as will be -

discussed later.
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It should also be noted that these temperature and conductivity
measurements are point measurements. Since lateral dispersion in a river is
such a slow process, these measurements do not represent the conditions in a

cross-section nor the average conditions. Therefore the results

should be treated with caution until a carefully deSigned experiment

can be carried out. The results do imply that such an experiment would be

worthwhile and that measurements should be made in the Pilgrim River system
and in the system associated with the diséharge stream from the pool area.
The saturated hydraulic conductivity governs transport of water through
a soil matrix. Two determinations of this parameter were made near 25W,452S
in the same hole; one at 2 1/2 m and oﬁe-at the 4 m depth. These measure-
ments were made by driving porous metal filters on the end of a 1/2" pipe
into tﬁe soil to the desired depth and then recording the rate of change of
water level in the pipe as groundwater flowed into the pipe through the
filters. An example of the data, for the 2 1/2 m depth, is shown in Figure
12. The saturated hydraulic conductivity was calculated from
K=C1n£1—é—hﬂ (1)
where h; is the water level at time t;, h  is the water level at time t,, &
= t,-t; and C is a constant. The value found for K was 5.7 x 108 m s at

the 2 1/2 m depth and 1.2 x 107 m s

at the 4 m depth. These values are
typical for the near-surface soil conditions (silty and clayey sands) found
at Pilgrim Springs.

Given the values of hydraulic conductivity above, the flux of water

through the soil is
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e K | (2)

where dh/dx is the hydraulic gradient. An attempt was made to determine the
gradieht between two pipes placed 15 m apart on a line parallel to the
stream near 25W,452S. However, tﬁe difference in the water levels between
these two wells was too small to be measured with 'a hand-held Tevel which
indicates that the groundwater flow in a direction parallel to the stream
was very small, This finding does not rule out ground water flow »
perpeﬁdicu!ar‘to:the stream. In fact, the measufed température profile at
this site shows what appears to be a combined vertical and lateral flow of
ground water from a nearby convection cell. It appears that this flow must
be in a direction perpendicular to the stream.

’ Estimatgs of the velocities of the groundwﬁter flow can be obtained
from the measured temperature profiles. The effect of water transport
through the soil is to distort the temperature profiles from those of
conductive profiles to other forms. We consider 3 cases of water transport;
constant vertical transport, horizontal transport and combined vertical and
horizontal transport. An outline of the methods will be presented and the
details 1eft‘to a 1atef report. The theory used is.a special case of the
general theory for the probIem'of heat and mass transfer in a porous medium
(e.g., Bear, 1972). |

For the case of constant_vertica]lfiow of groundwater across a slab of
thickness a, the one-dimensional, steady-state, heat transfer equation for a

saturated, homogeneous porous medium is
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~ PILGRIM SPRINGS

Hydraulic conductivity data
for the 2 /2 mdepth
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Figure 12. Hydraulic conductivity data at Pilgrim Springs near
gsw,:szs for flow to the well point at the 2 1/2 m
epth.
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s

i R | - (3)
3z ‘ .

where T is the temperature, i is the vertical coordinate axis taken as
positive downward, v is the constant vertical groundwater velocity and a is
a constant involving the thermal properties and the porosity of the soil and
groundwater. A solution of equation 3 with appropriate boundary conditions
is

'sz_l

(4)

T(z) = T, + 4T

e‘uva_]

where T(z) 1s the temperature profile, Ty is thejtemperatufe at the top of
the layer and AT is the temperature differeﬁce acfoss\the layer, Fighre 13
shows the behayior of T(z) for a vertical, flow of groundwater as a function
of groundwater velocity. T(z) profiles tb,thé left of the purely conductive
case (v=0) represent infiltration velocities and to the right, upward‘li
convective velocities. Comparison of the measured temperature profilés with

the T(z) in Figure 13 allows an estimate of the groundwater velocity. These

’comparisons have shown that vertical grouhdwater Ve]ocities in the upber 10

1.A Specific

m of the Pilgrim Springs system are on the order of 1-50 m yr-
values are given for some of the temperature prqfi]es a]ong line B (Figure
5) in the-sectioﬁ on Temperétuke MeaShremenis, It appears that the highest
values occur in the cores of convection cells while the low values occur on
the periphery of the cells. On either end of 1ine B there was a downward

groundwater flow of =5 m yr'1 (i.e., 1nf11trat10n of groundwater) which may

be a result of the f1ooding in the area mentiohéd earlier. ‘Harrison“and'

Hawkins (this report) estimate a vertical flow velocity< 4 m _yr".l in their
hole 2. For comparison, we estimate a vertical flow velocity of 1-2 m yr']

in this hole using equation 4 and Figure 13.
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Temperature Profiles for Various Vertical Flow Velocities

Temper ature

Depth

Figure 13. Calculated temperature profiles for a range of vertical
flow velocities.
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yr~' and a horizontal flow velocity of =100 m yr

For the case of horizontal flow in an aquifer the 2-dimensional,
steady-state heat transfer equation for a saturated, homogeneous and
isotropic porous medium is

) |
& -swil=0 (5)

82

where w is the groundwater velocity in the horizontal (x-direction), g is a
constant and z is the vertical coordinate. We have solved equation 5 for
several functional forms of w and are presently analyzing the measured
temperature profiles to determine the horizontal groundwater flow
velocities. :Resuifs will be presented in a later report.

~ For the case of combined vertical and horizontal flow, the two

‘dimensional, steady-state heat transfer equation for a saturated,

homogeneous and isotropic porous medium is

2“ o -
3T oT aT ,
;’2”7'”37('6"82 0 (6)

where w and v are the horizontal and vertical groundwater flow velocities

and y and & are constants. We have solved equation 6 for both constant and

variable velocities. Preliminary results from its application to holes near
the edge of the agricultural field in the SE quadrant (Harrison and Hawkins
hole 1 and our hole 25w,452§) indicate a vertical flow velocity of =30 m

1 "1 For comparison

-‘Harrison and Hawkins (this report) estimate a horizontal flow velocity of <

-1 -1

365 m yr ' and a vertical flow velocity of <4 m yr However, their
vertical flow estimate applies only to the lower part of their hole.
Additional temperature profiles are being analyzed and the results will be

presented in a subsequent report.
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The results of flow velocity calculations using these equations must be
treated with caution, Ambiguities exist when the temperature profiles are
not those of steady-stéfe heat transfer, when the soil properties change
with depth, and, in general, when the assumptions for which the equations
have been derived are violated. These ambiguities can bring the flow
velocities into question; nevertheless, it seems possible to learn to
recognize some of the “pure" cases in the data and to obtain a rough

estimte of the flow velocities from them.

| DISCUSSION, MODELS, ENERGY AND POWER

Conclusions based on this reconnaissance study of the thermal and
hydrological characteristics of thé Pilgrim Springs area must be treated
with caution. The temperature measurements are sparse and shallow (< 10 m
"depth) with the majority = 5 m in depth. Measurements in the Pilgrim River
are exploratory in nature and we do not have a measurement of its discharge.
Use of the MI method for shallow soil conductivity measurements in
geothermal areas is new and there is a need for proper evaluation of its use
and interpretation of the results in studies of hydrothermal systems.
Nevertheless, while recognizing the hazards of premature generalization, it
is necessary and desirable at this time to construct highly idealized models
of the gross features of the Pilgrim Springs hydrothermal system. The
details of these models will almost certainly be wrong, however, they should
provide some guidance for future experimental designs and should serve to
focus attention on what we believe are some of the more important parameters
énd processes. |

Questions on the presence, distribution, location, size and geometry of

convection cells in the thawed area at Pilgrim Springs derive their
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1mportanceffi0m the effectiveness of these cells in transferring heat. Con-
vective fransfer of heat in cells can be several orders of magnitude greater
than conductive heat transfer. Therefore, 1tqis'possib1e for the heat
transfer to be dominated by convective cells even though they may only
occupy a relatively sma]lrpefcentégé of an area. The.most direct evidence
for the‘ék1stence'of'these/cells comes froﬁ the temperature data. Figures 4
'énd 5 show what appears to be 'a cell near the 100 m position along line B.

" As noted previously, other temperature profiles resemble those that would be
expected in or near convection cells. The electrical conductivity data
obtained with the MI mefhod‘shows,rby comparison with temperature data along
line B and measurements made over the hot discharge stream from the‘pool
area, the'existence of many areas of hot and/or salty ground. These areas
are tentatively interpreted as convection cells and the conductivity data
have been used to determine their humber.'position,‘distriBUtion, and size;

" to suggest that salt deposition occurs in' the soil near the ground surface
‘over the core of the cells; and to define asymmetry in the direction of |
water flow in the ground away'from the cells. An alternative interpretation
'{s that these hot ground areas, detected by the MI and temperature
measurements, represent lateral flow of hot and/or salty water in old buried
river channels. However, the preponderance of data seems to favor their
interpretation as convective cells. A more detailed discussion of the
structure and function of these ce11§ will be given in a future report.

| " Information on the sources, sinks, distribution and fate of water
invo1ved‘ihxthe'Pi1grfmgsprings system must be obtained over annual cycles
‘and interpreted before a detailed evaluation of its commercial potential can
“be accomplished. A "target” model of the water balance (one to shoot at) is

proposed based on the fragmentary information from the temperature,
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conductivity and hydrological measurements and their interpretation. Figure
14 illustrates the components of the model. The potential source components
include rain, snow meltwater, floodwater, recharge from the river,
subpermafrost recharge and hot and/or salty water from greater depths.

Water can be lost from the system by evaporation, surface runoff, discharge
from the hot stream and by discharge under the river and the hot stream.
'Only the discharge from the hot stream has been measured and it is not known
if that flow varies annually. A few measurements of the other components
would help to make crude estimates, however, the subpermafrost recharge and
the hot and/or salty water from great depths will be very difficult to
obtain as will the recirculation in the system. Subpermafrost water for
recharge may be an important component of the system. There is some
questibn whether or not the permafrost is continuous in the general area
but, assuming that it is, it is very unlikely that percolation (e.g.,
through fractured granitic rocks) could be a source for the subpermafrost
water. Water entering the rock would be expected to freeze, blocking off
the infiltration channels. [t appears to be more likely that the
subpermafrost water enters the ground through thaw windows in the permafrost
which exist under the river and lakes in the area. This type of recharge
can also account for the artesian flow observed during the reéent drilling
program (Kline, et al., this report). Since the site is near the sea it
would also be possible for sea water to penetréte under the permafrost
through the thawed sea bed assuminé there is no subsea permafrost. This
last possibility might possibly explain the salty nature of the water from
Pilgrim Springs; however, the geochemical and isotopic evidence does not

appear to support the sea water hypothesis (Motyka, et al., this report).
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Pilgrim Springs

Pfopoéed water balance model

Snow
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Figure 14. - Proposed water balance model for Pilgrim Springs.
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The above data and analyses allow a first crude estimate of the

accessible power in the upper 50 m of the Pilgrim Springs hydrothermal
reservoir. The accessible power (Muffler, 1979) represents the power stored
in the soil and water, the power lost by natural heat transfer processes at
the upper surface of the reservoir, and the power lost by discharge of
groundwater from the upper 50 m of the reservoir. These estimates are
referenced to 0°C which is a few degrees above the mean annual ground
temperature of the surrounding permafrost térrain. The mean annual air
temperature at Pilgrim Springs is also close to 0°C (-3.5°C at Nome).
Reférencing.these power estimates to 15°C would reduce them to 2/3-3/4 of
the calculated values.

Based on the above fragmentary data and analyses, we’be1ieve, at this
time, that the accessible power can be derived from the discharge of the hot
pool, groundwater discharge under the river, natural heat loss to the
atmosphere, stored energy in the soil and water in the system, and possibly
the well discharges. It is assumed that the Pilgrim Springs system is
stable for purposes of discussion. Again, we consider only the top 50 m of
the system which makes our estimate conservative.

| The discharge in the hot stream from the Pilgrim Spring pool is
equivalent to roughly 2 MW (Harrison and Hawkins, this report) assuming the
energy of the discharge water to be extracted at 0°C.

The groundwater discharge under the river supplies = 300 MW to the
river over a = 10 km distance. This discharge may continue farther
downstream however there are no measurements to support this supposition.
Also, this groundwater discharge would surely carry more energy than that
given off to the river so that its accessible energy would be greater than

300 MW.
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The natural heat loss from the Pilgrim Springs thawed area was
estimated from the temperétUré profiles to be about 17 MW during late June.
This value would be expected to be greater at times when the surface
temperature of'ﬁhe ground was colder (i.e.,,durihg fall, winter and spring).

Stored energy in the system includes that stored in hot soil and in the
hot water in the thawed area. It is estimated to be at least 400 MW . yr
(i.e., 20 M{ for 20 years). | |

It is not known if the well discharge from the two drilled wells can be
addéd to the spring discharge and the groundwater d1s§harge undef the river,
" however, the well discharge is equivalent to = 14 MW. " .‘

The components of the accessible power are summarized in Table 1 and it
appears that the minimum total accessible power is = 350 Mw; Tﬁis estimate

| does not include the accessible power in the layer of hot water and

sediments undef the river nor that carried off beyond 10 km downstream by

- flow 1n this layer. Also, it does not consider any flow at depths below 50

m. Given these considerations, it seems reasonable that the total

accessible power in the Pilgrim Springs system may be on the order of 500

MK,

~ The beneficial power, which {is the fraction of accessible power that

could be directly applied to non-electric uses, was estimated using a
} geo:herma1'fecoveny factor of 0.25 and @ beneficial heat utilization factor
_of 0.24 (Muffler, 1978). Use of these factors yields a beneficial power
estimate of =30 M{ (Table 1). 4 R E

~ Such a lafge estimaté for the accessible power should not result in
unbfid]ed optimfsm‘for fhe'Pilgrim Springérsysiem. This is a low-grade
powér that wduld y1e1d = 30 MW for spacebheafing; agficultural purposés, and

other direct uses. Special technology would be required to produce
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TABLE 1
PILGRIM SPRINGS POWER ESTIMATES'l

Accessible Resource Base (Muffler, 1979) forZUpper 50 Meters
- of Reservo1r Referenced to 0°C”.

Discharge of hot stream ' w2 MW
(Harrison and Hawkins, this report)
Discharge under the Pilgrim River  >300 MW
Well discharge (?) . ' ~14 M
Natural heat loss ' >17 MW
Stored energy 20 MW
(400 MW - yr = 20 MW for 20 yrs)
Total ~350 MY
Best estimate 500 MW

Beneficial Power [Power available for direct (nonelectric) use, assuming
a utilization factor of 0.24 and a geothermal recovery factor of 0.25
(Muffler, 1979)].

(500 M) (.25) (.24) = 30 MM

Electrical Power
Estimation of the electrical power potential must depend on engineering
parameters associated with special technologies required for electrical
generation in intermediate-temperature, liquid-dominated geothermal
systems. It is therefore premature to attempt a quantitative estimate
of electrical power potential at this time, except to state that it
will probably be a small fraction of the beneficial power estimate.

]These power estimates are preliminary, based on reconnaissance-level

hydrologic measurements, and should be treated with caution until they
can be tested by the more extensive field studies proposed in the final
section of this report.

2Referencmg the above power estimates to 15°C would reduce them to 2/3-
3/4 of the above values.
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electricity and only aAsma11 fraction of the 30 MW beneficial heat estimate
could be prodhced as electrical power. However, it should be noted that we
have only studied the top layer (50 h) of this system and have found a good
flow of hot water. It is possible that future geophysical and geochemical
surveys, together with deeper ekp]bratory dri111ng,'may result in the

- discovery of deeper, hotter reservoirs--possibly containing wet steam. The
- net resh]t of these reconnaissance--level investigations is that they
strongly suggest that more detailed work on the Pilgrim Springs system is
jusfified. Recommendafions for follow-on geophysics, hydrology, exploratory
drilling, andggeoéhemistny are given in the following section (Tu}ner,‘et

‘al., this report).
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APPENDIX A

Calculation to determine net heat flux from the ground to the Pilgrim

River: 7
The net heat flux from the ground to the river is given by the

product of the river discharge times the temperature'increase:

H=op cp J Do AT
where A = net heat flux
p = water dénsity =1 gm cm‘3
cp = specific heat of water = 1 cal (gm °C)"|
Dy = river discharge = 50 m s}
AT = temperature increase = 7.9°-6.4° = 1.5°C
Jj = mechanical equivalent of heat = 4.184 joules caﬂ'1
A =‘i;gm_, 10° igi vl . 418 joules | 50 %3- _1.5°C
f=3.14 - 168 joules 57!
=314 MW

Calculation to determine maximum surface heating of the Pilgrim River

due to meteorological input:

‘Dingman, et al. (1969) specify straightforward expressions for heat

gain at the water surface due to radiative, evaporative and convective flux

1

Assuming an average wind speed of 5 m s ', and clear sky conditions,

0 = -220.9 + 56.27 (T, - T,) [cal (emlday)™ 1]
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net heat gain per unit area of the river
T, = air temperature, assumed to be +15°C.

T = water temperature, assumed to be +6°C.

then, O (T, = 15°C) = 263 cal (cn’day)”

This'heat is transferred to the river through its water surface area
equal to the w1dth of the river (~ 25 m) times the affected reach
{(~ 6 mi1es = 9656 m) yielding a net heat input of
Hsﬂ?73.675 - 10’ jou1esws']'
Assum1ng that th1s heat 1nput 1s continua]]y absorbed by the r1ver

we can estimate the associated river temperature rwse from

Hs =0c, j D, T

3.075 - 107 joules =1 g - 106 cm3 e 1cal - 4,184 jou1es « 50 m3 AT

3 o cm3 - m3 g°C cal s

which yields AT = s |

Note that this estimate assumes é.cohtinuous air”tempereture of 15°C, the
maximum daytime temperature recorded during fieid'investigations;

For an average daily air temperature of 10°C, the Dingman expression
predicts negative surface heat gain, and subsequently, a river temperature

decrease!
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CONCLUSIONS AND RECOMMENDATIONS FOR PHASE-TWO GEOPHYSICS, HYDROLOGY,
EXPLORATORY DRILLING, AND GEOCHEMISTRY AT PILGRIM SPRINGS, ALASKA

Donald L. Turner, Robert B. Forbes, Thomas Osterkamp,
Eugene Wescott and Juergen Kienle '

CONCLUSIONS
Our reconnaissance-level studies suggest that the Pilgrim Springs

area is underlain by an intermediate-temperature,A1iquid-dominated

4 geothermal'systemv(qufler, 1979) ofysubstantial magnitude. Initial

exploratory df1111ng has coﬁfirmed the'presence of the shallow, " 1-1.5

~km2 hot water reservoir delineatéd by ouf'geophysiéa] surVeys. Large

artesian flow rates of 200 and 300-400 ga]]on;/mfnute of 90°C water .

indicate that at least one good aquifer is present at shallow depths

.within'this reservoir. Resistivity surveys'suggést that the shallow

reservoir is approximately 50 m thick. Deeper hot water reservoirs may

“also be contained in the thick sedimentary section identified by the

seismic and gravity surveys, but‘they'haVe not as yet been located by
our initial resistivity surveys. " |
~Our éna1y§i5'1ndicates that the power presently being dissipated
from the upper 50 m of this geothéfﬁa1’system,is a minimum of 350 megawatts

(MW), with more than 300 MW of this amount in subsurface groundwater

,discharge beneath the Pilgrim River. The accéssible'resourde base

(Muffler, 1979) for the uppér’SO m of the system réferenced,to 0°C is

~ estimated at 500 MW. The beneficial power (thflék; 1979) available for

direct (nonelectric) use is estimated-atf30 M.

These power estimates are referenced to 0°C, the approximate mean

- annual ground temperature in the unthawed region surrounding Pilgrim

Springs, and a value close to the mean annual air temperature (-3.5°C at
Nome). - Referencing these estimates to 15°C would feduce them to 2/3-3/4

of the above values.
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Thg avai]ablevevidence indicates that the geothermal system at
Pilgrim ?prings is not 1ikely to have steam temperatures at depth which
are adequate for economic production of electricity using conventional
steam turbine generation technology. Pilgrim Springs does appear to
have excellent potential for the production of hot water for direct heat
applications and, perhaps, an as yet undetermined quantity of~re1atively
low-temperature steam. Such a system is capable of generating moderate
’.amounts‘of electricity for local community use, particularly if Rankin-cycle
turbines are used. These turbines utilize an ohganic working fluid,
such as isobutane, which flashes to vapor at a temperature weli below
the boiling point of water.. The organic fluid is heated by passing through

a heat exchanger coupled to the geothermal system.

Estimation of the electrical ppﬁer potential of Pilgrim Springskmust
depend on engineering parametersvassociated with this special technology,

| as well as ultimate reservoir temperatures and production parameters which

are presently unknown. It is therefore premature to attempt a quantitative

estimate of electrical power potential at this time, except to state that

it will probably be a small fraction of the 30 MW beneficial power (non-

electric) estimate.

Further discussion of engineering applications is beyond the scope
of this report. Engineering, developmental, and economic studies should
be initiated as soon as the next phase of geophysics, hydrology, exploratory
drilling, and geochemistry are completed and the extent and magnitude
of the hydrological and thermal regimes in the geothermal resource-have

been delineated.
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We emphasize that many measurements in this report are pre]iminary,

based on reconnaissance-]eve] studies, and that our conclusions should

be viewed with caution. Their primary use should be to focus attention

on the more 1mportant features of the geotherma] system F1na1]y, they
1nd1cate that more deta11ed work should be done to arrive at a more

comp]ete and refined estimate of the P1lgr1m Springs geothermaJ systan{

RECOMMENDATIONS

The next phase in the assessment andideve1opment of the Pilgrim
Springs'geotherma1hsystem should consist of hydrothermal studies of the
Pilgrim River, more ertensive geophysical surveys, further exploratory
dri]]ing, drill hole 1ogglng and hydrologic stud1es, and geochemical
studies of dr111 ho]e and river water samp]es Considerable care should
be exerc1sed in the time-sequencing of this work 1n'drder to derive
maximum benefits and information from it. Our specific recommendations

are as follows

1.  Hydrothermal Studies of the Pi]grim River

| This project should have the highest prior1ty because of 1ts direct
relationship to the power estimates discussed above. It should consist
of earefully designed studies td‘carry out precise measurements of the
river temperature distr1bution e]ectrical conductivity of the river
water, river discharge, chem1ca1 analyses of the river water, shallow
temperature measurements in the bottom of the r1ver, and dr1111ng of two
75 m holes along the river. The above measurements should be carried
out on severa] cross-sect1ons of the river. The dril]ing should include
samp11ng, petrographic, lithologic, hydro]og1c chem1ca1 and thermal
stud1es. A pre11m1nary assessment of the hot d1scharge stream and

possible associated groundwater f]ow shou]d a]so be done.

159




2. Geophysicalrsurveys

a.

c.

Deep seismic refrectidn and reflection surveys should be run
priof to drilling to determine depth to crystalline basement.

At present we only know from seismic and resistivity evidence

- that basement lies at a minimum of 200 meters below the surface.

The gravity data suggest the poSSibi]ity of basement depths on
the order of 500 m in an area about 4 km southwest of Pilgrim
Springs (-15 mgal closure on gravity map). The results of the
seismic susey, further resistivity surveys and geothermometry
(discussed below) can be used to determine the choice of the
drill rig necessary to reach target depths.

Long-spread (deep pehetration) Schlumberger resistivity soundings

'should be made in the area of the -15 mgal gravity closure to

1bok for possible deep, hot brine layers in what appears to be
the deepest part of the Pilgrim River valley sedimentary
basin. This will requike a higher-powered transmitter than
has previously been used in order to achieve the necessary
signal penetration through permafrost.

Anzeast~west; dipo]efdipo]e resiétivity survey should be made
to define the eastern and western limits of the shallow geo-
thermal reservoir.

A long-spread N-S Schlumberger sounding should be made near
the center of the disturbed ground to. look for deeper hot
brine layers.

A long-spread Schlumberger sounding should be made to the
north of the Pilgrim River and at a point several km downstream
to4locate the hot ground water flow suggested to be heating

the Pilgrim River.
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f. A controlled-source, audio magneto-telluric survey line should
be»run across the Pilgrim ihérmal anomaly in an attémpt to
energize the bossible deep cﬂnduit along the lqng axis of the
thaw elipse with a perpendicular electric dipole located towards
the NE thaw window. This might well show up the location of a
planar-type deep conduit system (requires high-power transmitter).

g. A shallow magnefic induction survey should be run to more
accurately define the area of thawed ground surrounding Pilgrim
Springs.: |

h. Computer modelling of gravity data should be done prior to

-drilling to help define more accurately thefthickness of valley
fill sediments over crystalline basement.

3. Exploratory Drilling

Recommended drilling sites have been selected based primarily on
the existence of favorable'geophysical~anoma1ies,vat the same sites, in
the Qround temperature, ground conductivity and deep resistivity surveys.
Individual-resistivity and conductivity profiles, as well as convection
cell anAIyses were integrated with contoured data in plan view in order
to-arrive at these recomméndations;,_Supportingfdata from all other
- aspects of the Pilgrim Springs study were also cdnsidered {bedrock and
surficial geology, seismic and gravity data, etc.). We recommend:

a.- Drilling and flow testing of two 200 m test hblés centered

at 290 mS, 290 m W and 20 m'S,-20 m £ as-shown*on Figure 1.
Deeper holes would, of course, be'desirdble and drilling should
‘idealiy be extended to maximum practical depths allowed by the
drill rig and drilling budget, assuming geo]ogic.indications are

favorable at depth during the actual drilling. Flow tests
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should include gas. sampling and analysis to he\p'detefmine
the nature of the geothermal syStem and the extent to which
artesian flow may be caused by gas drive.

Défai]ed ]ithdlogic logging of these holes to determine
stratigraphy, reservoir characteristics and temperature
profiles.

Water sampling and geochemical analyses from above holes,

~including geothermometry and oxygen isotope studies to

determine deep reservoir temperatures and ultimate source

of water (e.g., seawater vs. meteoric water). Detailed
geochemical and geothermometric analyses of water samples
from the first two deep test holes should be completed before
final drilling decisions are made for any subsequent deep
holes; e.g., a deeper test hole would be appropriate if
geothermometry indicates a sufficiently attractive (hot)

deep reservoir temperature.

Detailed temperature logging of all holes and analysis of
temperatuke data, including estimations of vertical and
horizontal groundwater flow velocities from the temperature
profiles.

Detailed petrographic analysis of cuttings from the first

two test holes should be completed to evaluate the possibility
of hydrothermal cementation (é.g., siliceous caps, etc.).
Dri]]ing.a series of 6 shallow (75 m) §tep-out holes designed

to help determine the extent of the geothermal reservoir.

Recommended locations for the first three of these holes are

162




400W 200W O  200E 400E

R I | 2 Proposed 1980
L_. 75m Shallow Test

Holes along Pilgrim
River(off map

e et X500 N
? ,1 oo o\ - 400 N -
B @ E . e N+ s e 300N
‘ " A, @ ) , ) . . . . . \ s . 200 N
 |Proposed 1980 . “Ye~FChurch < |
o] 200mDeep MR &40
Test Holes R e+« «H400S

. - H200S

< .
- B SANCA T ‘3003
Initial 1979 | \- \ - . -400s
50 m Shallow X2 : |
Test Holes R A -1500S
N A\ '

24, 600°S
6‘/,{0

Proposed 1980 75m
- Shallow Test Holes |
- {3additional holes
~ to be sited elsewhere
based on results from-
these holes)

! xm

Figure 1. ‘Proposed 1980 exploratory drill hole locations. Stippled
-areas indicate agricultural fields. Wave pattern indicates
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‘shown on Figure 1. Locations for the remaining three holes
should be decided after on-site analysis of the results of the
first three holes. '
g. MWater sampling. and geocheﬁical analyses from above holes.
h. The undisturbed water flow rate in any aquifers located by
- drilling should be estimated by thermal tracing or other

appropriate techniques.

RECOMMENDED WORK SCHEDULE
Drilling equipment §hou1d be brought in to Pilgrim Springs prior to
break-up in spring, 1980; Hydrothermal étudies.of the Pilgrim River,
geophysical surveys, hydrology, and exploratory drilling should be
conduéted during the summer of 1980. A preliminary analysis and report
‘of field work should be completed by December 1, 1980. Final data
analysis and report writing should be completed by February 15, 1981.
Developmental drilling and engineering studies based on the final
report, and agricul tural site development should begin in the spring of

1981.

Footnote: The Geophysical Institute has just been informed that our

recent proposal to NASA (R. Forbes and D. Turner, Co-principal investigators)
to utilize their WB57F research aircraft for a study of the Pilgrim |
Springs area will be funded for the 1980 field season. Data to be acquired
will include the visible, thermal and near infrared, and x-band radar
wavelengths. Ground truth thermal data will also be acquired during the
actual flight times. We recommend that the results of this new remote

sensing cooperative program with NASA be integrated with the resu]ts'of
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the proposed 1980 geophysical; hydrological, drilling. and geochemical
studies discussed above in order to further improve our understanding

of the Pilgrim Springs geothermal system.
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