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ABSTRACT

The Auburm well was drilled to explore for low temperature geothermal resources in
central New York State. The Auburn site was selected based om: its proximity to
the Cayuga County anomaly (30° C/Km),its favorable local geological conditions and
the potential to provide hot water and space heating to two educational facilities.
The well was drilled to a total depth of 5,250 feet and into the Pre—Cambrian
Basement. The well was extensively logged, flow and stress tested, hydraulically
stimulated, and pump {pressure transient anal?sis) tested. The low-temperature
geothermal potential was assessed in terms of: geological environment; hydrological
conditions; reservoir characteristics; and recoverable hydrothermal reserves.

The average geothermal gradfent was measured to be as high as 26.79C/km with a
bottom-hole temperature of 126° + 1° F, The proved volumetric resources were
estimated to be 3.0 x 106 stock tank barrels (STB) with a maximum initial
deliverability of ~11,600 STB/D and a continucus deliverability of ~3,400 STR/D.
The proved hydrothermal reserves were estimated to be 21.58 x 1010 Btu based on a
volumetric component (4.13 x 1010 Btu), and a reinjection component (17.45 x 1010
Btu). The conclusion was made that the Auburn low-temperature reservoir could

be utilitzed to provide hot water and space heating to the Auburm School District.
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SUMMARY

The decision to explere central New York State for geothermal energy resources was
made by the New York State Energy Research and Development Authority (NYSERDA) and
the U.5. Department of Energy (DOE} on the basis of three complementary factors:
geophysical evidence; commercialization potential; and geologic conditichs. The
geophysical evidence was provided by recent work of Dr, Dennis Hodge of the State
University of New York at Buffalc in which positive geothermal gradient anomalies
were identified to be as high as 15°F/l,000 ft. (270C/km) in the East Aurora region,
and 16°F/1,000 ft. (30°C/km) in the Cayuga County area. The Auburn site was picked
by NYSERDA and DOE because: of its proximity to the Cayuga County anomaly; the
potential existed to impact significantly the hot water and space heating require-
ments of the Auburn Enlarged School District in the City of Auburn; and its favor-

able local geologic conditions.

The development operations were conducted in three major phases:
o DRILLING, CORING AND COMPLETION
o LOGGING ACTIVITIES AND LOG ANALYSES

o] RESERVOIR AND WELL TESTING

The develcpment of the Auburn geothermal prospect was initiated in January 1982,
The well was spudded in February 1982 and drilled to a total depth of 5,250 ft.
into the Pre-Cambrian Basement. It was cored and partially completed by early
March 1982.

The well was extensively logged throughout all phases of the preogram in order to
characterize the Auburn region in terms of lithology, stratigraphy, hydrology, and
geothermal activity. Additionally, the United States Geological Survey (USGS),
with support by NYSERDA and the Empire State Electric Energy Research Corporation
(ESEERCO) , ran borehole televiewer logs to define the distribution and orientation
of natural fractures as an aid to finding the most potentially useful zones for

geothermal energy. To further support this activity, Schlumberger-Doll Reseaxrch



+

ran a suite of computerized logs which included the traditional formation evaluation

logs, as well as fracture identification, dipmeter and long-spaced sonic logs.

A preliminary flow test was conducted in April 1982 in order to evaluate the well's
potential and the project's viability. The results of the test were encouraging

in that: two major water productive zones were identified -- a 30-ft. interval in
the Black River limestone starting at 4,150 ft. and a 310 ft. interval spanning the
Theresa and Potsdam sandstones starting at 4,650 ft. and ending just above the Pre-
Cambrian Basement; the downhole temperatures in the primary producing zone, i.e.,
the 310 ft. interval, ranged from 123.0°F to 125°F, with the Basement at 126°F; and
the instantaneous initial well productivity was estimated to be 300 gpm and 365 gpm
at depths of 4,000 ft. and 5,000 ft., respectively. The project appeared at this
stage to be worthy of further investigation because of the results of the prelimin-
ary flow tests and theoretical estimates that wellhead temperatures could be
achieved between 120.0°F - 125.0°F.

The Auburn well was then stress tested, hydraulically stimulated, and pump tested
to determine its near wellbere and reservoir characteristics. The stresgs tests
were conducted by the USGS in April 1982 to measure the in situ state of stress in
the Auburn region and thus, to predict the orientation and dimensions of an artifi-
cially induced fracture. The results of the stress tests were evaluated by
Schlumberger researchers who predicted that an induced hydraulic fracture would

strike vertically with an NBSE strike.

The well was then completed in January 1983 to a depth of 4,700 ft. with a 7-in.
production casing string set on a hook-wall packer. This open-hole completion was
made to isolate the selected zones of interest, the Theresa and Potsdam formations,

for hydraulic stimulation and further reservoir evaluaticn.

The purpose of the hydraulic stimulation was twofold: to increase the well's pro-
ductivity; and to extend the well's drainage radius. The well was hydraulically
fractured by Haliburton on April 07, 1983, in three stages with a maximum treat-
ment pressure of 2,450 psi., The productivity of the well was most likely increased
because the skin factor was subsequently calculated from the pressure transient
data to be -5. 7The induced vertical hydraulic fracture was computed to be less
than 10% of the estimated drainage radius of 2,500 ft.



The Auburn reservoir was pump tested over a seven-day periocd in August 1983. The
pump test was designed to meet one of the primary objectives of this project, i.e.,
the definition of the hydrothermal resources within a commercialization perspective.
The pump test design was based on: the results of the preliminary flow tests; values
of net capacity estimated from geophysical lugs; regional stratigraphy; and estimated
values of fluid and reservoir parameters. The results of the pump test, the ensuing
bressure transient analysis and supporting data, were used to assess the geothermal

potential of the Auburn reservoir,

The low-temperature geothermal potential of the Auburn reservoir was assessed in
terms of: geological environment; hydrological conditions: reseivoir characteristics
and recoverable hydrothermal resources. The geological environment was found to be
in general conformance with the local and regional geclogical conditions. The
average geothermal gradient in the Auburn well was measured to be as high as
14.?°F/l,000 ft. {26.?°C/km). Hodge (1983) believes that the anomalous gradient at
Auburn is partially caused by hydrothermal convection in the fractured Pre-Cambrian
Basement and by radiogenic decay, the latter thecry is supported by traces

of radiogenic material found in the Basement marble. The hydrological conditions
were found to be favorable in that a major water-producing zone was found with a
net productive sand of 310 ft., and the hydrostatic level in the wellbore was

~350 ft. from the surface or +358 ft. above sea level.

The Auburn low-temperature geothermal reservoir appears to be finite and bounded
and to be made up of as many as six different storage and flow regions. These
regions consist of a low-porosity delomitic zene, and a high-porosity sandstone
zone both of which are naturally fractured and both of which were hydraulically
fractured and propped prior to the test. The two producing zones of contrasting
porosity are assumed to be in perfect communication with each other and viewed to
be one producing interval with volume averaged properties. This assumption simpli-
fied the reservoir analysis by characterizing the Auburn reservoir by three
distinct regions, each of which will have dominant flow regimes at different times

during reservoir drainage and system shutdown periods.

The three distinct storage regions of the Auburn reservoir are as follows: The
vertical hydraulic fracture, Region 1, was identified by the 1/2-slope of

leg-leg plot of AP versus At, and was computed to have a half-length of ~150 feet
and a negative skin factor of 5; Region 2, the natural fractures and fissures

or microcracks, was identified from the semilog drawdown and buildup plots and

are estimated to be “26% of the total effective porosity; the porous matrix,



Region 3, was computed to have an absolute porosity of 0.0282 (from log analysis),
an effective porosity of 0.0027 (from the analysis of pump test data), and an effec-
tive permeability of 10 millidarcys. The average reservoir pressure, P, in these

three regions was estimated to be 2,260 psi.

The areal extent, volumetric resources, and reserves of the Auburn low-temperature

geothermal reservoir are estimated to be as follows:

Table S-1

ESTIMATED VOLUMETRIC RESOURCES AND RESERVES IN STB

Area Rescurces Reserves
Category (acres) {STB) (5TB)
Proved 462.7 3.0 x 106 2.25 x 10°
Possible 1,079.5 7.0 x 108 5.25 x 108
Probable 967.3 23.0 x 108 17.25 x 106

The volumetric resources were estimated from reservoir limit tests utilizing pres-
sure drawdown data. The volumetric resérves are based on an estimated recovery

efficiency of 75%.

The hydrothermal reserves are made up of two components: a volumetric or in situ

component based on the thermal capacity of the formation brine; and a reinjection
component in which heat is recovered from the reservoir rock by reinjection of the
spent brine. The reserves are defined in terms of the thermal energy recoverahle
by a wellhead temperature drop from 125°F to an operating temperature of 70°F_with
an B0% overall heat recovery efficiency. The hydrothermal reserves of the Auburn

low-temperature well are estimated as:



Table S§-2

ESTIMATED VOLUMETRIC AND REINJECTION HYDROTHERMAL RESERVES IN BTU

Category Volumetric Reinjection Total

Proved 4.13 x 10l¢ 17.45 x 101¢ 21.58 x 1ol0
Possible 9.63 x 1010 44,98 x 10190 54.61 x 1010
Probable 31.65 x 1010 39.10 x 1010 70.75 x 1ol®

Without spent brine reinjection and reservoir recharge, the maximum sustained pro-
duction rate of the Auburn well is ~100 gpm over a 3.5-year lifetime of its
volumetric reserves. The maximum recoverable thermal energy over six-month periods
is thus, ~1.15 x 101% Btu or A40% of the schools' Btu demand. Preliminary injec-
tivity tests performed during the pump tests, together with log analysis, indicate
that the spent gecothermal brine can be reinjected down the annulus into the

adjacent Black River Formation.

The production rate for tapping the geothermal potential by reinjecting or re-
c¢irculating the spent geothermal brine was selected to be 286 gpm. This flow rate
was averaged from the maximum drawdown rate for a pump setting at 4,000 ft., and
the minimun drawdown rate which can meet the schools' average daily Btu demand.
The selected production rate would supply 3.3 x 1019 Btu over a six-month period,
or 117% of the schools' Btu demand. The proved lifetime of the reinjection

reserves is estimated to be just in excess of 10 years.

Thus, the conclusion can be made that the Auburn low-temperature well can be
wtilized to provide space heating to the Auburn Middle School and the Cayuga Com-
munity College. This conclusion is made primarily on the reservoir's capacity and
productivity. The engineering and economics of developing, constructing and oper-

ating a geothermal energy surface facility are yet to be evaluated.



Section 1

EXPLORATION RATIONALE

The decision to explore central New York State for geothermal energy resources was
made by the New York State Energy Research and Development Authority (NYSERDA)} and
the U.5. Department of Energy (DOE) on the basis of three complementary factors --

geophysical evidence, commercialization potential, and geologic conditions.

The geophysical evidence was provided by recent work of Dr. Dennis Hodge of the
State University of New York at Buffalo. Two positive geothermal gradient anoma-
lies were located in western and central New York State. The anomalous gradients
were identified and located by geothermal gradient, geochemical and gravimetric
studies. The anomalies, located in East Aurora and Cayuga County, were estimated
to be as high as 15°F and 16°F per 1,000 ft.

As a consequence of the geophysical evidence, NYSERDA elected to drill a test well
to evaluate the geothermal resource potential of New York State. The athletic
field of the Auburn Enlarged City School District was picked as the test site
because of its proximity te the Cayuga County anomaly, and the potential that
existed for tapping any realized geothermal rescurces to provide hot water and

space heating to the East Middle School and the Cayuga Community College.

The regional and local geologic conditions which favored the exploration for a
low-temperature geothermal resource are as follows: regionally, central New York
State consists of a sequence of flat-lying carbonates, dolomites and sandstones;
and locally, a hypothetical stratigraphic cross-section indicated potential water-
bearing horizons in the Cambrian {Theresa and Potsdam) formations and the Pre-
Cambrian Basement at depths (v5,000 ft.) capable of producing a low-temperature

geothermal resource.

GEQPHYSICAL RATIONALE

The potential existence of geothermal energy resources in New York State is identi-
fiable from the American Association of Petroleum Geologists (AAPG) temperature

gradient map of the United States. The map reveals that two of the most prominent



geothermal anomalies in the eastern United States are located in western and
central New York State. Recent work by Hodge et al. (198l) confirms the existence
and defines the location of two positive gradient anomalies:

0 East Aurcora anomaly with geothermal gradients as high as
159F/1,000 ft. (279C/km}; and

0 Cayuga County anomaly with geothermal gradients as high as
16°F/1,000 ft. {309C/km).

These two geothermal anomalies were identified and located by Hodge et al. {1981)
from revised temperature gradient maps using corrected bottom-hole temperature
gradient anomalies with gravity anomalies of the Bouguer map, and estimated values

of heat flows by silica geothermometry.

Geothermal Gradient Studies

The revised temperature gradient map, shown in Figure 1-1, was prepared using an
automated contouring routine from a data set of 739 wells deeper than 1,650 ft.
(500 m}. The positive énomaly near East Aufora is delineated to the southeast of
Buffalo. In the central portion of the state, the positive ancmaly centered near

Cayuga Lake has its peak between Rochester and Penn Yan.

Geochemical Studies

The mean regional heat flow in central and western New York State was estimated
to be 41.4 le:n_2 (~v1.0 HFU} by Hodge et al. (1981) utilizing the silica-heat flow
geothermometry method of Swanberg and Morgaﬁ {1977, 1978). Heat flows between
50-70 mHsz were cdmputed along a line trending northeast-southwest through the
Cayuga anomaly. Although the East Aurora anomaly was not as distinctly identi-
fiable as the Cayuga anomaly, higher silica heat flow values tended to cluster
in several distinct groups throughout an area which includes the East Aurora

anomaly.

Gravimetric Studies

The Bouguer gravity map of central and western New York (Revetta and Diment, 1971),
shown in Figure 1-2, correlates directly with the temperature gradient map in
Figure 1-1, The pattern of the Bouguer anomalies can be separated into two dis-—
tinct zones separated by a north-trending high-gradient area. The western area
includes a prominent negative anomaly located near East Aurora. In the eastern
part of the map, a low-amplitude negative anomaly is located about 12.5 miles

{~20 km} east of Rochester and extends in a north-scuth direction to the area

1-2
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around Penn Yan. This negative anomaly coincides with the distinct tenperature
gradient anomaly which defines the Cayuga ancmaly. Hodge et al. (1981} attributed
the negative gravimetric anomalies at East Aurora and Cayuga to the granitic pluton
located near the top of the Pre-Cambrian Basement, and concluded that the radio-
genic heat from the granitic rocks in the Pre-Cambrian is the source of the thermal
anomalies. More recently, Hodge (1983) contends that the anomalies result in part

from hydrothermal convection in the fractured Pre-Cambrian Basement rock.

COMMERCIALIZATION POTENTIAL

The potential for commercial utilization of the low-temperature geothermal

resource was made an integral decision factor by NYSERDA and DOE in their selection
of a prospect tc evaluate the geothermal potential of New York State. NYSERDA
evaluatea a number of sites and decided to drill a test well in the Auburn area,

approximately 20 miles southwest of Syracuse.

The primary objective of the test well was to penetrate and test warm water
aquifers, and thus prove the gecthermal potential of central New York State. The
secondary objective was to deterxrmine if hot water could be produced at a sufficient
rate and high enough temperature to provide hot water and space heating to the

Cayuga Community College and the East Middle Schocl in Auburn, New York.

The low-temperature geothermal prospect was spotted on the athletic field of the
Auburn Enlarged City School District, East Middle School, Auburn, New York. The
targets of interest were the Cambrian rocks, specifically the Theresa and Potsdam
formations, and the Pre-Cambrian Basement. The prospect was selected because of
the geophysical reasons, delineated under Geophysical Rationale, and its geclogic
condition as discussed under Geological Conditions. The targeted formations were
chosen because of their depth, approximately 5,000 ft. subsea, projected tempera-
tures and water preduction potentials. The commercial goals were production in

excess of 100 gpm at a wellhead temperature in excess of 50°¢.

GEOLOGIC CONDITIONS

Regionally, central New York State consists of a sequence of flat-lying carbonates,
dolomites, shales and sandstones which dip very gently to the south in the
Appalachian Plateau. The Auburn well site is located at the outer limit of the
Appalachian Fold and Thrust Belt, approximately 15.5 miles north of the northern-
most extension of the folds and 18.5 miles southwest of Syracuse. A hypothetical

cross-section of the stratigraphy of the Auburn well indicated that the targeted



lithological horizons, the Theresa, the Potsdam, and the Pre-Cambrian Basement

should occur at 4,610 ft., 4,910 ft., and 5,010 ft., respectively.

Regional Geology

Regionally, the central and western portions of New York State consist of a sequence
of flat-lying Paleozoic carbonates, dolomites, shales and sandstones of the

appalachian Plateau.

The Pre-Cambrian basement of New York State is exposed in two areas, the Adirondack
Mountains and Hudson Highlands; gravity and magnetic data suggest that the rocks of
exposed areasg are gimilar to those beneath the Paleozoic sedimentary rocks. The
Pre-Cambrian Basement dips gently to the south, as shown by the contour lines in
Figure 1F3. Historically, regional dip has been assigned the value of 52 feet/mile
to the south. The thickness of this sedimentary sequence is about 3,000 ft. at the
shore of Lake Ontario and increases to the south to over 10,000 ft. Pre-Cambrian
crystalline basement rocks underlie these Paleozoic sediments. Although the
Paleozoic rock section contains some evaporites, it is composed principally of
gandstones. A thin veneer of glacial debris covers most of the area and reaches

thicknesses as great as 600 ft. on some valleys (Hodge and Hilfiker, 1981).

Local Geology

The Auburn low-temperature gecthermal well site, shown in Figure 1-3, is located
within an area of abnormally high geothermal gradients in central New York as delin-
eated by Dr. Dennis Hodge ﬁf the State University of New York at Buffalo, and as
referenced under Geophysical Rationale. This location is generally thought to be
associated with an elongated geomagnetic anomaly which may reflect a deep fault

zone which includes the Pre-Cambrian Basement.

The well site is located at the outer limit of the Appalachian Fold and Thrust Belt
in the Appalachian Plateau, approximately 18.5 miles southwest of Syracuse. The
Appalachian Plateau sediments at Auburn dip very gently to the south (dips <2°),
and form subdued and regularly spaced arcuate folds south of Auburn. These folds
trend north of east and the anticlines lie over imbricate high-angle basement
faults. The Auburn well site is approximately 15.5 miles (%v25km) north of the

northernmost extension of the Appalachian Plateau folds.
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Stratigraphy

A hypothetical cross-section was constructed prior to the drilling of the Auburn
well for the purpose of anticipating depths of the lithological horizons {Dunn

Geoscience, Inc.,, 1982).

The hypothetical cross-section was constructed from projection of the four nearest
deep wells which are the Alnutt #31-011-04715K, the Parker #31-011-0499K, the
Johnson #31-011-04365K, and the 0l4 Auburn No. 1. The Alnutt and Parker wells are
recent and respectively penetrate the Theresa formation and the Potsdam formation:
the 014 Auburn No. 1 reaches the Trenton Group, while the Johnsen well penetrates

the Queenston formation.

The hypothetical cross-section, stratigraphy and formation tops of the Auburn geo-
thermal prospect are detailed in Appendix C. The targeted lithological horizons
were hypothesized as shown in Table 1-1.

Table 1-1

TARGETED LITHOLOGICAL HORIZONS

. N Depth
Formation Description (feet)
Theresa May be predominantly sandstone 4,610

in some areas while containing
limey dolomites.
Potsdam Coarse orthoquartizite which 4,910
may be an altered chloritic
quartz sandstone.
Basement Metamcrphosized sedimentary 5,010

rock or marble.




Section 2

DEVELOPMENT OPERATIONS

The development of the Auburn geothermal prospect was initiated in January 1982 with
the preparation of the drill site on the baseball diamond of the athletic field of
the Auburn East Middle School in Cayuga County, New York State. The well was spud-
ded in February 1982, drilled to a total depth of 5,250 ft. intolthe Pre~Cambrian
Basement, cored and partially completed with surface casing and an intermediate

casing string to 1,287 ft.

The well was extensively logged throughout alkl phases of the program, from litholo-
gical or mud logging during drilling to a complete suite of formation and production
legs during the reserveir evaluation and testing phases. Additionally, borehole

televiewer logs were run by the United States Geological Survey.

The Auburn low-temperature geothermal well was flow tested, stress tested, hydrau-
lically stimulated, and then pump tested to determine its near wellbore and

reserveir characteristics. fThe borehole televiewer logs were run before and after
the stress tests. The well was open-hole completed with 7-in. casing prior to the

conduct of the pump test in August 1983.

The development operations, their designs, actual work performed, and relevant

results are further detailed in this section on:
i DRILLING, CORING, AND COMPLETION
o LOGGING ACTIVITIES AND LOG ANALYSES

o RESERVOIR AND WELL TESTING

DRILLING, CORING, AND COMPLETION

Drilling, cering, and completion cperations were initiated in January 1982 with the
preparation of the drill site which is located in the athletic field of the East

Middle School of the Auburn Enlarged City School District in Auburn, New York.

2-1



The well, named the City of Auburn Lot 39 #1 well, was spudded in early February
1982, and drilled tc a tetal depth (TD) of 5,250 ft. into the Pre—Cambrian Basement
by early March 1982. Two casing strings were set and cemented - a surface string

to 495 ft., and an intermediate string to 1,287 ft. Pfior to reaching TD, two cores

were retrieved, cne each from the Theresa formation and the Pre~Cambrian Basement.

Subsequent to logging and preliminary well testing but prior to reservoir (pressure
trangsient analysis) testing, the Auburn geothermal well was open-hole completed
with 7-in. casing to 4,700 ft. The drilling, coring, and completion operations
are detailed below in terms of: site preparaticn; drilling and analyses of drill

cuttings; coring and core analyses; and well completion.

Site Preparation

Figure 2-1 is a drawing of the site location. Following a survey of the East Middle
School property, a well location was selected in the athletic field behind the
scheol. A bulldozer was used to remove the sod and loam from an area approximately
200 ft. by 150 ft.; the ground was leveled; three mud pits were excavated and lined

with polyethylene; and an access road was built.

Drilling and Analyses of Drill Cuttings

Drilling operations were managed by Robert S. Lynch, now of Lynch Consulting Com—
pany, and conducted by Devonian Drilling Company under contract with Donohue Anstey
and Morrill (DA&M), the prime contractor,

v
Devenian Drilling Company moved its Rig No. 1, a Kremco K-600 equipped to drill on
air or mud, onto the drill site on February 1, 1982. The surface hole was
drilled to 492 ft. with a 17%-in. bit. The 13 3/8 in. casing was run in the hole
but would not go beyond 320 ft. After running back in several times alternating
between the bit and casing, the hole was reamed from 304 to 492 ft. Surface casing
(466 ft.} was then run and set at 478 ft., and cemented with 135 sacks of cement

on February 2, 1982,

A 12% in. bit was used to drill out underneath the surface casing to 1,287 ft. An
intermediate casing string (1,273 ft. of 9 5/8 in.) was run into the hole and set
at 1,287 ft. The intermediate casing was cemented with 125 sacks of cement on

February l6, 1982, Le.
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Three 8 3/4 in. bits were used to air drill out underneath the intermediate casing
string to 4,160 ft. at which depth the rig switched to drilling with formation
water. Fluid drilling was used down to TD. The first core peoint was reached at
4,700 ft. The well was cored over two intervals, the Theresa and the Fre-Cambrian

Basement, and then drilled to a total depth (TD) of 5,250 ft. on March 2, 1982,

The drill cuttings were examined onsite by NYSERDA's consulting geologist, Brayton
Foster, in conjunction with DA&M and Baroid personnel. Detailed descriptions of
the lithelogy of selected drill cuttings, which were made by Dunn Geoscience Corp.,
Latham, New York, are listed in Table 2-1. Dunn's major surprise with the litholo-
gies occurred with the Theresa formation which, contrary to the expected limey
dolomite with quartz grains, was predominantly a fine sandstone with a dark car-

bonaceous coating on the quartz grains in some horizons.

Coring and Core Analyses

Two segments of core were retrieved during drilling, one each from the Theiesa
formation and the Pre—Cambrian Bagsement. The first core point was reached at
4,700 ft. oanebruary 23, 1982, The drill bit was tripped out and Christensen
Diamond Products, USA, rigged-up a 7 27/32 in. core barrel. One and one-half feet
of core were cut; 3 inches were recovered. The diamonds on the core bit had been

worn or knocked off and therefore, caused the shorter-than-planned c¢ored interval.

The hole was reamed from 4,700 to 4,701.5 ft. with a 8 3/4-in., J-99 bit {Hughes

Tool Company's hardest formation button bit}. The hole was then drilled, with the
same bit, to the second core point at 5,117 ft. Christensen rigged up a full hole
core bit. Nine and one-half feet of core were cut; 3 feet were recovered. Again,

the diamonds on the core bit were well worn or missing.

Using a second 8 3/4-in., J-99 bit, the hole was reamed through the cored interval
(5,117.0 ft. - 5,126.5 ft.), and drilling continued tc a total depth of 5,250 ft.
The hole was circulated for one hour and fifteen minutes after which Schlumberger

was rigged up te log the hole on March 2, 1982.

The physical and mineralogical aspects of the core taken from the Pre—Cambrian
Basement are described in Appendix C. The core sample from the Theresa formation
was approximately 2.9-in. long and 2.6-in., in diameter. The core had one apparent
fracture along one edge, oriented 13 degrees from the core axis; bedding was re-

presented by numerous thin laminae (1-3 mm thick) composed of light and dark



Table 2-1. LITHOLOGIC DESCRIPTION OF DRILL CUTTINGS

INTERVAL DEPTH TORMATION DESCRIFTICH
(feet)

16%0 - 1700 MEDINA Gray, fine-grainad noo-calrarecus shale,

170¢ - 1710 End and gray to greenish-gray silcstone, sandstone
and shala.

2350 - 2360 QUEENSTON Predoefnantly red fine-grained sandetons.

2360 = 2370 Rad and green fine-grained sandstone.

2830 - 1840 LORRAINE ¥White to gray to greenish and reddish-gray fine to
med{ym—grained sandatone.

1840 - 2850 White tc gray, fine co madium grained ssndatone with
traces of pyrite. '

2860 ~ 2870 Light to mediom gray, non-calcareous siletone and
fine-grained sandstone. .

2990 - 3000 Silty sandstone to fine-grained sandstons and some
stdimm-grained sandstone.

3420 - M3ID TEENTON Dark gray shaly and silty limestons.

6D - 370 Dark gray micritic to coarsely crystalline limestone.

4180 - &190 Dark gray micritic to medfum crystalline iisestons,

4150 - 4160 BLACY. RIVER Derk gray, argillacecus, platy iimestone sod madium
erystalline lissstons.

4170 - &l80 Claar to dark gray micro—crystalline limsatooe with
some calcitic fragments.

4200 - 4210 Madium co dark gray, finely crystallina lisestone.

4520 - 4530 ' LITILE FALLS  Light to dark gray, finely crystalline calcarsous
limestone with traces of pyrite.

4530 = 4540 Light to dary gray dolomitic limestone with carbona—
ceous grain coatings, traces of pyrite and limonite
staining,

4550 - 4560 Light to sediim-dark gray calcateous dolomfte.

A58C - 4590 Light to medfun gray dolomite contafining some sub-
angular quartz graine, and traces of pyrite and
Limoaite.

4620 -~ 4630 THERESA White to medium gray calcarecus dolomite with sngular
to slightly rounded, raraly frosced quert: and traces
of limonite.

4630 - 4540 Predooipantly white calcarecus dolomite containing

subangular tc rounded, occasionally froatsd quarts
graine with traces of pyrice.

4640 - A650 Clear to gray sandetone with sagular to subsangular
quartr, occaslonally rounded frosted grains with
traces of dark gray dolomite, pyrite, sad aohydrite.

660 ~ ABTO Clear to medium gray sandstons with dark gTay cerbona-
ceous coatingu with traces of pyrite, anhydrite and
frosted quarte grains.

4200 - 4710 Clear to gray sandstone containing angular to rounded
frouted gquartz grains with light to madium gray dolo-
wite and treces of pyrize, anhydrite and limonice.

4950 - K960 THERESA White te light gray sandstone containing subsngular
to rounded, frosced quarts grains wich rare blotite
and chlorite grains.

4960 - 4970 White to light gray sandetone containing rounded to
angular quartz graine, commonly frosted wvith traces
of pyrite.

4970 - 4940 Whita to 1ight gray sandstone contalning angulsr to

subangular cccasionally froatad quarte grains.

5050 - 5060 PRE-CAMBRLAN Clear to white coarsely crystalline marble with
abundant angular £o subsngular quart: gralns, with
vare phlogopite, and Frosted quarc: graios.

5110 ~ 5120 White to yellow-stained mediuvm to coarsely crystalline
marhble contsining angular to subangular quatrtz graing
and hornblende.

5200 - 3210 Clean, white to pinkish warble with some sulfide
ataining.



stained grains; dip in the bedding planes was approximately 2 degrees. The core
was medium dark gray with medium to very find grained sandstone. Grains were sub-
angular to subrounded clear-to-dark quartz with minor plagioclase feldspar. The
matrix consisted of very fine-to extremely fine-grained quartz with some larger

rounded grains and iron sulfides. There was some evidence of local grain overgrowth,

The composition of the Theresa core taken at 4700 ft, was determined to be
77.3 * 4.5% quartz; 9.0 + 3.3% secondary quartz; 11.6 ¥ 3.5 % opaque (Mn oxide or
tar with pyrite); and 2.0 + 2_0% voids. Petrographically, this Theresa core can he

classified as a quartz arenite rock type.

The Pre-Cambrian Basement can be classified az a medium-grained, dolomitic marble.
The composition of the Pre—Cambrian Basement rock is estimated to be as follows:
3.2 + 2.0% quartz; 88.8 + 4.0% dolomite; 7.7 + 3% chlorite; trace quantities of
apatite, montmorillonite/biotite, pyrite, magnetite, geothite/hematite, and rutile;
and V0.3 + % voids. 1In addition to the petrographic description, a bulk chemical
analysis of the Basement rock was made by inductively coupled plasma (ICP)
spectroscopy analysis. Results are given in Table 2-2 in oxide weight percent,
where applicable, or in parts per million {ppm) . The total is 53.108% because only
oxides are reported; the remainder of the analysis is assumed to be carbonate. It
should be noted that strontium (93 ppm) was the most apundant of the trace minerals
detected.

Samples of the Theresa and Basement cores were sent to Terra Tek Laboratories in
Salt Lake City, Utah, for porosity and permeability determinations. Terra Tek
elected not to perform standard porosity and permeability tests due to the
extremely tight nature of the samples. Instead, the samples were impregnated with
a colored epoxy and made into thin sections so that a visual determination of the
porosity could be made by point count. Evaluation of the epoxy-impregnated thin
sections of the Theresa sandstone indicated a primary porogsity of approximately

2 percent. Analysis of thin sections of the Pre-Cambrian Basement indicated that
the dolomitic marble has a primary porosity of zero; secondary porosity, attri-

butable to fractures, was estimated to be approximately 0.3 volume percent.

The thermal conductivity of the Pre—Cambrian Basement core was estimated to be
11.17 mcal/cm-sec~"C from three measurements made at Virginia Polytechnic Insti-

tute and State University.



BULK CHEMICAL ANALYSIS (ICP) OF THE PRE-CAMBRIAN BASEMENT ROCK

Table 2=-2

CONCENTRATION &/

ELEMENT UNIT
Na 0.052 Xox,
K 0,096 Zox.
Ca 27 .46 Zox.
Mg 21.83 Zox.
Fe 1.07 Xox,
Al 0.698 fox.
S1 <1.60 Zox.
Ti 0.039 %ox.
P 0.046 Zox.
Sr 93 PPm
Ba 0.043 Fox.
v <250 PPm
Cr 8 PPm
Mn 0.168 Zox.
Co 12 PPm
Ni <5,00 ppm
Cu 6 PpPm
Mo <50 PPI
Pb <10 Pprm
Zn <5 PP
Cd <5 Ppm
Ag <2 ppm
Au <10 Ppm
As <25 pPpm
Sk <30 PPm
Bi <100 ppm
) <2500 ppm
Te <50 Ppm
Sn <5 ppm
W <1200 Ppm
Li 10 PPm
Be 0.5 ppm
B <400 PPm
ir 5 pPpm
La 10 PPm
Ce 22 PPm
Th <150 PPD
TOTAL 53.108

a,Elemental abundances reported as less than a specific
concentration indicate that the element was not present
at the detection limit of the instrument.



Well Completion

The Auburn low-temperature geothermal well wag open-hole completed from n4,700 ft,
to TD. Surface casing (13 3/8-in., 48 #, N-40} was set at 478 ft. and cemented back
te the surface. An intermediate casing string { 9 5/8 in., 36 #, J-55) was set

just into the Lockport formation, and cemented back to approximately 850 ft. The
production string (4,707 ft. of 7-in;, 26 #, N-80 casing) was set on a hocokwall
packer at 4,722.4 ft. KB and cemented back approximately 500 ft., just under the

top of the Black River. The completed well, and wellhead, with a 2 7/8 in. tubing

string and header, are shown in Figure 2-2,

LOGGING ACTIVITIES AND LOG ANALYSIS

The Auburn low-temperature geothermal well was extensively logged throughout all
phases of the program, from during and immediately after the completion of drilling
operations to just before pump testing and reservoir evaluation. The sequence,

dates, phase and types of the different logging activities are as follows.

Table 2-3

LOGGING ACTIVITIES

Date Phase Type of Logging Company
02/08/82- Drilling Lithologic or Mud N. L. Baroid
03/02/82
03/02/82- Evaluation Pormation (Open Hole) Schlumberger
03/03 /82
04/05/82- Flow Test Production Schlumberger
04/08/82
04/17/82 Stress Test Borehole Televiewer UsGs
04/17/82 Evaluation Formation (Open Hole} Schlumberger
01/06/83 Casing Location {Open Hole) Schlumberger
03/30/83 Stimulation Location (Cased Hole) Birdwell

The logging activities and the log analyses are detailed helow.



Figure 2-2, Casing and Wellhead Completion
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Litholegic Log

The Litho Log, or "mud log", prepared by N. L. Baroid, during the course 6f the
drilling; presents a lithologic description of the chip samples; a graphic log of
the lithelogy, the drilling rate, gas readings and water shows: and notations
concerning drill bit replacement, r{g down time and similar information. The
litholegic log of the Therasa and Pbtsdaﬁ'formatidns is presented in Figure 2-3,
The lithelegic log was confirmed hy the detailed description of selected drill
cuttings presented in Table 2-1.

Formation Logging

8chlumbérger commenced logging operations on March 2, 1982 with analog tape record-
ing (TTR? equipment sent from the Bradford, Pennsylvania district. The open-hole
logging.suite, which was run from the drillers T.p. of 5,250 ft. to the bottom of
the intermediate casing string at 1,287 ft., included:

o Formation Density Compensated/Compensated Neutron/Gamma Ray/
-Callper (FDC - CNL - GR - CAL) logs. 1,

o ‘Dual laterolog (ReSLStLV1ty)/Gamma Ray (DLL - GR) logs.l/

o .Borehole Compensated Sonic/Gamma Ray (BNC - TT - CAL - GR) 1ogs.1/
o Temperature and Differential Temperature logs.

o Dipmeter/Fracture Identification (fIL);}ogs.l/"

:

This suite of logs is partially presented in condensed form in Figqure 2-4,

On April 1, '1982, Schlumberger ran an additional suite of logs from a computerized
logging truck {CSU) sent from. the Indlana—Pennsylvanla district. This second suite

included the_followlng.
o Dipmeter/Fracture ldentification (FIL) logs.i/-

o Long-Spaced Sonic (SLS - s¢) logs.l/ .

The formation logs were utilized by'thé'cénsulting geologist, Mr. Foster, and
DA&M's wellsite manager, Mr. Lynch, to pick'the formation tops. These logs were

subsequently analyzed to determlne net capac1t1es and abgolyte porosities of the

I/ Marks of Schlumberger
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producing zones (ENG, INC., 1982). The estimated values of porosity and feet-poros-

ity are listed below:

Table 2-4

FORMATION LOGS

Formation Interval h Porosity, ¢ Gross h¢
Composition {feet) {ft) {ft)
Theresa
33%5s5/67%dol 4616-4650 34 0.000 £.000
80%ss/20%dol 4650-4736 BE 0.018 1.51%9
74%s5s/26%dol 4736-4900 le4 0.002 0.328
63%ss/37%dol 4900-49250 50 0.010 0.483
100% ss 4950-5008 58 0.098 5.703

4616-5008 392 0.020 B.033
Potsdam
100%ss 5008-5050 42 0.062 2.618
Total Net 4740-5050 310 0.029 9.124
Zone 1 4740-4950 210 0.004 0.803
Zone 2 4950-5050 100 0.083 8.32

The estimated values of absolute poreosities were averaged from the compensated
iormation density log, the borehcle compensated sconic leog, and cross-plotted values.
The average deviations from the mean in the estimated values of absolute porosity
are approx. + 0.002 for Zone 1 and + 0.02 Zone 2, The estimated values of porosity
appear to be primary in nature because the sonic log will record the fastest

transit time, and will thus bypass any vertical fractures which give rise to second-

ary porosities,

The calculated values ol porosity, listed above, are in good agreement with

Schlumberger's computerized log analysis in Figure 2-5.
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Borehole Televiewer Log

The USGS ran borehole televiewer logs prior to and after making open-hole hydro-

fracturing stress measurements in April 1982,

The borehole televiewer (manufactured by Simplec, Inc.} is a wireline logging tool
that provides a continuous, oriented, ultrasonic image of a borehole wall

(Zemanek et al, 1970). Characteristic patterns are produced on the borehole
televiewer log by fractures, voids, washouts, and other wall features. The orienta-
tion of these features relative to magnetic north may be determined from this log.
In particular, planar features such as natural fractures will produce a sinusoidal
signature which is utilized to determine their strike and dip. In the Auburn well,

the resolution of the borehole televiewer is probably on the order of 3 to 5§ wmm.

The density of planar features in the Auburn well as revealed by the borehole
televiewer log is quite high, and attains values up to 9 features/m (Figure 2-6).
The great majority of these features were low-angle and indistinct. Most of these
indistinct features are either bedding-plane washouts or drill-bit scour marks
since the bedding planes at Auburn are nearly horizontal. The density of distinct
natural fractures detected by the borehole televiewer in the Auburn well (Figures
2-6 and 2-7), however, is much lower and averages only 0.077 fractures/m. There
is, however, considerable depth variation in this density and localized maximums
<an be seen in the Queenston Sandstone, the Trenton Limestone, the Black River
Limestone, the Theresa Sandstone, and the Pre-Cambrian Basement. There is a per-
sistence of distinct natural fractures, many with apparent apertures on the order
of several centimeters, to depths of 5,250 ft, (v1.6 km). These natural fractures

will impact the in situ permeability of the Auburn well,

The orientations of all of the distinct natural fractures seen in the Auburn well
using the borehole televiewer log are plotted in Figure 2-7, Although there is a
fair amount of scatter in these orientations, these fractures show a strong
tendency to separate into either steeply dipping or gently dipping clusters, with
the steeply dipping cluster striking in an approximately ENE to SE direction. In
the lower part of the sedimentary section in the Auburn well, the steeply dipping
natural fractures show a marked tendency to strike in a direction parallel to the
current direction of maximum horizontal compression. Fractures in the upper part
of this well, however, as well as those in the Pre-Cambrian Basement, exhibit more
variability in orientation and show no such tendency to strike parallel to the

horizontal stress plane.
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Fractures with Dips >»50 (Hickman et al., 1983)



Production Logs

Schlumberger ran a series of production (PLT) logs during the conduct of the pre-

liminary flow tests which are discussed under Reservoir and Well Testing.

Five production logs were run over the period April 5, 1982 to April 8, 1982,

Each PLT log included the following measurements: gamma ray and tool travel speed
on the left hand tract; and pressure (psig), temperature (OF), differential tempera-
ture (OF), and flow rate (rps) on the right hand tract. The logs were run with the
tocl descending and ascending: the flowmeter log was calibrated for both flow

directions. Figure 2-8 is the bottom section of the PLT log taken on April 7, 1982,

The production logs tests were evaluated to determine the major water~producing
zones of the Auburn well., The major water-bearing zones of the Auburn geothermal
well were identified to occur over the interval 4,740 - 4,950 ft. spanning the
Theresa and Potsdam formations. These zones were identified from correlations
between the production, formation and lithologic logs (ENG, INC., 1983). The

major water-producing zones were identified from Table 2-5.

Table 2-5

EVALUATION DATA IDENTIFYING MAJOR WATER-PRODUCING ZONES

AFlow AT T
Formation Interval {rps) (°F) (°F)
Theresa 4740-4800 + 0.60 + 0.030 123.0-123.6
Theresa 4800-4900 + 0,45 + 0,005 123.6-124.5
Theresa 4200-5008 + 0.50 + 0.00 124 .5-125.0
Potsdam 5008-5050 + 0.60 + 0.010 125.0-125.4

RESERVOIR AND WELL TESTING

The Auburn low-temperature geothermal well was thoroughly tested to determine its
near wellbore and far wellhore, or reservoir, characteristics. The reservoir and

well tests, their timing, and primary goal are listed in Table 2-6.
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Table 2-6

RESERVOIR CHARACTERISTICS

Test Period Primary Goal
Preliminary 04/05/82- © To identify the volume contribution of
Flow 04,/09/82 the major water-producing zones
Stress 04/12/B2 o To assess the state of stress in the
(Rydrofracture) Auburn region
Hydraulic 04/07/83 © To increase the well's productivity,
Stimulation extend its radius of influence and

decrease drawdown
Pressure . 08/01/83- © To define the hydrothermal resources
Transient 08/08/83 and reserves

The reservoir and well tests are described in terms of their major objectives,

design bases, and conduct in the sub-sections below.

Preliminary Flow Tests

A preliminary flow test on the geothermal test well in Auburn was conducted over
the period April 5 to 9, 1982, The purposes of this preliminary flow test were

as follows:
o Assess the initial productivity of the well.

o Identify the volume contribution of the major
water-producing zones.

o) Forecast decline rates and recoverable reserves
in terms of volume and heat.

o Project surface temperature of the produced brine
stream over a range of flow rates.

The preliminary flow tests were conducted by unleading the well with compressed
air, establishing a state of equilibrium between brine produced from the formation
and compressed air injected, and measuring the discharge flow rates as a function
of depth, i.e., the locatiocn of the bottom of the air injection pipe. The prelim-
inary flow tests were conducted in a fashion similar to that described by Schafer,
1980. The conduct of the preliminary flow tests is detailed further in Appendix B;

the results are discussed under Hydrological Conditions.
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Stress (Hydrofracture) Testing

NYSERDA and ESEERCO contracted with DA&M to provide rig support and well access to
USGE. USGS used this opportunity to conduct in situ gecphysical measurements aim-
ed at assessing the state of stress in the Auburn region, and to define the
fracture distribution at depth. This data serves as an aid to finding the most
potentially useful procedures for geothermal energy production and brine injection.
The techniques utilized and the results of this work are published in a final
report by S. H., Hickman, J. H. Healy and M. D. Zoback, June 1983. This work was
conducted from April 12 to 19, 1982.

Hydraulic Stimulation

The Auburn well was hydraulically stimulated to increase its productivity and to
extend its radius of influence. A "staged" stimulation program was designed by
Halliburton Services of Bradford, Pennsylvania, to maximize zonal coverage because

of the thickness of the completed interval.

The hydraulic treatment program was designed as a three-stage process which places
acid and water between two diversion stages with rock salt. &An acid spearhead was
selected to clean the fracture face and to etch in any dolomite stringers. A
large-volume over-displacement phase was selected to place the acid far from the
wellbore area, and to induce a hydraulic fracture. The over-displacement phase

was made vp of water with a gelled proppant for increasing the flow capacity in the
induced fractures. Rock salt in a gelled brine was selected as a diversion be-

tween stages in order to maximize zonal coverage.

The Auburn well was hydraulically fractured by Halliburten on April 7, 1983, The

wall was fractured in three stages, with each stage containing the following:
0 3,000 gallons of acid (15% HCL)

Ie] 10,000 gallons of gelled water containing
10,000 lbs. 26/40 sand (1.0 # sand/gallon)

Lo} 1,000 lbs. rock salt in 3,333 gallons gelled water.

The maximum treatment pressure was 2,450 psi at a rate of 14,7 barrels/minute in

the third stage: the instantaneous shutin pressure (ISIP} was 2,000 psi.



Pressure Transient (Pump) Testing

The pump test was designed to meet one of the primary objectives of this study, i.e.,
the definition of the hydrothermal resource of the Auburn low-temperature geothermal
well within a commercialization perspective. The pump-test design was based on the
results of the flow test, and on values of net capacity estimated from geophysical
logs, regicnal gtratigraphy, and estimated values of fluid and reservoir parameters
(ENG, INC., 1982).

The pump test was executed over a seven-day period from August 1 to 8, 1983. Three
sets of pressure drawdown and buildup tests were conducted as follows:
o PRELIMINARY DRAWDOWN AND BUILDUP - three-stage preliminary drawdown

at 52.4, 74.9 and 133.9 gpm over a 7.27-hour period, followed by a
14 .40-hour buildup.

o 24-HOUR DRAWDCOWN AND BUILDUP - 127.4 gpm for 24.02 hours followed
by a 27.15-hour buildup.

o) MULTIRATE DRAWDOWN AND BUILDUP - a four stage drawdown test
(124.1 gpm for 1.5 hours; 152.5 gpm for 24.15 hours; 133.1 gpm
for 7.88 hours; and 115.5 gpm for 7.97 hours) followed by a
buildup periocd of 48.90 hours.

The schedule of events, conduct of the field test, data and results are detailed in
Appendix B. The pressure drawdown and buildup data are used as the basis of the
resexrvoir characterization and reserve estimations under Reservoir Characteristics

and Reserve Analysis, respectively.



Section 3

ASSESSMENT CF GEOTHERMAL POTENTIAY.

The low-temperature gecthermal potential of the Auburn reservoir is assessed in
terms of: geological enviromment; hydrological conditions; the reservoir character-

istics and recoverable hydrothermal resources {ENG, INC., 1983).

The geological environment of the Auburn geothermal well is in general conformance
with the local and regional gecological conditions. The average geothermal gradient
in the Auburn well was measured to be as high as 14.7° F/1,000 ft. (26.7°C/km}.
Hodge (1983) believes that the anomalous gradient at Auburn is partially caused by
hydrothermal convection in the fractured Pre-Cambrian Basement and by radiogenic
decay. The latter theory is supported by traces of radiogenic material found in the
Basement marble. The hydrological conditions were found to be favorable in that a
major water-producing zone was found with a net productive sand of 310 ft. spanning

the Theresa and the Potsdam formations.

The Auburn low-temperature geothermal reservoir appears to be finite and hounded,
and to be made up of as many as six different storage and flow regions. These re-
gions consist of a low-poreosity, delomitic, water—-production zone and a high-
porosity sandstone zone both of which are naturally fractured and both of which were
hydraulically fractured and propped prior to the test. The two producing zones of
contrasting porosity are assumed to be in perfect communication with each other,

and viewed to be one producing interval with volume-averaged properties. This as-
sumption simplifies the reservoir analysis by characterizing the Auburn reservoir

by three distinct regions, each of which will become dominant ¢t different times

during reservoir drainage and during system shutdown.

. - -
The Auburn well can produce a wellhead water temperature in excess of 125 F. Con-

sequently, the geothermal potential is defined in terms of the thermal energy re-
coverable by a wellhead temperature drop from 125°F to an operating temperature of
70°F with an B80% overall heat recovery efficiency. The recoverable hydrothermal
regources or reserves result from two components: a volumetric, or in situ compo-

nent based on the thermal capacity of the formation brine, and a reinjection



component in which heat is recovered from the reservoir rock by reinjection of the
spent brine. The proved hyvdrothermal reserves of the Auburn low-temperature
qeothermal well are estimated to be 4.13 x 101%Btu for velumetric depletion, and
17.45 x 10!0 Btu under specific recharge conditions for a total of 21.58 x 10105¢y.
The possible and probable resexves are estimated to be 54.68 x 10!? Btu and

70.75 x 1010 Bry. respectively .

Without spent brine reinjection and reservoir recharge, the maximum sustained pro-
duction rate of the Auburn well over the 3.5-year lifetime of its volumetric
reserves is “100 gpm. The maximum recoverable thermal energy over a 6-month period
is thus, ~1.15 x 1010 Bty or v40% of the schools' Btu demand. Preliminary injecti-
vity tests performed during the pump tests, together with log analysis, indicate
that the spent geothermal brine can be reinjected down the annulus into the

adjacent Black River formaticn.

The production rate for tapping the geothermal potential by reinjecting or re-
circulating the spent geothermal brine was selected to be 286 gpm. This flowrate
was averaged from the maximum drawdown rate for a pumg setting at 4,000 ft., and
the minimum drawdown rate which can meet the schools' average daily Btu demnand.
The selected production rate would supply 3.3 x 1010 gy over a 6-month period, or
117% of the schools' Btu demand. The proved lifetime of the reinjection reserves

is estimated to be just in excess of 10 years,

Thus, the conclusion can be made that the Auburn low-temperature well can be
utilized to provide space heating to the Auburn East Middle School and the Cayuga
Community College. This conclusion is made primarily on the reservoir's capacity
and productivity. The engineering and economics of developing, constructing and
eperating a geothermal-energy surface facility are yet to be evaluated. The
assessment of the downhole geothermal potential is discussed in the following

sections:
o GEOLOGICAL ENVI RONMENT
o HYDROLOGICAL CONDITIONS
) RESERVOIR CHARACTERISTICS

o] RESERVE ANALYSIS

The discussions in these sections are based on ENG, INC.'s Hydrothermal Reserves

and Evaluation Report attached as Appendix B.




GEOLOGICAL ENVIRONMENT

The geological environment of the Auburn low-temperature gecthermal well is in
general conformance in terms of litholegy and stratigraphy, with the local and
regional geoclogical conditions described under Geclogical Conditions. The formation
tops were located, for the most part, at depths predicted by the hypothetical
stratigraphic cross-section in Appendix C. The average geothermal gradient in the
Auburn well was measured to be as high as 14.?0F/l,000 ft. {26.70C/km), a value
which is just under the high of 160F/1,000 ft. (300C/km) identified by Hodge et al.
{1981), for the Cayuga County geothermal ancmaly. The localized, bottom-hole
geothermal gradient of 91.?OF/1,000 ft. (168.10C/km] is most likely a disequilibrium
effect due to drilling disturbance superposed on hydrothermal convection in the Pre-
Cambrian Basement (Hodge, 1983). The bulk chemical composition of the Basement
marble supports the contention by Hodge et al. (1981) that the radicgenic heat from
the granitic rocks may be, with localized hydrothermal convection, the source of

the thermal anomalies.

The geoclogic environment is discussed in terms of the following:
o LOCATION OF FORMATION TOPS
[» STRATIGRAPHY AND LITHOLOGY

Q AVERAGE AND LOCAL GEOTHERMAL GRADIENTS

Location of Formation Tops

The targeted lithelegical horizens, the Theresa, the Potsdam, and the Pre-Cambrian
Basement, were located at 4,616 ft., 5,002 ft., and 5,050 ft. respectively. The
formation tops were picked from drill cuttings and formation logs by NYSERDA's
wellsite geologist, Mr. Foster, in conjunction with Mr. Lynch of DASM. The forma-

tion tops and their depths in feet are noted in Table 3-1.



Table 3-1

FORMATION TOPS, DEPTH AND TYPES

Depth
Formation Tops (ft.) Formation Types
Lockport 1,238 Limestone/Dolomites
Medina 1,710 Sandstone
Queenston 1,792 Sandstone/Shale
Lorraine 2,860 Shale/siltstone
Trenton 3,460 Limestone
Black River 4,163 Limestone
Little Falls and 4,546 Dolomites
Knox Unconformity
Theresa 4,616 Sandstone/bBolomite
Potsdam 5,002 Sandstone
Basement 5,050 Marble

The listed formations were encountered at depths which, for the most part, corres-
pend to the hypothetical cross—section in Appendix C. The major divergence occurred
at the Medina horizon due to the greater-than-expected thickness of the Lockport
formation. Also, the Potsdam formation ﬁas much thinner than projected by the

hypothetical cross-section.

Strstigraphy and Lithology

The Theresa formation is a coarse, white-to—medium-gray calcareous dolomite which,
in some areas, is predominantly sandstone with traces of pyrite, anhydrite,
limonite, and chlorite grains. The composition of the Theresa formation varies
from 67% dolomite/33% sandstone in the top horizon to 0% dolomite/100% sandstone
in the bottom horizon. The Theresa, which spans the interval from 4,616 ft., to
5,008 ft., is estimated tc have a net productive interval of 268 ft. The average
absolute porosity varies from 0.2% in the predominantly dolomitic horizons to

2.8% in the 100% sandstone zone at the bottom of the interval,

The Potsdam formation is a white, coarse orthoguartzite with trace amounts of white

angular feldspar, rounded frosted quartz grains, and zircon. The Potsdam, which



spans the interval 5,008 ft. to 5,050 ft.,, was shown to be a 100% sandstone from
the formation legs. The entire interval, which has an average absolute porosity

of 6.8%, is considered productive.

The net producing interval is envisioned as being made up of two major zones:

© Zone 1, which spans the interval 4,740 ft. - 4,950 ft. and which
comprises the dolomitic portion of the Theresa has an average of
80.3 ft.-porosgity percent and an average porosity of 0.38%,

Q Zone 2, which spans the interval 4,950 ft. - 5,050 ft. and which
straddles the Theresa and Potsdam, has an average of 832.3 ft, ~-
porosity percent and an average porosity of 8,32%.

The Pre-Cambrian Basement is a coarsely crystalline marble containing angular to
subanguldr quartz grains, frosted quartz grains, hornblende and trace quantities
of phlegopite. The Pre-Cambrian Basement rock and the formation brine were found
to contain traces of potentially radicactive elements, strontium and potassium.
This finding partially supports Hodge et al.'s (1981) contention that radiogenic

decay could be the source of the thermal anomalies in the Basement.

Averaqe and Local Geothermal Gradients

The average geothermal gradient of the Auburn well was measured to be as high as
14.7°F/1,000 ft. {26.?°C/kmL. This gradient is based on a bottom-hole temperature
measurement of 127.0°F (52.8°C) by the USGS on March 16, 1982 and a surface tempera-
ture of 50.0°F {10.000]. The bottomhole temperatures, calculated from Schlum-—
berger's wireline logs, ranged from 123.5°F immediately after drilling to 126.0°F
during the preliminary flow testing phase. The temperature profile measured by
Schlumberger on March 2, 1982 is shown in Figure 3-1 in tracks running from 3,600 ft.
to 4,500 ft. (left), and from 4,500 ft. to 5,250 ft. (right).

The temperature profile cof the Auburn low-temperature geothermal well indicates a
relatively constant thermal gradient of 14.4%F/1,000 ft. (26.45C/km) just to the -
top of the Potsdam formation with the temperature rapidly increasing thereafter.
The temperature perturbations, just prior to the rapid increase in gecthermal
gradient, occur over the major water-productive zone in the Theresa formation.
These perturbations could have resulted from localized circulation of fluid be-
tween the warmer, high-porosity sandstone at the bottom and the cooler, upper

portion of the Theresa which is dominated by lower-porosity, dolomitic zones.

The temperature, as shown in Figure 3-1, rapidly increased from 110°F at 5,002 ft.
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at the top of the Potsdam to ~125°F at ™ in the Pre—Cambrian Basement. This
asymptotic increase in temperature gives rise to a bottom-hole geothermal gradient
of 91.7°F/1,000 ft. The sharp increase in temperature across the Potsdam corres-
ponds to the increase in gamma ray counts te over 100 - 200+ API units over a
background count of 20 - 50 API units as shown in the left-hand tract of the

formation evaluation log suite in Figure 2-4.

The occurrence of a local "hot spot" across the Potsdam and into the Pre-Cambrian
Basement supports the theory of Hodge et al, (1981) that the Pre-Cambrian Basement

may be, in part, the source of the geothermal anomaly in central New York State.

HYDROLOGICAL CONDITIONS

The Auburn low-temperature geothermal well was found to be hydrostatic with a fluid
level at A350 ft. below the surface. Six water-bearing zones have been identified.
The four upper water~bearing zones, identified during the drilling operation,
included two surface water shows, one show in the Queenston, and one show in the
Trenton. Hydrocarbon shows were also qualitatively identified during the Auburn

well's drilling phase.

The major water-producing intervals were identified as a consequence of the pre-~
liminary flow testing of the well. These zones were: a 30-ft. interval in the
Black River limestone; and a 310-ft. interval spanning the Theresa and the Potsdam
formation. The latter zone was selected for further evaluation because it offered
the highest temperature and water production potentials. The well was, conse-
quently, open-hole completed with 7-in. casing set and cemented at 4,700 ft. just
into the Theresa formation. The interval from 4,700 ft. to TD in the Pre-Cambrian
Basement, with a net productive sand of 310 ft., is considered the Auburn low-

temperature, geothermal reservoir.

The Auburn reserveir appears te be fully saturated with formation brine with a
total dissolved solids concentration of ~300,000 ppm. The formation brine con-
tains some dissolved natural gas {>90% CH4), estimated to be >2.0 SCF/STB at the
hydrostatic reservoir pressure of 2,260 psi. The ensuing discussions on hydrologi-
cal conditions refer, for the most part, toc the Auburn reservoir. The hydrelogical

conditions are described below in terms of:
o WATER AND HYDROCARBON SHOWS
o MAJOR WATER-PRODUCTIVE ZONES

o HYDROSTATIC LEVELS AND RESERVOIR PRESSURE



o CHEMICAL COMPOSITION OF FORMATION FLUIDS

Water and Hydrocarbon Shows

During the drilling phase, four water-producing zones were identified by the Baroid
personnel and noted on the mud log. Two surface water zones were identified at

199 ft. and 106 ft. Water shows were identified at 2,030 ft. in the Queenston and
at 4,160 ft. in the bottom of the Trenton. HNo other water shows were identified
because drilling was switched over from air to mud at 4,160 ft. Continuous
monitoring of gas flows and pressures was alsc done by Barcid during the drilling
phase. The locations of hydrocarbon shows and their concentrations cbserved during

drilling are shown in Table 3-2.

Table 3-2

HYDROCARBON LOCATIONS AND CONCENTRATIONS

Depth

{ft.) No. of Units : Source
290 NA Daily Drilling Report
410 NA "

1,618 18 - Lithologic Log

1,651 40 "

2,046 12 "

4,150 600 "

4,160 1,500 "

Gas readings from 0 to 3,000 units (U) measure gas in air mixtures of 0 to 100%.

A small gas show of 40 units (1.3% gas in air) was seen from a depth of 1,651 ft.
tc 1,668 ft. There was a larger gas show in the zone from about 4,160 ft. in which
an instanteneous gas reading of 1,500 U (50% gas in air) with a downhole pressure
of 350 psi were measured, The composition of this gas show was measured to be
99.3% methane and 0.7% ethane by gas chromatography. These measurements were

made while drilling on air at a rate which is on the order of 103 standard cubic

feet per minute.
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Major Water Preducing Fones

Twe major water-producing zones were identified from production (PLT) logs taken
during the first preliminary flow test on April 7, 1982. The preliminary flow tests
were conducted prior te well completion with the intermediate 9 5/8-in. casing
string set at 1,287 ft. The major water-producing zones were identified as {ENG,
INC., 1982}:

o A 30-ft. interval from 4,150 ft. - 4,180 ft. in the Black River
limestone. Tt is estimated that this interval gontributed 10%
of the produced water at a temperature of 121.6°F.

o The 4,650 ft, - 5,050 ft. interval with approximately 310 ft,
net productive sand spanning the Theresa and the Potsdam sand-
stones. It is estimated that this interval contributes 90%
of the water (produced dgrinq the flow tests) between temper-
atures of 123.6 to 125,.0 F.

The instantaneous, initial well productivity was estimated to be 300 and 365 gpm
at 4,000 ft. and 5,000 ft., respectively from the preliminary flow taest data. The
initial well productivity and maximum deliverability were further quantified from

the pump test data in Appendix B,

Hydrostatic Levels and Reservoir Pressure

The Auburn low-temperature gecthermal reservoir is hydrostatic with the fluid level
occurring 350 ft. from the surface or n358 ft. above sea level. The hydrostatic
gradient is estimated to 0.512 psi/ft. from field-measured, specific gravity values
of 1.18, and from downhole pressure measurements and fluid levels. The hydrostatic
levels in the wellbore varied from phase to phase during the development opera-
tions, depending on the wellbore's condition and the gravity of the stored fluid.
At different developmental phases, the hydrostatic levels in the wellbore were

measured as shown in Table 3-3.
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Table 3-3

HYDROSTATIC LEVELS

Level

Date Phase (ft.)
03/16/82 Pre-Hydrofracture 345
04/07/82 Flow Test 530
05/24/82 Post-Flow Test 320
04/12/83 Post-Hydraulic . 363

Fracturing
08/01/83 Pre-Pump Test 50

The pre-pump test level represents the hole loaded with fresh water from the con-
tinuous flushing to remove the frac sand subsequent to the aborted attempt at pump
testing the well in April, 1983. The hydrostatic gradient was computed to be

0.448 psi/ft. for the conditions which existed just prior to the pump test phase.
This gradient, and the measured downhole pressure of 1,757.9 psi at 3,973 ft.

below the surface, was used to compute the average reservoir pressure of 2,260 psi
because: the wellbore conditions appeared to be optimum just prior tc the pump test
as a result of the hydraulic fracturing and the comntinuous swabbing; and the shut
in time of four months, prior to the pump test, was sufficient for reservoir

stapbilization.

Chemical Composition ¢f Formation Fluids

The total dissolved solids (TDS} of the brine from the Theresa and Potsdam forma-
tions is approximately 300,000 ppm. The major anionic species is chloride (Cl7)
at a concentration of approximately 180,000 ppm; the major cationic species is
sodium {Nat*)} at a concentration of approximately 70,000 ppin; and the concentration
of ca™ and Mgtt ions is approximately 22,500 ppm. The concentration of iron is
approximately 55 ppm and silica as 8i0; is approximately 10 ppm. The pH of the
geothermal brine is approximately 5.5. The chemical composition of the formation

brine is further discussed in Appendix B and summarized in Table 3-4.



Table 3-4

AUBURN WELL FORMATION WATER ANALYSIS

08/06/83/13:00 08/06/83/13:15 08/07/83/02:45

(mg/1) {mg/1) - (mg/l)
pH 5.50 5,22 5.72
Total Dissolved 294,000 283,000 299,000
Solids (TDS) @125°F
Alkalinity as CaCO3 96 62 : 74
Chlorides 179,000 180,000 179,000
Carbonate <.1 <.l <.l
Bicarbonate 96 62 74
Sulfate <1 <l <1
Sulfite <0.01 <0.0L <0.01
Sodium 68, 300 12,500 71,800
Calcium 18,800 19,800 19,800
Magnesium 2,950 3,000 3,050
Iron 68.5 43.0 50.0
Silica as SiO2 10.4 12.2 1¢.9

The chemical composition of the produced brine appears to be relatively consistent
over and beyond the seven days of pump testing and the 100,000 plus barrels of
produced brine. The observed consistencies in the composition and concentration of
the gecothermal brine suggest that the Auburn geothermal well is draining a singular
source bed because the composition and concentration of brines usually vary with

depth and depositional environment.

The analyses in Appendix B indicate that the geothermal fluid contains "2.25 SCF/
STB of dissolved gas at 577 psi and 125°F with a methane concentration in excess of
90%. The measured volume of dissolved gas is approximately 55% of the estimated
saturation volume of 4.1 SCF/STB. The laboratory measured gas composition is con-
sistent with behind-the-pipe values measured uphole prior to well completion at
4,700 ft. Chromatographic analysis of gas flows, sampled by Baroid during the

drilling phase, indicate 99.3 volume percent methane and 0.7% ethane by volume.
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RESERVOIR CHARACTERISTICS

The Auburn low-temperature geothermal reservoir appears to be finite and bounded,
Within these physical constraints, the net producing interval is made up of two
communicating layers or zones —— a low-porosity dolomitic Zone and a medium-porosity
sandstone zone -- both of which are highly fractured. The two producing zones are
in communication with each other vis-a-vig cross—-flow in the intersecting fractures.
In addition to the natural fracture system, the pProducing interval was hydraulically
fractured and propped prior to the pump test. Thus, the Auburn Yeservoir is com-

prised of as many as six different storage and flow regions as shown in Appendix B,

The two productive zZones are assumed to be in perfect communication with each other
and are viewed to be cne producing interval with volume averaged properties. The
naturally fractured Auburn reservoir is thus, divided into three distinct regions:

o REGION 1 -~ an improved near wellbore region resulting from a vertical
mega-fracture created by the pre-pump test hydraulic stimulation,

o REGION 2 - a set of interconnecting fractures and fissures which
represents foramenular secondary porosity, and which contributes
a low-storage but a high-flow capacity.

o REGION 3 - a matrix of well-defined fine pores which represents
intergranular primary porosity and which contributes a high-storage
but low-flow capacity,

The three distinct storage regions will resul: in the development of three different
flow regimes, each of which becomes domihant at different times during reservoir
drawdown, and well shut-in periods. During drawdown, the vertical hydraulic frac-
ture (Region 1) drains first, followed by the natural fractures (Region 2) and
finally, the flow will become limited or controlled by the lower permeability but
higher porosity matrix (Region 3). During drawdown, the duration of each flow
regime is determined by .the pumping rate. During shut-in, the durations of the
different flow regimes are determined by the storage capacities of the individnal

regions.

The reservoir characteristics were readily identifiable and, for the most part,
quantifiable from the analysis of the pump test and supperting data (ENG, INC.,
1983) . The quantifiable reservoir characteristics are briefly summarized in the

following.
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Matrix Region {3)

The reserveir matrix (dolomites and sandstones) controls the volumetric capacity of
the reservoir and will limit the production rate as a result of its low permeability.
The reservoir properties, which were calculated by pressure transient analysis,
represent the average composition of all three regions. The average composition of

the reservoir is, however, controlled and dominated by the reservoir matrix.

The product of effective porosity and effective compressibility was determined to
be 2.0 x 10 8 psiﬂl, on the average, from four data points. These values were com-
puted from log-log type curve matches between the actual AP-At relationships and
theoretical curves of dimensionless PDﬁtD relationships for both the pressure draw-
down and buildup data. Based on an estimated value of 7.5 x 10 © psi“l foxr the
effective compressibility of the reservoir and its contained fluids, the effective
porosity computes out to be 0.27%. It should be noted that this value is about

10 times less than the average log-determined value of absolute porosity (2.82%).
Such differences between effective and absolute porosities have been reported in

the literature, e.g.: Strobel, Gulati and Ramey (1976) calculated effective permea-

bility and porosity of 48.3 millidarcys {md) and 0.22% within a drainage area of

54 square miles for interference test data in a dry-gas reservoir producing from a
naturally fractured orthoguartzite zone; cores from the other orthoquartzites were

reported tc have an average abscolute porosity of 2.5% and less than 0.1 md pennea—

bility to air.

The effective transmissivity was estimated to be 3,100 md-ft. on the average, from
a data set of six. These values were computed from the slopes of the semi-log
straight line of a Horner type plot for pressure buildup data and a Miller-Dyes-

Hutchinscon plot for pressure drawdown data.

For a net productive interval of 310 ft., the effective reservoir permeability is
computed to be 10 md. The permeability of a core sample of the Theresa, as dis-

cussed in Coring and Core Analyses, was considered too low to be measurable by a

petroleum production laboratory in Salt Lake City. There is some uncertainty about
the sample’s integrity or the laboratory's contention because core samples from the
Theresa formation in the Buffalc region have been reported to have permeabilities
ranging from 10 to 100 md. based on laboratory measurements. The effective permea-
bility of 10 millidarcys, for lack of sufficient core data, is assumed to be an
average of the permeabilities of the reservoir matrix and the natural fracture

system,
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Natural Fracture Region (2)

The natural fractures and fissures or microcracks are estimated to be 26% of the
total effective porosity from semilog drawdown and buildup data analyses which are
detailed in Appendix B. This estimate is consistent with the observed dengity of
planar features and distinct natural fractures as discussed under the sub-section

on Borehole Televiewer Log in Legging Activities and Log Analyses, The density of

Planar features, mostly low-angle and indistinct, are shown to be 3 features/ft.
in Figure 2-6 whereas the density of the distinct natural fractures averages only
.02 features/ft. (Hickman et al., 1983). These measurements were made by the

USGS utilizing hydraulic fracturing stress techniques and boreho}e televiewer

5,250 ft.; distinct natural fractures, of which approximately one third dip less
than 50, persist to the measured TD; and the strike of steeply dipping natural
fractures, which occur in the Cambrian rock {Theresa and Potsdam}, shows a strongly

developed E-W preferred orientation.

The in situ stress and fracture distribution of the Auburn geothermal well was also
investigated by Schlumberger-boll Research (Plumb and Singex, 1983) utilizing the
borehole televiewer log run by the USGS, a dipmeter/fracture identification log and
an assortment of other logs including a long=-space sonic leg which measured com-—
Pressional as well as shear wave velocities, Schlumberger found: the highest

fracture density occurred between depths 4,700 ft. - 4,850 ft., with fractures

fractures of similar strike and dip spanned the interval from 4,850 to 5,100 ft. ip
the Theresa and Potsdanm formations, and extended into the Pre-Cambrian Basement.

The fracture distribution, in number of fractures per 5-ft, interval, is shown inp
Figure 3-2, which also shows their orientation or strike, The natural fracture
density was found to be as high as 2/ft., around 10C times the depth averaged values
chtained by the USGS.

The persistence of distinct natural fractures in the Theresa and the Potsdam forma-
tions has made a significant contribution to the reservoir’s permeability and the
wellts productivity. The latter, as well as the reservoir's drainage radius, were

artificially enhanced by hydraulic stimulation as discussed below.
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Hydraulic Fracture Region ({3)

The induced hydraulic fracture is most likely vertical with a NSSE strike. The
intrinsic permeability should be anistropic with maximum, intermediate and minimum
permeability oriented N85E, vertical, and NOSW, respectively (Plumb and Singer,
1983) . '

The vertical hydraulic fracture was identified by the 1/2 slope of the log-log plot
of AP versus At, and was computed to have a half-length of ~150 ft. (ENG, INC.,
1983).

RESERVE ANALYSIS

The reserves of the Auburn low-temperature gecthermal well are quantified in terms
of the number of Btus recoverable at the wellhead with and without reinjection of
the spent brine to recharge the reservoir. The volumetric resources and areal
extent are first identified to determine the in situ themmal capacity of the
reserveir brine and the contacted rock masses. The recoverable volumetric re-
sources, or the volumetric reserves, are subsequently estimated in terms of capacity
and productivity. The hydrothermal resources and reserves, with and without a rein-
jection component, are then defined for a surface temperature of 125°F which is
projected from measured and estimated wellhead temperatures. The reserve analysis

is detailed in the following sub-sections:
o} VOLUMETRIC RESCURCES AND AREAL EXTENT
o VOLUMETRIC RESERVES
[+ HYDROTHERMAL RESOURCES W/WO REINJECTION

o) HYDROTHERMAL RESERVES W/WO REINJECTION

Volumetric Resources and Areal Extent

The proved volumetric resources of the Auburn low-temperature geothermal well are

estimated to be 3.0 x 10° + 0.3 x 10% STB; the possible resources are estimated to
be 7.0 x 10° + 1.0 x 106 STB: and the probable reserves are estimated to be

23.0 x 1o + 5,0 x 106 sTR, Correspondingly, the areal extent of the resource is

estimated to be 463, 1,080, and 967 acres, respectively, for the proved, possible

and probable categories.

The volumetric resources were estimated from reservoir limit tests utilizing pres-
sure drawdown data plotted on cartesian coordinates for the 24-hour drawdown and

the multirate drawdown tests. The slope of the pseudosteady~state straight line
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was used to compute the connected reservoir drainage volume or the volumetric

resources. The volumetric resource computation was found to be very sensitive to
the total effective compressibility, ct of the preducing formation, whereas the
areal extent of the reservoir {and the mass of its rocks) is very sensitive to the
product of effective porosity and effective compressibility, ¢ct. The categoriza-
tion of resources into proved, pogsible and probable is based on their sensitivities
to c, and ¢ct. The probable and possible resources are estimated in the limiting
condition of zero-fluid withdrawal. The dependency of volumetric resource or
connected reservoir drainage volume on pumping or drawdown rates is a direct con-

sequence of the nature of the Auburn reservoir and the reservoir characteristics.

The “double-perosity" characteristics of the Auburn well gives rise to a connected
reservoir drainage volume which is inversely dependent on the pumping rates, i.e.,
the effective drainage area decreases with increasing flowrate, An unbalance is
created between the rate of fracture drain and fracture refill by the porous matriy,
i.e., the permeability of the porous matrix is rate-limiting. This unbalance
results in the flushing of the natural fracture channels and their disconnection
from the porous matrix. The unbalance in intra-porosity flow and the degree of
disconnection increases with increasing pumping rates. The radius of influence or
reservoir volume, thus, decreases with increasing flowrate. 1In the limit of zero
flowrate, the downhole pressure is only influenced by the total connected pore

volume of natural fractures and porous matrix veids.

Volumetric Reserves

The veolumetric reserves of the Auburn low-temperature geothermal reserveir are

based on the estimated volumetric resources, and are shown in Table 3-5.

Tab:le 3-5

AUBURN VOLUMETRIC RESERVES (STB)

Resources Reserves
Category (STB) {STB)
Proved 3.0 x 105 2.25 x 106
Possible 7.0 x 108 5.25 x 108
Probable 23,0 x 106 17.25 x 106




The reserves are based on an estimated recovery efficiency of 75%, an assumption
which is considered valid for continuous drainage of the resources at pumping or
drawdown rates which are less than or equal to the well's long-term or continuous

deliverability.

The initial or maximum deliverability of the well was determined to be 338 gpm
(“11,600 STB/D) at TD and ~328 gpm (v11,200 STB/D) at a pumping depth of 4,000 ft.
It should be noted that the Preliminary flow-test's estimate of 365 gpm at TD is
within 10% of the values determined by the pressure transient. The initial pro-
ductivity index, Jo', of the Auburn well was determined to be 0.56 STB/D/psia2 for
a Fetkovich exponent, n = 0.642.

q_ = 0.5612 (P2 - p 2) 0.642 {3-1)
(o] wi

P and ow are respectively the average reservoir bressure and the flowing wellbore
pressure at the reservoir sandface; 4, is the initial production rate in STB/D.

Hydrothermal Resources W/WO Reinjectien

The hydrothermal resources of the Ruburn low-temperature geothermal reservoir are

estimated in Table 3-6.

Table 3-&

' AUBURN HYDROTHERMAL RESOURCES (Btu)

Category Volumetric Reinjection Total

Proved ’ 5.50 x 1010 34.89 x 1010 40.39 x 1019
Probable 12.84 x 1010 89,95 x 1010 102.79 x 1010
Possible 42.20 x 1010 78.20 x 1010 120.40 x 1010

The volumetric hydrothermal rescurces are based on the thermal capacity of the in
situ formation brine. The thermal capacity is defined by a wellhead temperature
drop from 125°F to an operating temperature of 70°F, and an overall heat recovery

of capture efficiency of ~80%.

The wellhead temperature of N125°F is based on estimated, measured and Projected

surface temperatures {for a production rate of 150 gpm) . Surface temperatures of



v123°F were estimated for steady-state heat transfer in the wellbore, and unsteady
radial conduction in the earth from an insulated tubing string with a perfect down-
hole pump. Surface temperatures of m130°F were measured during the 150 gpm stage
of the multirate drawdown test. The measured surface temperatures were strongly
influenced by the following factors: production of higher temperature fluids from
the lower-producing formations:; downhole generation of heat by the pump and motor;
and reinjection of warm, produced brine into the annulus adjacent to the preduction
tubing string. The effects of these factors on the measured surface temperatures
were quantified, and then combined with the theoretical estimations to predict the
wellhead surface temperatures under different operation cenditions. The projected
surface temperature of 126 + 1°F is for the production of formation brine at 150 gpm

through an uninsulated tubing string from a setting depth of 4,000 feet.

The hydrothermal resources include a reinjection component in which heat is
recovered from the reservoir rock by the reinjection of the produced brine. The
extent of the reinjection resources are defined by the breakthrough time of the
thermal front because the wellhead temperature and the recoverable heat will de-
Ccrease rapidly with breakthrough of the cooler thermal front. The reinjection
resources were evaluated in terms of the relative volumetric heat capacities of the
formation brine, the reservoir matrix {rock and brine), and the caprock as well as
the reinjection rate, and the separation distance between the injection and Pro-
duction well. The latter is taken as the outer limit of a right cylindrical
reserveir; the reinjection rate is taken to equal the production rate which is

selected to be 286 gpm.

Hydrothexmal Reserves W/WQ Reinjection

The hydrothermal reserves without fluid reinjection are estimated to be 75% of the
hydrothermal resources. The reinjection reserves are estimated to be 50% of the
reinjection resources, based on the areal sweep efficiency of 70% and a vertical
displacement efficiency of 70%. The hydrothermal reserves of the Auburn low—

temperature geothermal well are estimated in Table 3-7.
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Table 3-7

AUBURN HYDROTHERMAL RESERVES (Btu)

Category Volumetric Reinjection Total

Proved 4.13 x 1010 17.45 x 1019 21.58 x 1010
Possible 9.63 x 1019 44.98 x 1010 54.61 x 1010
Probable 31.65 x 1010 39,10 x 1010 70.75 x 1019
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Section 4

RECOMMENDATIONS

The recommended future course of action is the pursuit of the Auburn low-temperature

geothermal project to its logical conclusien, i.e., the extraction of the geothermal

energy to previde/supplement the space and hot water heating requirements of the’

East Middle School, and the Cayuga Community College of the Cit? of Auvburn's

Enlarged School District. The extraction process is conceptually discussed in

Appendix B.

The steps required for future action are as follows:

o

STEP 1: Perform an engineering and economic feasibility evaluation on
the extraction of geothermal energy for space heating and hot water
requirements. This study should include an evaluation of the project
site, determination of the current heat load and variability, as well
as integration of the surface extraction facilities into the existing
HVAC systems. The deliverables should include the feasibility of the
project under different operating scenarios such as conditions of
discharge and recharge in terms of rate and duration. This study
should also consider health, safety and environmental factors. These
feasibility studies should be within + 10% of final engineering
specifications with cost-benefit analyses which include investment
and energy tax credits,

STEP 2: Conduct a final engineering design with detailed equipment
specifications, piping and instrumentation diagrams, electrical and
process control logic diagrams, and operating procedures. The
deliverables should include a complete suite of architectural,
mechanical, structural, and HVAC drawings, supporting specifications
and documentations, and a final cost schedule.

STEP 3: Construct surface facilities, shake down system and evaluate
operations for a minimum period of 30 days.

STEP 4: Operate and maintain the geothermal energy-extraction
facility at Aubum.
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BOP
fish
JTS
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Section &

GLOSSARY OF TERMS

refer to the quantity of fluid or energy which is contained within an
underground reservoir.

refer to the quantity of resources which is recoverable by known and
standard techniques. The recovery technique is usually specified for
unconventional or nonstandard methods.

refer to the guantity of resources which geclogical and engineering data,
reservoir testing, and/or production data demonstrate with reasonable
certainty to be recoverable in the future from known reservoirs under
existing economic and operating conditions.

are those reserves which are supported by favorable engineering and geo-
logical data, but which are subject to a greater degree of risk which
prevents classification as proved reserves. Risk refers to the risk of
inaccurancies due to insufficient confirmatory information.

are speculative reserves where risk is relatively high. Possible re-
serves usually depend on some favorable development or extent which is
not predictable with good accuracy.

OF TERMS USED IN APPENDIX A

barrels

blow out preventer

an object left in the wellbq:e during drilling or workover operations
joints or single lengths (30 ft.) of drill pipe, tubing, or casing

kelly bushing, a drive bushing fitted to the rotary table of a rig

mouse hole an opening through the rig floor, usually lined with pipe, into which a

poZ

rat hole

reamer
rig up

spud in

sub

length of drill pipe is placed temporarily for later connection to the
drill string

pozzolan, a siliceous material added to portland cement mixtures

a hole that is drilled in the bottom of the main hole; sometimes used to
to collect fishes, and thus keep the producing formation clear

a toel used in drilling to smooth the wall of a well
to prepare the drilling riqg for making hole
to begin drilling; to start the hole

a short, threaded piece of pipe used to adapt parts of the drill stem
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Appendix A

DAILY ACCQUNT OF WELLSITE ACTIVITY



Table A-1

DAILY DRILLING REPORT OF AUBURN LOW TEMPERATURE GEOTHERMAL WELL

DATE ACTIVITY
02/01/82 Move in; rig up.
02/02/82 Rig up; dig rat hole and dig mouse hole.
02/03/82 Finish mouse hole; spudded hole with 17 1/2" OWVJ

Bit #1 at 12:20 pm (2/3/82); drilling at 59°'.

02/02/82 Drilled to 84'; trip for 17 1/2" x-33 Bit #2;
drilling at B7'.

02/05/82 Drilled to 99"; rig broke down at 5:00 am (right
angle drive).

02/06/82 Rlg broke down; commence drilling at 11:00 am;
drilled to 117'; rig broke down at 3:45 pm (drive
shaft); commenced drilling at 10:30 pm; drilling

at 126'.

02/07/82 Drilled to 151'; rig broke down at 9:15 am (drive
shaft}; commenced drilling at 6:00 pm; drilling
at 197'.

02/08/82 Drilled te 306'; shut down to haul water at 2:45
pm; commenced drilling at 5:00 pm; drilling at
398",

02/09/82 Reaming and cleaning hole; mix mud (6 am-12 pm);

wait on mud (12:30 pm-3 pm); change over to
alrfmud; rig broke down (6:30-9:00 pm); mix mud.

02/10/82 Rig broke dowm (12 am — 4:30 pm): commence driiling
at 4:30 pm; drilling at 413°.

02/11/82 Drilled to 492'; trip for casing; ran 13 3/8" casing
to 320" and would not go; pulled casing; trip in
hole with 17 1/2" Bit #2.

02/12/82 Finished trip; rig broke down 5:30 am to 6:30 am;
reamed 10" to bottom; trip out of hole; run 13 3/8"
casing to 320" and would not go; pulled casing;
wait on reamer (3:30 pm to 12:00 am).




Table A-1

DAILY DRILLING REPORT OF AUBURN LOW TEMPERATURE GEOTHERMAL WELL {Cont'd)

DATE ACTIVITY

02/13/82 Trip in hole with reamer; ream 304' to 492'; trip
out of hole; ran guide sheoe (1.15') and 11 JTS
(465.70') 13 3/8" 0.D.; 48#, H-40 API; Seamless
R IIT Casing and set at 477.85". Dowell cemented
with 135 sacks Class A cement and 195 sacks RFC.
Plug down at 5:20 pm; waiting on cement.

02/14/82 Nipple up BOP; go in hole with 12 1/4" J-33 Bit #3;
drilled to 478'; trip to clean bit; drilling at 680°.

02/15/82 Drilling at 1085°'.

02/16/82 Drilled to 1287'; trip for casing; ran fioat shoe

(1.15) and 31 JTS (1273.00') 9 5/8" 0.D.; 36#, J-55
APTI R IIT casing and set at 1287.15". Dowell cemented
with 125 sacks Class A cement. Plug down at 11:00 pm.
Waiting on cement.

02/17/82 Wait on cement (2 am); go in hole with 8 3/4" JS5R
Bit #4; drilling at 19037.

02/18/82 Test BOP (OK); drilling at 2537'.

02/19/82 Drilled to 2758"; trip for bit; go in hole with 8 3/4"
J~77 Bit #5; drilling at 2930°'.

02/20/82 Drilling at 3775".

02/21/82 Drilling at 4342°.

02/22/82 Drilled to 4446'; trip for bit; go in hole with 8 3/4"
J-77 Bit #6; drilling at 4500°.

02/23/82 Drilled to 4700"; trip for core barrel.

02/24/82 Trip for core barrel; rigged up core barrel; go in hole

with 7 27/32" MC4-RS core Bit #7; cut 1 1/2' of core;
trip out of hole; recovered 3" of core; wait on bit.

02/25/82 Wait on bit; go in hole with 8 3/4" J-99 Bit #8;
drilling at 4719°'.




Table A-1

DAILY DRILLING REPORT OF AUBURN LOW TEMPERATURE GEOTHERMAL WELL {Cont'd)

DATE ACTIVITY
02/26/82 Drilling at 4897°.
02/27/82 Drilled to 5117’; trip for core barrel.
02/28/82 Trip for core barrel; rigged up core barrel go in

hole with 8 23/32" MC-23 Core Bit #9; took weight
at 20267; reamed 30" with core bit; trip out for

7 27/32" core barrel; rigged up core barrel; go in
hole with 7 27/32" Chris MC-4RD Bit #10; coring at
5126°'.

03/01/82 Cored to 5126'; trip out of hole; recovered 3' of
core; ge in hole with 8 3/4" J-99 Bit #11; wash
down 79" (last two stands); ream hole for 30': ream
cored hole; drilling at 5186',

03/02/82 Drilled to TD of 5250': circulate up bottoms for
1 hr. 15 min. trip ocut of hole; rig up Schlumberger
run Diff. Temp. Log; running Form. Den. Comp.éComp.
Neutron/GR/Cal., Bottom hole temperature 123.5°F.
Fluid level at 128°',

03/03/82 Finish above log; run Dual Lateroclog, run Comp. Sonic
Log; run FIL Log; rig down Schlumberger; laying down
drill collars.

03/04/82 Finish laying down drill collars; run one stand drill
pipe in hole on kelly; close BOP; rig on security
status,

03/05/82 Rig on security status.

03/06/82 Rig on security status.

03/07/82 Rig on security status.

03/08/82 Rig on security status.

03/09/82 Rig on security status

03/10/82 Rig on security status,




Table A-1

DAILY DRILLING REPORT OF AUBURN LOW TEMPERATURE GEOTHERMAL WELL (Cont'd}

DATE ACTIVITY
(3/11/82 Rig on security status.
03/12/82 Rig on security status,
03/13/82 Rig on security status.
03/14/82 Rig on security status,
03/15/82 Rig on security status; move in and rig up USGS,
03/16/82 8:00am-5:45am: run temperature log to 5250'; bottom

hole temperature of 127°F; fluid level at 345°".
5:45pm~10:30pm rig up and run televiewer log to a
total depth of 2000°',

03/17/82 8:00am~11:00am:test packers.
11:00am-3:15am:trip packers in hole to 1945°.
3:15pm~5:45pm:set packers; pressure up and breakdown
at 1100 psi.
5:45pm-8:00pm: trip packers out of hole and lay down
packers,

03/18/82 8:00am-1:00pm:dress and test packers.
1:00pm-2:00pm:trip in hole with packers to 1980¢',
2:00pm-5:45pm;attempt to test - could not build up
pressure,
3:45pm—7:00pn:trip out of hole with packers.
7:00pm-10:52pm:work on Borehole Televiewer Logging Tool.
10:52pm-11:48pm: ran Televiewer to 2000' Log not
cperating properly - came out of hole.

03/19/82 8:00am-3:30pm: dress and test packers,
3:30pm-9:00pm: log with Televiewer 2000' to 4000°,

03/20/82 B8:00am-10;30am: pick up packers and trip in hole to 2450',
10:30am-1:30pm: attempt to test packer at 2450' -
maximum pressure 200 psi.
1:30pm=-3:15pm: trip out of hole and lay down packers
3:15pm—4:30pm: rig up to leg with Televiewer.
4:30pm-12:00am: log with Televiewer from 5250°',




Table A-1

DAILY DRILLING REPORT OF AUBURN LOW TEMPERATURE GEOTHERMAL WELL {Cont'd)

DATE ACTIVITY

03/21/82 12:00am-10:00am: log with Televiewer.
10:00am-12:00pm: pick up packers and trip in hole to 2450'.
12:00pm-3:30pm: attempt to test packer at 2450' —
maximum pressure 200 psi.
3:30pm-5:00pm: trip out of hole and lay down packers.
5:00pm-6:00pm: rig up to log with Televiewer.

03/22/82 8:00am~10:00am: dress and test packers.

' 10:00am-11:30am: pick up packers and trip in hole to 2450'.
11:30am-5:15pm: test packer at 2450' - Breakdown at 1150 psi.
5:15pm-7:00pm: trip out of hole and lay down packers.
7:00pm-9:00pm: rig up to log and log to 2450'.

03/23/82 8:00am-12:00pm: pick up packers and trip in hole to 3010°'.
12:00pm-6:00pm: test packers at 3010' - breakdown at
1650 psi.
6:00pm-7:00pm: trip out of hole and lay down packers.
03/24/82 8:00am~9:00am: finish trip out of hole and lay down packers.
9:00am-2:00pm: dress packers.
2:00pm~6:00pm: run temperature log to 3200' - log would
not work,
03/25/82 8:00am-11:45am: pick up packers and trip in hole to 4858'.
11:45am-7:30pm: test packers at 4858' - breakdown at
2900 psi.
7:30pm-8:00pm: trip out 2 1/2 stands of drill pipe shut
down for night.
03/26/82 8:00am—-10:30am: finish trip out of hole.

10:30am-12:00pm: dress and test packers.

12:00pm-2:00pm: pick up packers and trip in hole to 3877'.
2:00pm-9:00pm: attempt to test packers at 3877' -
pressure bullt up to 3000 psi and has instantanecus
pressure drop to 500 psi (note: equipment on surface

had to be thawed out which caused excess testing time).
9:00pm-12:00am: fish for cluster gauge with USGS wireline
inside drill pipe.




Table A-1

DAILY DRILLING REPORT OF AUBURN LOW TEMPERATURE GEOTHERMAL WELL {Cont'd)

DATE ACTIVITY

03/27/82 12:00am-3:00am: fish for cluster gauge with USGS
wireline inside drill pipe.
3:00am-8:00am: shut down.
8:00am~12:30pm: attempt to trip packers out of hole
left bottom packer assembly in hole. :
12:30pm-6:00pm: inform appropriate parties and
discuss alternatives.

03/28/82 8:00am~1:00pm: pick wp drill collar and trip in hole.
1:00pm=3:00pm: walt on crders,
3:00pm~6:00pm: continue trip in hele - tag top of
packer assembly at 3854' - trip out of hole - order
fishing tools, Fishing Engineer and willing bit from
Tri-State, Wooster, Ohio.

03/29/82 8:00am-12:00pm: wait on fishing tools.
12:00pm-4:30pm: pick up fishing tools and trip in hole.
4:30pw-5:00pm: fish for bottom packer assembly
5:00pm-8:00pm: trip out of hole - partial recovery of
fish (all but packer rubber element).

03/30/82 8:00am-6:00pm: wait on fishing tools.

03/31/82 8:00am-12:00pm: pick up rotary shoe and trip in hole.
12:00pm-2:00pm: work on rig (replace hydraulic hoses)
2:00pm-5:00pm: continue trip in hole,
5:00pm~9:00pm: drill on packer rubber at 3877' packer
released; chased packer to 4750'.
9:00pm-12:00am: trip out of hole.

04/1/82 12:00am-1:00am: finish trip out of hole.
9:00am-1:00pm: pick up fishing tool and trip in hole.
1:00pm-3:00pm: fish for packer element.
3:00pm-8:00pm: trip out of hole with fish.
8:00pm=-10:30pm: rig up Schlumberger to run dipmeter
log and long spaced sonic log.
10:30pm-12:00am: logging.

04/02/82 12:00am-1:00pn: logging and pump pit water down annulus,
1:00pm-6:00pm: secure hole and wait on orders.
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DATE ACTIVITY
04/03/82 Rig on security status.
04/04/82 Rig on security status,
04/05/82 8:00am-9:30am: lay down drill collars.

9:30am-2:30pm: walt on frac tanks and flow rate
measurement hook up.

2:30pm-3:00pm: trip in hole with open-ended drill
pipe to 1518'.

3:00pm-9:00pm: rig up Schlumberger temperature log
and flowmeter log; unload hole with air compressors
and flow test at 1518°.

$:00-10:00pm: rig down loggers and trip out of four
stands of drill pipe.

04/06/82 8:00am~6:00pm: wait on frac tanks.

04/07/82 7:00am-8:00am: crip in hole to 1669' with open ended
drill pipe. :
8:00am-12:00pm: rig up loggers to perform flow test.
12:00pm-7:00pm: flow test heole.
7:00pm~-8:00pm: rig down loggers.
8:00pm-9:00pm: trip drill pipe back up into casing.

04/08/82 8:00am-10:00am: trip in hole to 3863' and rig up
loggers to perform flow test.
10:00am~1:30pm: try to unload hole; unable to maintain flow.
1:30pm~2:15pm: trip out of hole to 3044°.
2:15pm-9;:15pm: flow test hole.
9:15Pm-9:45pm: rig down loggers.
9:45pm~12:00am: trip drill pipe baeck up into casing.

04/09/82 7:00am-0:30am;: trip in hole to 3990°".
9:30am-1:00pm: try to unload hole; unable to maintain flow.
1:00pm-6:00pm: trip out of hole.

04/10/82 Rig on security status,
04/11/82 Rig on security status.
Q4/12/82 8:00am~2:30pm: dress packers and trip in hele to 1187'.

2:30pm~6:00pm: dress packers.
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DATE ACTIVITY

04/13/82 7:00am-53:45pm: trip in hole to 5201'; attempt to
test; no results.
5:35pm-6:00pm: rig down logging tools and release packers.
6:00pm-11:00pm: chain out of hole to 1187'.

04/14/82 8:00am-9:00am: trip out of hole.
9:00am—-6:00pm: dress packers.

04/15/82 8:00am~12:15pm: pick up impression packers and trip
in hole to 3100°.
12;15pm-6:00pm: take impression at 3100°'.
6:00pm-8:00pm: trip out of hole to 1187',

04/16/82 8:00am-9:00am: trip out of hole.
5:00am-12:30pm: dress impression packers and trip
in hole to 1900'.
12:30pm-6:15pm: take impression at 1900;.
6:15pm-9:00pm: trip out of hole.

Q4/17/82 8:00am-4:30pm: dress packers and log with Televiewer log.
4:;30pm=5:00pm: rig down logging tool
5:00pm-6:00pm: pick up packers and trip in hole to 1187'.

04/18/82 8:00am-10:00am: trip in hole to 5105'.
1¢:00am-6:00pm: attempt to test at 5105'; no results;
parted packer at 4300 psi and left bottom packer in hele.
6:00pm-12:00pm: chain out of hole and lay down one packer.

04/19/82 8:00am-3:00pm: wait on orders.
3:00pm=6:00pm: trip in hole to 1187°.
6:00pm: released rig, plug back total depth 5105'.

05/24/82 SUNY Buffaloc (Dr. Hodge) found the water level at 320!
using his temperature tool.

05/31/82 SUNY Buffalo (Dr. Hodge) found the water level at 320!
using his temperature tool.
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DATE ACTIVITY

07/15/82 GFS, Inc. om location: 1) tighten swage with tongs
and dozer; 3) graded and raked location; and 3)
spread stone around wellhead.

08/12/82 7:30am-wellthead pressure 225 psi.

01/06/83 Schlumberger on location at 9am; rigged up mast
truck and ran Gamma/Caliper log PBTD (5102') to
bottom of 9 5/8" casing (1287')}. Off location
at 3:30pm.

01/07/83 Moved in 7" casing; placed on pipe racks and
assembled miscellaneous equipment. Rig arrived
5:00pm. Spotted substructure and shut down
because of darkness.

01/08/83 7:00am: rigged up Devenian Drilling Company Rig #1;
waited on center pipe tub; tub arrived 3:00 P.. ;
spotted tub; tallied pipe and shut down because
of darkness.

01/09/83 7:00am: picked up packer (7" Butler Larkin hook-wall
tension packer) ran in hole on 7", N-80, 26#, LT&C
(USS), API Range III casing. Attempted several times
to set packer at 4621' (KB). Packer would mot grab
hole wall. Determined that hele diameter was approxi-
mately 10" setting area (caliper log). Lowered packer
to 4663' (hole measured 9.0675" caliper log)} and
attempted to set. Packer would not grab wall.

Lowered packer to attempt to set into smaller hole
size (8.9675"). Attempted LBS tension. Held Tension
on packer for 30 minutes. Installed wellhead, slips
and seal. Set casing in slips. Released rig at
5:30pm. Packer set at 4722.43' (KB) with casing
measuring 4707.43" (112 Jts.). Packer measuring 6.31'
(5" to top of rubber element).

A-10



Table A-1

DAILY DRILLING REPORT OF AUBURN LOW TEMPERATURE GEQTHERMAI WELL {Cont'd)

DATE ACTIVITY

03/30/83 9:30am: 2 frac tanks, dozer, 2 pipe racks on location
- GFS on location, spot tanks, dig and line pit
- call Breos. hauling water fill tks
10:00am: Birdwell on locatien (logging truck & mast truck)
11:00am: Run GR/CCL to PBTD 5074 (measured from top of
callar)

packer located at 4700'-4707°'.

:10pm: bridge plug set at 4704',

:00pm: perforation at 4701'-4702' (4 holes - .53")

tagged top of bridge plug at 4703’

:00pm: finished digging and lining pit.

ol B S |

03/31/83 5:00am: Halliburton cement crew on locaticn.
7:00am: Hookup - ready to squeeze cement (note:
casing pressure 560 psi).
8:00am: load hole, establish circulation with 91 bbls
of fresh water.
8:40am; mix cement and cement with 100 SKs of pez with
10% salt.
8:50am: Displace 7" plug to 4650' followed with wireline.
10:50pm: well shut-in.

04/01/83 Waiting on cement,
04/02/83 Waiting on cement.
04/03/83 Waiting on cement.
04/04/83 Move in and rig up GFS service rig with mud pump, power

swivel and 2 7/8" 8rd EUE tubing; Kay-R electric hook up
electrical.

04/05/83 Waiting on change over sub (bit to 2 7/8" tubing); fill
pit with driliing water; hook up annulus for disposal;
Hipot test on wiring for pump; sub arrived 3 pm, run
bit (6 1/8"), sub and tubing in hole; top of cement at
46227, drilling started at B pm; drilled to 4650'; shut
down at 9:30 pm.
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DATE ACTIVITY

04/06/83 Commenced drilling at 46507 at 6:30am: 9:25am hit top
of bridge plug at 4712' drilled ahead; fill frac tanks
with water (1200 BBLS fress, 350 BBLS brine): bridge
Plug drilled out and fell to bottom at 4:25pm; pulled
bit and tubing; shutdown at 9pm. '

04/07783 Halliburton frac crew on location at 8am; rigged up
for frac (3 stage, 9000 gals. HCL (15%), 3000# Rock
salt, 30,000# 20/40 sand, 40,000 gals water); start
acid down hole at 1llam; frac complete at 1:32pm max
treating pressure 2450 psi; rate 15 BPM; ISIP 2000 psiy
5> min SIP 1620 psi; 10 min SIP 1370 psl (total job
1204 BBLS); rig down Halliburton; flow back frac to
the pit (approx. 100 BBLS); pump arrived.

04/08/83 Swabbed well; reinjected pit water into annullus
{Black River).
04/09/83 Shut dowm,
04/10/83 Swab well; removed approximately 170 BBLS.
04/11/83 Rigged up Centrilift Hughes downhole motor; seal and pump;

rigged up Lynes probes; ran in 10 joints of tubing; shut-
down for the night.

04/12/83 Continue to run pump and probe on tubing; cut probe cable;
tripped out pump and probe to repair cable; run pump and
probe to 4607.43" (154 (jts.); started pump; pump ran for
14 min. at full production and pump shutdown due to Hi
Amperage; several attempts to re-start pump were un-
successful ; shutdown for the night.

04/13/83 Circulated water and reverse circulated to try and free
pump; several attempts to start pump yielded no production;
2pm start tubing pump and probe out of the hole; pump
disassembled and found motor shaft twisted off.

04/14/83 Placed pump in shipping boxes for return to Centrilift;
disassembled pump equipment and prepared to circulate.
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BAILY DRILLING REPORT OF AUBURN LOW TEMPERATURE GEOTHERMAIL WELL {Cont'q)

DATE ACTIVITY

04/15/83 Ran tubing to 4956' (168 jts) to tag bottom; tubing
stuck in sand and plugged; pull back to 4927' with
30,000 1bs.; reverse circulated at 500 psil; lost
circulation; circulate down tubing: return 20% sand;
pulled back 6 jts; shut down for the night,

04/16/83 Ran tubing down to 4927'; circulate for 1% hours;
wash down to 4956°; pulled back to 4927' and
circulate down to 4956'; found 4' of fill up; losing
50 BBLS/hr. during circulation; shut down for the night.

04/17/83 Shutdown for Sunday

04/18/83 Start circulating down hole at 4984'; circulate down
to top of packer at 5104'; no sand fill up; circu-
late for 2 hrs. with no sand returning; shut down.

04/20/83 Rig down and move off service unit; well shut-in.

05/01/83 Pump test crew is onsite, Crew included reps from
Lynes, Centrilift-Hughes, gas field specialists (rig
crew), ENG, INC, and DA&M. Water level is ar
V40'~50"; TD is 5094'. Annulus is depressurized from
600 psi in about 2 min. Centrilift Hughes' pump is
laid in at 14:00 hrs; Lynes' P&T sensors are attached.
By 19:30, 2857’ of 2 7/8" EUE 8rd tubing was in hole
with pump and sensor.

08/02/83 Decision is made to set pump at 4,000'. Tubing string
(3978.16") is completed by 09:15. Power on by NYSEC.
Tubing head assembled. System checked out and ready
to go by 11:00. PBH = 1758 psi.

Preliminary drawdown test started at 11:49:00. Flowed
at 60 gpm for 100 mins until water clears up. Rate
increased to 80 gpm, 100 gpm, then to 130 gpm. System
is shutdown at 18:26,
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DAILY DRILLING REPORT OF AUBURN LOW TEMPERATURE GEOQTHERMAL WELL (Cont'd)

DATE ACTIVITY

08/03/83 Christmas tree is changed around to include thermal well
and 3/4" bore orifice valve. PB * 1,687.9 psi, 24-
hour test started at 09:18 with ghoke setting at 1/4",
Inconsistencies are discovered in flowmeter measurements.
Test is continued until next day.

08/04/83 WELL SHUTIN for buildup test. Echometer shots give fluid
level at 08:57 to be 14.00.5" versus a calculated fluid
level of 1420.5". Flowrates of pump are checked against
frac tank voidage, and theoretical pump curves. Decision
made by NYSERDA to repeat the 24-hour drawdown test at
design rate of 150 gpm.

08/05/83 Christmas tree is re-piped to include flowmeter and high
pressure sampling port on the upstream side of the
variable size choke used in controlling back pressure and
maintaining flowrate at specified levels. Thermometers
and temperature probes are recalibrated. Second 24=hour
test started at 12:40; system shutdown because of leaks
at control valve. Test started at 12:59:37; PB =
1618.89 psi. Downstream flowmeter is calihrateg against
upstream flowmeter.

08/06/83 Second 24-hour drawdown test {considered as the first part
of the multirate drawdown test) being continued.

08/07/83 Multirate drawdown test is being continued. Ends at
06:30:30; PBH = 340.28 psia. Build up test started.

08/08/83 Multirate buildup test continued. Crew is preparing to
leave site.

08/09/83 Multirate buildup continues to 07:24:00. Well remains
shutin. Site is partially restored and rig crew departs.
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ABSTRACT

The Auburn low-temperature gecthermal well was pump tested tc define the hydro-
thermal reserves, and toc assess the geothermal potential of the Auburn reservoir.
The pump test design was based on: the results of preliminary flow tests; values of
net capacity estimated from geophysical leogs; regional stratigréphy; and estimated
values of fluid and reservoir parameters. The results of pressure transient anal-
yses indicated that the Auburn reservoir can be characterized by as many as six

di fferent storage and flow components consisting of two contrasting porosity zones
and three distinct permeability regions. The net producing interval is made up of
two communicating layers or zones — a low-porosity dolomitic zone and a medium-
porosity sandstone zone —- hoth of which are highly fractured. The two producing
zones are in communication with each other vis-a-vis cross-flow in the intersecting
fractures. In addition to the natural system, the producing interval was hydraul -
ically fractured and propped prior to the pump test. The average reservoir proper-
ties are estimated to be: net sand thickness of 310 £t.; an effective permeability
of 10 millidarcys; an effective porosity of G.0027; a reservoir pressure of 2,260
psi; an initial productivity index of .56 STB/D/psiaz; and proved hydrothermal

reserves of 21,58 x 1010 ptu.
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SUMMARY

The Auburn well, located in Cayuga County, New York, penetrates the top of the Pre-
Cambrian Bagement at A5,100 ft. and intercepts an anomalous geothermal gradient of
14.650F/l,000 ft. The major water-bearing zones were identified from PLT logs
correlated with formation and lithology logs, to occur over the interval 4,700 ft.-
4,950 ft. spanning the Theresa and the Potsdam formaticns. The well was subseguent-
ly open-hole completed over a gross interval of 434 ft. from a 7-in. casing point

at 4,700 ft. to the pre-pump test measured T.D. of 5,094 ft. The Auburn low-
temperature geothermal well has a bottom-hole temperature of 125.0°F and a net
productive interval of 310 ft. which intercepts a heat flux of 0.5 Btu/hr-ft2

from the Pre-Cambrian Basement.
The hydrothermal rescurces of the Auburn well, estimated from pump test and

supporting data, are listed in Table B-1.

Table B-1

HYDROTHERMAIL, RESCURCES (Btu)

Category 5TB Volumetric Reinjection
Proved 3.0 + 0.3 x 106 5.50 x 1010 34.89 x 1010
Possible 7.0 + 1.0 x 106 12.84 x 1010 89.95 x 1¢10
Probable 23.0 + 5.0 x 106 42.40 x 1010 78.20 x 1010

The volumetric hydrothermal resource is based on the thermal capacity of the forma-
tion brines which is realized by a wellhead temperature drop from 125°F to 700F
and a capture efficiency, based on direct-contact heat-exchange efficiencies and

transmission losses, of A80%, The wellhead temperature is based on a production



rate of 150 gpm by a submersible pump, with downhole heat generation due to
mechanical and electrical energy losses, through a non-insulated tuping string.
The wellhead temperature is based on theoretical estimates, field measurements, and

semiempirical projections.

The hydrothermal resources include a reinjection component in which the thermal
capacity of the contacted rock masses can provide additional Btu. The extent of

the reinjection resources is defined by a wellhead temperature of 125°F and the
breakthrouah time of the thermal front which is a function of the reinjection rate.
The latter was selected to be 286 gpm, the same as the injection rate, based on 117%

of the schools' Btu demand of 2.8 x 10!? over a six-month periocd.

The volumetric resources were estimated from reservoir limit tests utilizing pres-
sure drawdown data. The estimates of volumetric resources and areal extents are
sensitive to the estimated values of effective compressibility and effective
porosity as well as drawdown rate. The possible and probable resources were com-
puted for the total effective and formation brine compressibilities, respectively,
both in the limit of zero drawdown rate; the proved rescurces are defined in terms
of the pump test's drawdown data. The dependency of volumetric resource or con-
nected reservoir drainage volume on pumping rates is a direct censequence of the
nature of the Auburn reservoir. This dependency is, thus, best discussed after

some consideration is given to the reservoir characteristics.

The Auburn low-temperature gecthermal reservoir can be characterized by as many as
six different storage and flow components consisting of two contrasting porosity
zones and three distinct permeability regions. The net pProducing interval is made
up of two communicating layers or zones -- a low-porosity dolomitic zone and a
medium-porosity sandstone zone -- both of which are highly fractured. The two
producing zones are in communication with each other vis-a-vis cross-flow in the
intersecting fractures. 1In addition to the natural system, the producing interval

was hydraulically fractured and propped prior to the pump test.

The net producing zones were identified from leg analysis to be as follows:

o Zone 1, which spans the interval 4,740 ft. - 4,950 ft. has an
average of 80.3 ft. porosity percent and an average absolute
porosity of 0.38%.

o Zone 2, which spans the interval 4,950 ft, - 5,050 ft. and which
straddles the Theresa and the Potsdam, has an average of B32.3 ft.
porosity percent and an average absolute porosity of 8.32%.



The three distinct flow regions, identified from the pump test analysis, are as

follows:

o] REGION 1 - an improved near wellbore region rasulting from a
vertical macro-fracture created by the pre-pump test hydraulic
stimulation.

o REGION 2 - a set of interconnecting fractures and fissures which
represents foramenular secondary porosity, and which contributes
a low-storage but a high-flow capacity.

o REGION 3 - a matrix of well-defined fine pores which represents

intergranular primary porosity and which contributes a high-
storage but low-flow capacity.

The two contrasting porosity zones consist of a high-permeability, low-capacity
component (Zone 1) and a low-permeability, high-capacity component (Zone 2).

Zone 1 will control the initial productivity of the well vis-a-vis its fracture
permeability; Zone 2 will control the deliverability of the reservoir and define
its reserves vis-a-vis its capacity (290% of total). To simplify analysis, the
two producing zones are assumed to be in perfect communication with each other and
are viewed to be one producing interval with volume-averaged properties, e.g., the

absolute porosity of the net producing interval is estimated to be 2.82%.

The "double-porosity” characteristic of the Auburn well gives rise to a connected
reservoir drainage volume which is inversely dependent on the pumping rates, i.e.,
the effective drainage area decreases with increasing flowrate. An unbalance is
created between the rate of fracture drain and fracture refill by the porous
matrix, i.e., the permeability of the porous matrix is rate-limiting, This un-
balance resuits in the flushing of the natural fracture channels and their dis-
cennection from the porous matrix. The unbalance in intra-porosity flow and the
degree of disconnection increase with increasing pumping rates, The radius of
influence or reservoir volume, thus, decreases with increasing flowrate. In the
limit of zero flowrate, the downhole pressure is only influenced by the total

connected pore volume of natural fractures and porous matrix voids.

The reservoir characteristics can be quantified by the following:
(o} Net sand thickness of 310 ft. and an absolute porosity of 0.0282,
o An effective formation compressibility of 7.5 x 10 © psi-l.

o An effective transmissivity of 3100 millidarcy-feet, and an
effective permeability of 10 millidarcies.

o A product of effective compressibility and effective porosity
of 2.0 x 10° 8 psi l; and an effective porosity of 0.0027.



Q An average reservoir pressure of 2,260 psi.

0 A hydraulic fracture length of approximately 150 ft,
o R natural fracture system which is %26% of the total pore volume.
o An initial productivity index of 0.56 STB/D/psia’ i.e:
q, = 0.5612 (2 - p2.) 0.642: (B-1)

P and ow are respectively the average reservoir pressure and the flow-
ing wellbore pressure at the reservoir sandface.

The maximum initial deliverability of the well, q,: was determined to he 338 gpm
(+11,600 STB/D) at T.D. and "328 gpm (“11,200 STB/D) at a pump depth of 4,000 ft.
Drawdown analysis indicates that these rates cannot be sustained for more than a

few hours without the reinjection of fluids into the producing formation in order

to maintain reservoir pressure. The continuous deliverability of the well's proved

reserves is just in excess of 100 gpm.

The hydrothermal reserves are the recoverable hydrothermal resources. The volume-
tric hydrothermal reserves are estimated to be 75% of its resources whereas the
reinjection reserves are estimated to be 50% of its resources. The hydrothermal

reserves of the Auburn low-temperature geothermal well are estimated to be:

Table B-2

HYDROTHERMAL RESERVES (Btu)

Category STB w/0 Reinjection w/ Reinjection
Proved 2.25 x 10° 4.13 x 1010 21.58 x 10l0
Possible 5.25 x 10 9.63 x 1010 54.61 x 1010
Probable 17.25 x 106 31.65 x 1010 70.75 x 1010

Without spent brine reinjection and reservoir recharge, the maximum recoverable
thermal energy over a six-month period is n1.15 x 1019 Bty orv40% of the schools'
Btu demand at a withdrawal rate of 2100 gem. The lifetime of the proved hydro-

thermal reserves will be limited <3.5 years without reinjection; the spent

B-4



geothermal brine can be reinjected down the annulus into the adjacent Black River
formation. With reinjection of the spent brine at its production rate of 286 gpm,
designed to exceed the schools' Btu demand by ~17%, the proved lifetime of the
reinjection reserves is estimated to be just in excess of 10 years. Thus, the
ARuburn low-temperature reservoir has the capacity and the productivity to provide

space heating to the Auburn Middle School and the Cayuga Community College.



Section 1

RESOURCE DESCRIPTION

The Auburn geothermal well was drilled by Arlington Exploration Company under
contract with the New York State Energy Research and Development Authority (NYSERDA)
to estimate the geothermal potential of central New York State, The well was
drilled at the cuter margin of the Appalachian Fold and Thrust ﬁelt in the Appala-
chian Plateau. The well, with an original T.D. of a4,250 ft., penetrates about
5,050 ft. of lower Palezoic rocks (a flat-lying sequence of carbonates, dolomites,
shales and sandstones) into the Pre—Cambrian marble basement. A cross~section of

the well and its most recent completion are shown in Figure B-1.

Zanes or intervals of interest can be described as follows:

o The Trenton is a dark shaly limestone (v20% shale) which appears wet
from 4,100 - 4,160 ft. and which has definite gas showings from
4,152 - 4,160 ft, The USGS's televiewer indicates a very wvuggy
characteristic for this 8 ft. gas show which substantiates that
poreosity is created by small lenses of fossil residue generating
void spaces in the Trenton.

These observations and qualifications suggest that porosity is not
contiguous in the Trenton and ‘that the Trenton could not be used as
a4 reinjection zone without artificial stimulation.

o The Black River is a carbonate formation which has been described by
the wellsite geologist, Mr. Brayton P. Foster, as a sugar, fine-
grained, brown lime, mudstone. The upper part ¢f the Black River is
limestone with traces of calcite while the lower part is a mixture
of limestones and dolomites with the delomitic character increasing
in depth. These two parts are separated by a low-porosity limestone
zone with traces of calcite, shale, and anhydrite. The Black River,
like the Trenton and the Theresa, is considered a blanket formation
with regiocnal dips of 50 - 10¢ ft. per mile to the south; there is no
reported faulting in the area.

The neutron porosity log indicates that the Black River has twn
water-saturated cr wet zones. These zones occur between 4,164 ~
4,186 ft. and 4,464 ~ 4,510 ft. The upper zone has a finite gas
saturation which crosses over from the lower 8 ft. of the Trenton.
The lower zone is not gas-saturated and is questionably wet. The
dolomite in the lower zone is radicactively hot, as indicated by
the Gamma Ray Log. Note that this radioactive heat transcends in
the Knox Unconformity Gamma Ray which has a reading of B0 API units
and in the Potsdam Gamma Ray which has a reading of 150 API units.
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The spent geothermal brine can be injected into the gas-bearing zones
of the Black River.

The Theresa, one of the primary water-producing zones, is a mixture

of sandstones and dolomites with the dolomitic character decreasing
with depth. Dunn Geoscience (1982} describes the Theresa formation

as "a coarse, white limey dolomite with abundant and egually pro-
portioned amounts of rounded, frosted quartz grains and angular,

clear guartz grains ... may be predominantly sandstone in some areas.”
The Theresa core matrix censists of a very fine to extremely fine
Grained quartz with some larger rounded grains and iron sulfides.

The bedding planes, with a dip of -2, were represented by numerocus
thin laminae (1-3mm thick) composed of light- and dark-stained grains.
The bottom 38 ft. of the Theresa, from 4,950 - 5,008 ft., is its

major water-producing interval,

The Theresa's major water-producing interval is extended by the
Potsdam which runs from 5,008 - 5,050 ft. The Potsdam is an
interesting formation because it is very radicactively hot {v150 API
units compared to the ~120 API units reading of the Lorraine's

siale line). The Potsdam is predominantly a sandstone with some
carborates and traces of pyrite and hematite. Dunn Geoscience {1982)
suggests "that the Basal Potsdam may be an altered chloritic guartz
sandstone derived from the basement ...." The Potsdam appears to
have good porosity and to be water saturated. The Potsdam appears
to be partly responsible for the observed geothermal anomaly because
shifts in the T and /T profiles at the top of the Potsdam denote the
cooling effects of the water-bearing zones, just before and after the
Potsdam.

The EBasement can be divided into the Pre-Bazement and the Basement.
The Pre-EBasement occurs between 5,050 ft. and 5,120 ft., consists
of a mixture of limestone, quartzite and sandstone, and is radio-
actively cool {~10 API units). The Pre-Basement appears to have
good secondary and/or fractured porosity and to be water saturated
in the first 50 ft. The Basement is slightly hot (%80 API units),
is fractured and is made up of dolomitic marble. Dunn Geoscience
(1982} describes the Basement as "metamorphised sedimentary rock
containing hornblende, hematite and altered chlorite."

[+l
L]
[T}



Section 2

RESERVOIR TESTING AND EVALUATION FROGRAM

A preliminary flow test was conducted on the Auburn geothermal well in April 1982
to assess the well's productivity and to make a rough cut evaluation of the
reservoir's characteristics and its geothermal potential. This flow test identi-
fied two water-producing zones: a 30-ft interval from 4,350 ft. - 4,180 ft. in

the Black River limestone formation; and a 310-ft. interval from 4,740 ft. -

5,050 ft., spanning the Theresa and Potsdam, which appeared to contribute 90% of
the produced water with temperatures between 123.60F and 125.00F. The maximum
deliverability was estimated to be 365 gpm at 5,000 ft., and a wellhead temperature

of 124.9°F was projected for this flowrate from a lumped parameter heat balance.

The results of the flow tests and preliminary log analyses were utilized to design
a pump test for evaluating the hydrothermal resources and reserves of the low-
temperature geothermal reservoir. The pump test plan recommended setting the pump
at 5,000 ft. (bottom of the Theresa and top of the Potsdam) and included the
following:

o A preliminary 4-hour drawdown test pumping @ 150 gpm,
followed by a 4-hour buildup test after well shutin.

o A 24-hour drawdown test pumping @ 150 gpm, followed
by a shutin and stabilization period.

o Three 8-hour multirate tests @ 150, 140, and 120 gpm.

Provisions were suggested for an extended pump test {10 days @ 150 gpm) in order to

establish reservoir limits and thermal characteristics of the geothermal resource.

The pump tests were conducted, over a seven-day period in August 1983, as follows:
a preliminary drawdown test in three stages (@ %50, 75, and 135 gpm} in ~7.3
hours followed by a buildup period of ~14.4 hours; a 24-hour drawdown test at
127.4 gpm followed by a shutin or buildup period of 27.2 hours; and a four-stage
multirate test (@ 124.1, 152.5, 133.1, and 115.5 gpm) which spanned a peried of
41.5 hours and which included 24.2 hours of pumping at 152.5 gpm; the multirate

drawdown test was followed by a buildup period of 48.9 hours.



The reservoir evaluation methodology is based primarily on pressure transient

analysis of slightly compressible fluids.

FRELIMINARY FLOW TEST AND EVALUATION

A preliminary flow test on the geothermal test well in Auburn, New York, was con-
ducted over the period April 5 to 9, 1982, The purposes of this preliminary flow

test were as follows:
Q Assess the initial productivity of the well.

Q Identify the velume contribution of the major water-
producing zones.

el Forecast decline rates and recoverable reserves in
terms of volume and heat.

o Project surface temperature of the produced brine
stream over a range of flow rates.

The preliminary flow tests were conducted by unloading the well with compressed air,
establishing a state of equilibrium between brine produced from the formation and
compressed air injected, and measuring the discharge flow rates as a function of
depth, i.e., the location of the bottom of the drill stem. The preliminary flow

tests were conducted in a fashion similar to that described by Schafer, 1980.

The results of the flow tests, conducted at 1,680 ft. and 3,030 ft. under 170 psi

and 340 psi, respectively, are shown in Figure B-2 agb.

The data obtained from the preliminary flow tests are at best +50% accurate with
measured values deviating +25% from the mean. Deviations from mean values were
inherent to the method of “pumping" or unloading the well; inaccuracies in the
measured data resulted from the methods of measuring volume differences and time

deltas. The results, which were considered gross estimates at best, are in fair

agreement with the results of a 7-day pump test.

The measured and estimated rates of flow are as follows:



Table B-3

PRELIMINARY FLOW TEST DATA

Depth Initial Rate
(feet) {gpm) Comment
1300 100 Flow test of 04/07/82 under
170 psi @ 1,680 ft.
2100 160 Flow test of 04/08/82 under
340 psi @ 3,030 ft,
3000 225 Assuming Darcy's law and flow
allocation based on net capacity
4000 300 Ditto
5000 11 Ditto

Major water-producing zones were identified from the PLT log taken during the first
flow test on April 7, 1982 and were correlated with formation logs taken on

March 2, 1382 and with litholegy logs. The PLT log measured temperature, geothermal
gradient, differential flow in revelutions per second and gamma radiation as a func-
tion of depth. The first major water-producing zene is encountered between

4,150 ft. - 4,180 ft. in the Black River limestone, The producing zone is iden-
tified by a AT of + O‘ISOF in both the PLT and TAT logs. During the first flow
test, the flowmeter indicated + 0.3 rps from the baseline; pressure at 4,180 ft,

was 1210 psia; and temperature at 4,180 ft. was 121.6°F. The second major water-
preducing zone occurs over the interval 4,740 ft. - 5,050 ft. spanning the Theresa

and the Potsdam.

The major water-producing zones were identified:

© A 30-ft. interval from 4,150 ft. - 4,180 ft. in the Black River
limestone. It is estimated that this interval contributed 10%

of the produced water at a temperature of 121.6°F.

o The 4,740 ft. - 5,050 ft. interval with approximately 310 ft. net
productive sand spanning the Theresa and the Potsdam sandstones.
It is estimated that this interval contributgs 90% of the produced
water between temperatures of 123.6 to 125.0 F.



The preliminary flow test data (plotted in Figure B-2 agb) was statistically in-
significant and could not be used to estimate reservoir parameters or define decline

rates; recoverable reserves could not be estimated from the avajilable flow test data.

The projected surface temperatures were obtained from a gimple, lumped parameter
heat balance assuming linear temperature profiles in the tubing string and the

earth and arithmetic temperature averages (Ramey, 1962):

4Q = Uo “to " 2 (Tout - Tsurf) * {Tin B Tres}]° (B-2)
also
AD = m cp (Tin - Tout . (B~3}
with
1 = 1 + Tto 1n (rco/rtol + Tto 1n (rh/rco) (5ot
U h +h k, k
o c r ins cem

Produced brine temperatures were estimated for a 7-in.-cased, cemented hole and a
34-in. tubing string with air in the annulus acting as an insulator, Uo = 0.1574
Btu/hr-££°-°F for h_ = 1,650 Btu/hr-ft°-F (water flow is turbulent for the
stipulated pumping rates); hr = l.OBtu/hr—ft2—oF; kins = 0.01el Btu/hr—ft-oF;
Keom = 0+51 Btu/hr-£x°F; Fio = 1:757in.s r = 4.5-in.; and r, = 4.5-in.

For a pump setting of 5,000 ft. at which Tin = 125°F, with the assumption that Tres
= 126°F and Tsurf = GOOF. the outlet wellhead temweratures fer a perfect pump and

an insulated tubing string are as follows:

B-12
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Table B-4

PROJECTED SURFACE TEMPERATURES .

Depth Flow Rate Outlet Temperature
{feet) (gpm) (°r)
5000 100 124.6
5000 ) 200 124.8
5000 365. 124.9

PUMP TEST DESIGN

The pump test was designed to meet the objectives of this study, i.e., the defini-

tion of the hydrothermal resources of the Auburn low-temperature geothermal well

within a commercialization perspective. The pump test design was based on the

results of the flow test, on values of net capacity estimated from geophysical

logs, stratigraphy, and on estimated values of fluid and reservolr parameters.

The fbllowing assumptions were made in designing the pump test (ENG, TNC., 1982):

Qo

The pump test should be adeguate to evaluate a reservoir with the capabil-
ity to produce up to 150 gpm over a six-month period for a period of 20
years. Under this assumption, the vglumetric capacity of the producing
formation should be about 18.77 x 10" barrels.

The producing formations include the Theresa and the Potsdam with a
net h¢ of 1,718 ft.-%, an average thickness of 434 ft. and an
average porosity of 3,96%.

The geothermal reservoir is unbounded, and it is a right-circular
cylinder with uniform and isotropic properties. Based on this and
the two previcus assumptions the areal extent of the reservoir
should be at least 6.14 x 10® sq. ft. or 141 acres.

The average permeability of the reservoir is assumed to be 10 milli-
darcies. This assumption is made to be conservatively limiting;
based on present information, permeabilities are estimated to be in
the 10-100 md range. Permeability is included as a variable in the
calculations below.

Based on measured salinities of 240,000 ppm TDS, the brine viscosity
is estimated to be 1.722 °p at 1209F, and fluid compressibility is
estimated to be 2.21 x 107° psi~!, Fluid density is assumed to be
that measured in the field during the initial flow tests, i.e.,

1.07 gms/cc. Formation compressibility is assumed to be 3.4 x 10~
psi'l. Conservatively, the wellbore skin factor, s, is assumed to



be zero in most calculations. 1In all probability, s < 0 {estimated
to be -2} because of the highly fractured nature of the water-
productive zones.

These assumptions were all revised subsequent to the conduct of the pump test.

Based on the above assumptions, the following calculations were made to support the
pump test design:

1) Near wellbore effects will not influence measured pressure transients
at early times in the pressure drawdown test if:

t {mins) > 35 / k (md)

that is, the semi-log straight line will begin at t > 0,35 minutes
for k = 100 md.

2) Pressure buildup transients will respond to reservoir parameters
and not wellbore characteristics if and only if:

£ {mins} > 3.3 / k (md)

3} The time required to reach the end of the semi-log straight line
of the infinite acting period and achieve the psuedo-steady state
response is:

t (hrs) » 89.97 / k (md}

Under the above listed assumptions, the minimum time required to
delineate the reservoir limits is 3,8 days if k = 1.0 md and
(.38 days or @ hours if k = 10.0 md.

4) The pressure measurement device should have a resolution of % psi
for measurement of AP's at At's of 15 seconds as is planned for
the very early wellbore drainage period and at At's of 15 minutes
as is planned for the transient and psuedo-steady state periods.

During a continuous 150 gpm drawdown, the estimated flowing bottom-hole pressure

during the transient pericd is as follows:



Table B-5

ESTIMATED FLOWING BOTTOM-HOLE PRESSURES

pw (psia) at time At
Assumed Conditions 00 o—eeeemmea e Ao

of k and s 0 hr. 1 hr. 4 hrs. 24 hrs.
k=1,s=0 . 1756 432 232 -26
k=1, s = -2 1756 1008 808 550
k =10, s =0 1756 1590 1570 1554
k =10, s = -2 1756 1648 1628 1620
k = 100, s = O 1756 1736 1734 1731
k = 100, s = -2 1756 1744 1742 1739

The above calculaticens indicate the range and sensitivity requirements of the
bottom-hole pressure-measuring device; that the geothermal well could not maintain
a productivity of 150 gpm over an extended period of time with an extremely low
permeability reserveir; and the effects of matrix permeability and wellbore

fractures on early pressure transients.

The pump test design and length were dependent upon the assumption that the average
permeability of the producing formations (Theresa and Potsdam} is 10 millidarcies.
Under estimated and assumed conditions, a four hour test will allow determination
of in situ reservoir and fluid parameters as well as wellbore conditions; and a
24-hour test will allow delineation of specified reservoir limits. Pressure tran-
sient calculations indicate the need for downhole pressure-measuring instrumenta-

tion with a range of 200-2000 psi and a resolution of % psi.

The pump test plan recommended setting the pump at 5000 ft. (bottom of the Theresa

and top of the Potsdam) and included the following:

o A preliminary 4-hour drawdown test pumping @ 150 gpm,
followed by a 4-hour buildup test after well shut in.

o A 24-hour drawdown test pumping @ 150 gpm, followed by
a shut in and stabilization period.

o Three 8-hour multirate tests @ 160, 140, and 120 gpm.



Provisions were suggested for an extended pump test (10 days € 150 gpm) in order
to establish reservoir limits and thermal characteristics of the geothermal

resource,

Reservoir analysis indicates that the large volumes of produced fluids could be
reinjected into the Medina or Black River. The preliminary pump test, the 24-hour

drawdown test and the multirate tests were scheduled for seven days.

PUMP TEST FIELD EXECUTION

The pump test was executed over a seven-day period from August 1 to 8, 1983, The
schedule of events is listed with pressure conditions in Table B-6 and with tempera-
ture conditions in Table B-7. The listed pressures and temperatures are respective-
ly analysed in Sections 4 and 5 of this report. The pump test layout is shown by
a process flow diagram in Figure B-3a and a piping and instrumentation diagram in

Figure B-3b.

The equipment utilized in the field test is as follows:

o Centrilift-Hughes submersible pump, Model #5-175 for a 7-in. 0.D.
well casing. The 97.92 ft. unit consisted of a PhD {pressure and
temperature) sensor, two motors (100 and 200 HP) in tandem, a seal-
ing section, and two pumps with 152 stages. The intake of the pump
was protected by a Johnson screen and located 4,016 ft. (as deter-
mined by the pipe tally) from the surface. The submersible pump
was hung on a string of 2 7/8 ft. tubing and driven by a 300 KVA
power supply on an amperage draw of 100 amps. The primary Centri-
lift-Hughes representative onsite was Mr. Chuck Reynolds who was
assisted by field service area manager Mr. John Schoonover.

o Lynes pressure and temperature-sensing instrumentation was used to
record downhole and surface conditions continuously over the
seven—day period. The downhole sensing devices were side-mounted
on a 5-ft., sub right on top of the submersible pump; the downhcle
sensor was positioned 3,972.2 ft., from the surface. The surface
probe was placed on the wellhead as per Figure B-3b:; the surface
temperature probe measured ambient conditions. The wireline con-
ductor probe, CWL-300, utilizes quartz-crystal transducer technology
with an accuracy of 0.05% FS (2.5 psia) and a resolution of 0.005%
FS (0.25 psia) over an operating pressure range of Q0 - 5,000 psia;
the accyracy and the resolution of the tgmperature sensing device
are 1.8 F over the operating range of 32 F to 212 F. The surface
probe {Model SP-380-PTX-5K) utilized similar qgartz—crygtal trans-
ducer technoloyy over an operating range of 32°F to 175 F. The
probes were calibrated just prior to the field test. Pressures and
temperatures were recorded continuocusly at preprogrammed intervals
ranging from 20 seconds to one hour. Lyne's wellsite representative
was Mr. Robert "Butch" Guthrie.
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Q Halliburton's 2-in. turbine flow meters were used upstream and
downstream of the chcke as in Figure B-3b, The meters are designed
to operate accurately to within + 0.5% over the entire flow range
{40-400 gpm) with a repeatability of 0.05%. The meters were pre—
calibrated at 130 gpm and appear to have a dArift of less than 2%.
Flows were continuously recorded and totalized. The meters were
calibrated and their installation checked by Halliburton's senior
field engineer, Mr. Steve Novakawski.

o The wellsite rig and crew were supplied by Gas Field Specialists
under the direction of Mr. Groves West.

o The entire pump test was conducted under the management of
Mr. Robert S. Lynch, now of Lynch Consulting Company with technical
direction by Dr. Trevor P. Castor of ENG, INC.

Prior to the start.bf the pump test, the downhole pressure (@ 3,972.2 ft,} was
1757.9 psia, and the water level in the well was "40-50 ft. from the surface yield-
an initial gradient of 0.448 psi/ft. T.D. was measﬁred at 5,094 ft. versus

5,104 ft. after cleaning and 5,250 ft. pefore hydraulic fracturing. This discre-
pancy in T.D. iz due to a packer which seasls off “150 ft. of the bottom of the well.
The preliminary tests were conducted with a 2-in. frac valve for flow control and

a downstream flowmeter. Recorded flowrates were corrected for gas liberated at the
lowered downstream pressures; the correction factor of +1.19 was based on upstream-
downstream calibration checks during the multirate drawdown test. Flowrates were
adjusted likewise for the 24-hour drawdown test. 1In this test, the 2-in. frac
valve was changed over for an adjustable choke with a 3/4-in. bore. The multirate
test was conducted with a field hookup as sketched in Figure B-3a. Temperatures
were measured at the wellhead with an immersion type, bimetalic thermometer in a
thermowell, and with a mercury thermometer at the sample point; both thermometers
were calibrated at 212°F. Periodically throughout the test, the fluid level in

the annulus was checked with an echometer, and the barometric pressure was recorded.

Wellsite conditions are depicted in Figure B-4.

RESERVOIR EVALUATION METHODOLOGY

The hydrothermal resources and reserves of the Auburn geothermal well were eva-
luated from pressure transients measured as a function of time in baoth the draw-
down an% buildup phases of the pump tests.

Pressure transients measured during the pump testing lead to an estimation of
reservoir properties (such as average pressure, the product of effective permeabi-
lity and net formation thickness, effective permeability and total compressibility),

reservoir geclogy (presence of faults or barriers, fractures, boundary conditions),



Figure B-4. Auburn Geothermal Well--Wellsite Activity
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and wellbore conditions (such as drainage volume, skin effects, and productivity
or injectivity changes due to hydraulic stimulation}. Results of the pressure
transient analysis, together with reservoir temperature data, were uged to estimate

the low-temperature gecthermal rescurce potential of the Aubumm reservoir,

Pressure transients during bunp-testing or pressure drawdown are most commonly
analyzed by solving the equations describing radial flow of a slightly compressible
liquid into a wellbore from finite/infinite reservoirs.l/ The equations of motion

and of conservation can be combined to vield the following partial differential

equation:
a%p - 13p _ guc 3p :
322 " ror T Tk 3t . (B-5)

If the well is assumed negligibly small in an infinitely large reservoir (condi-
tions applicable during the early transient region of a newly drilled Prospect),
and the fluid and reservoir broperties are isotropic and independent of pressure,
the following line source approximation can be made for transient pressures occur-

ring at the'sandface of the wellbore (referred to as the "Theis solution®) -

P{r,t) = P, + guB Ei(e gucrzjl {B-56)
, 4nkh 4kt |,

‘P = pressure at any r, atmospheres

Pi = initial reservoir bPressure, atmosphleres

q = constant rate of production of well,
cc/sec. at reservoir conditions -

yooo= fluid viscosity, centipoises

B = fluid formation volume factor, barrels

_ Per stock tank barrel .

= formation permeability, darcys

= formation thickness, cm .

c = £luid or composite fluid-rock compressi-
bility in volume per volume per ’
atmosphere, atm ! .

r =  distance from centerline of the well, cm .

The Theis solution is sometimes reprecented in dimensionless form

. _ 2 ]
(rD > 20, tD/rD > 0.5):

I/ Mathews and Russell, 1967; Ramey, 1976: and Earlougher, 1977,
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1 .
rgo= -5 e -2 e 2 (2 |+ 0. 80007 (B~7)
D 2 4t Fa r
D D
where
L
R S
D quB/2nkh
y - E.
D r
W
t = Kt
8] ¢ﬁ5;7
W -
2
Now, E. (-x) = 1lnx + 0.5772 for x > 0.02. Thus, for 1%&{— < 0.02 (after a few

minutes in most reservoirs), the Theis solution reduces to:

2
- gub bucr _
Plr,t) Pi + ey 1n (——-4kt )+ 0.5772 . {B-8)

During the transient flow period of pressure drawdown testing, a plot of flow pres-
Ssure versus ln [ l will yield a straight line with a negative slope, m = g%sﬁ-.
Frem the calculated slope and measured properties, the effective reservoir trans-
missivity, kh can be calculated, and knowing the net sand thickness, h, the effec-

tive permeability can be determined (Miller, Dyes and Hutchinson, 1950).

Assume that the well is shut an for an elapsed time, At aftey production at a
stabilized rate, q for a time, t. Then neglecting afterproduction - a period of
time during which the formation produces fluid into the wellbore at a decreasing
rate until equllxbxrum is established in the wellbore - the new well pressure can

be obtained by superposing two solutions at t and &t:

- _ 4uB t + At
Flx,c) Fi T dmam | I oo (B-9)
t + At

A plot of Plr,t) wversus 1n b——~——ﬂ will give a straight line, and is referred to as

B
the "Horner" plot after D. R. Horner (1951) . The gradient of the line, m o= g%iﬁ'

can be used to determine kh and knowing h, the effective formation permeability.



The effective transmissivity, kh, as well as the product of effective porosity and
compressibility, ¢ct, can also be detefmined from matching the Pressure drawdown

for buildup data with the theoretical curves which are computed for a variety of
assumed reservoir conditions but which are very similar to the described Theis
solution. This method is popularly called log-log type curve matching, (Ramey,1976).
The product of ¢ct is utilized more to calculate the effective porosity, ¢ from the

effective total compressibility, ct than vice-versa,

Extrapolatiang the Horner semilog straight line to infinite shut in time yields a
reservoir pressure, P* which equals the initial reservoir pPressure Pi and the

average reservoir pressure, P in an infinite acting reservoir, i.a., P* =P = Pi'
Deviation from the straight line on the Horner plot can be caused by wellbore
storage and skin effects. Skin effects are reflected as a substantial pressure
drop arcund the wellbore due to reduced Permeability caused by the invasion of
drilling fluids, dispersion of clays, presence of mudcake, high gas saturation
around the wellbore, partial well penefration, and limited and/or plugged perfora-
tions as well as acidization and/or hydraulic fracturing, Skin effects can be

defined as a constant pressure drop, nen-dimensicnalized by the flow-rate:

AP
_S
gBu/21kh

{B~10)

Subtracting the skin pressure drop from both sides of the Theis solution at tran-

sient times, we have:

2
Yéucr

- = 9B — ¥ -
P{r,t) P = imm In () 2s (B~11)

where

¥y = 1.78

Euler's constant (1n Y = 0.5772) .

§ can be calculated, from the straight line portion of the pressure build-up curve,
t + Atf
Y ‘— 1.0):

one hour after shutting in the well (At <« t and



P -p
_ _ws(st =1hr.) wf _ 1 1 by
5 = ™ 5 1n ‘ ¢—3 3 1n P {B-12)

o
o
1

shut in and flowing bottom-hole pressures.
wS wi

The early time-flow behavior in wvertical fractures, in either infinite systems or
in closed systems with relatively short wertical fractures (xe/xf > 1.5}, is linear
from the formation to the fracture. For example, the dimensionless pressure at the

well for a uniform flux vertical fracture is computed fyrom:

Poxe = "Mepye ®¥f f 1 Y. % Ei % {B-13)
2 Yt ' Dxf .
Dxf
Where dimensionless time, based on the half-fracture length, is defined by:
= 2
thf tD {rw/xf) .
at short times, for t < 0.1,
Dx£f
= vx t_ _ B-14
PDxf L thf ) { )
For long times, for tpr > 10,
P .= —llnt _ + 2.80907 15
bxf = 2 Dxf . : (B-15)

The early time solution of the vertical fracture indicates that the flow behavior
is linear, i.e., AP a vt. Thus, the early time log-log slope of AP versus At for

a vertical fracture should yield a slope of one-half (Earlougher, 1977).

The seolutions for infinite reservoirs can be wodified to take care of the boundaries
of closed and partially closed reservoirs. The influence of a fault in an other-
wise infinite reservoir can be determined by the Method of Images. Thus, early in

the buildup:



WS i 7 4nkh AL Kt (B-18)

+
p_=p -2 f,, (————t 'f‘t)- Ei (— L—”ca)
where a = linear distance from fault. .
The distance aof the fault from the well can be determined from graphical represen-—
tation of the above solution: the exact Lype of barrier boundary can be determined
from log-log type analysis of the experimental data versus theoretical curves

similar to those governed by the Theis solution.

As At becomes large, the above equation reduces to:

- . guB t + At
Pas = Py 2mkh 10 it ). (B-17)

Thus, the late slope is exactly double of the earl? slope; this doubling effect is
the distinguishing feature of pressure behavior of a well near a barrier (Horner,

1951) .

In finite reservoirs, the boundary conditions are assumed to be 1) ne influx over
the drainage radius or 2) constant bressure at the drainage radius. In 1950,
Miller, Dyes and Hutchinson published exact mathematical solutions {in the form of
complicated Bessel functions) which can be used to determine kh and the average
bPressure in the reserveir. In this analytic solution, a psuedo~steady state

assumption is used because reservoir conditions usually change very slowly in time.

Pressure behavier in non-symmetrical drainage areas have been estimated by
Matthews, Brons and Hazebroek by the Method of Images in terms of a drainage area

and a shape-~dependent time function.

For a variable rate drawdown test, the pressure drawdown test can be divided into
"intervals during which the production rate is considered constant. The principle
of superposition is applied to the Theis solution for transient flow. The result-
ing solution is the pressure drop as a function of reservolr properties (assumed
constant} and fluid flow (summation of the product of interval rate and the

logarithm of interval length) .



Nominal wellbore storage is defined by a constant:

cC = AV/4P, bbl/psi (B-18)
AV = change in volume of fluid in wellbore, bbl
AP = change in bottom-hole pressure, psi .

For a wellbore which is completely filled with a single-phase fluid:

cC = Vv {B-19)
w W

V"ir = total wellbore volume, bbls

c, = compressibility of the fluid in the wellbore

at wellbore conditions, psi L

A dimensionless wellbore storage coefficient can be defined:

C

Co ™ 279c ni? (B-20;
t w

¢, = total compressibility, psi 1 .

At early times and constant Cpr AP versus AV yields a straight line on a linear or
log-log plot. Thus a log-log plot of dimensionless time yields a curve which has

a straight line portion {(slope of 1) and which is representatiée of C Thus, a

b
log-log plot can be used to determine early effects such as wellbore storage and

to determine the start of the semi-log straight line {(Mathews and Russel, 1967).
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Section 3

FLUID AND ROCK PROPERTIES

The relevant fluid and rock properties were measured and/or estimated by semi-

empirical correlations.

The specific gravity of the produced-formation brine, of which more than three
dozen samples were taken during the course of the seven-day pump test, is relatively
constant .at v1.19. The total dissclved solids of the brine is ~250,000 ppm and the

pPH is 5.3,

The observed consistencies in the compogition and concentration of the geothermal
brine suggest that the Auburn geothermal well is draining a singular source bed
constituting the Theresa and Potsdam fermations and possibly the Pre-Cambrian Base-

ment .

The absolute viscosity of the produced brine is estimated to be n]l .16 centipoise at
a reservoir temperature of 125°F. The water formation volume factor is estimated
to be 41.01 at 2,400 psia and 125°F. The formation brine appears to be under-

saturated with natural gas containing "94% methane by volume,

The net producing interval is estimated to be 310 ft, spanning the Theresa and the
Potsdam formations from 4,740 ft. - 5,050 ft. fThis interval is made of two Zones:
Zone 1 which has an average of 80.3 ft. porosity percent and an average, absalute
porosity of 0.38%; and Zone 2 which straddles the Theresa and the Potsdam, and
which has an average of 832.3 feet-porosity percent and an average porosity of
8.32%. Research by the USGS and Schlumberger-Doll Research indicates that both
zenes are naturally fractured with a fracture density as high as 10 per S-ft.
interval, with an orientation between N80E and N10OE, and dips ranging from < 5 to

> 600. The formation compressibility of Zone 2 is estimated to be 7.5 x 10 & psihl.



CHEMICAL COMPOSITION OF GEOTHERMAL BRINE

The total dissolved solids (TDS) of the brine from the Theresa and Potsdam forma-
tions is approximately 250,000 ppm. The major anionjc species is chloride {c1’)

at a concentration of approximately 150,000 ppm, and the concentration of major
divalent ions {Ca++ and Hg++) is approximately 20,000-ppm. The concentration of
iron is approximately 60 ppm and silica as SiO2 is approximately 15 ppm. The
geothermal brine pH is approximately 5.3, and its specific gravity is approximately

1.19 at reservoir conditions.

The described chemical composition is based on samples taken during the pressure- -
transient testing of the Auburn reservoir; the sampling schedule of the produced
brine is listed in Table B-8, Certifiable chemical and spectrophotometric analyses
were made on selected samples by three different laboratories. The average chemical
compositions of the Auburn formation brine, as measured by the different labora-

tories, are listed in Table B-9,

The analysis by Cambridge Analytical Associates (CAA), Watertown, M, is an average
of three formation brine samples taken at the tail ends of the preliminary, 24-hour,
and multirate drawdown tests. The samples (14, 24, and 34) are identified in

Table B-8 by date, time and temperature at the time of sampling. In addition to
the elements listed above, CAA alsoc measured the following cations: lithium

(v63 mg/1): vanadium (~l.1 mg/1); boron (415 Bg/1) ; silver (n0.20 mg/l); tin (64
mg/1); cobalt (<% mg/l); 2zinc (n0.65 mg/1); and arsenic (<5 mg/l). The anions were
measured utilizing a combination of electrometric, gravimetric, titrimetric and
turbidimetric techniques. For analysis of cations, the sample was boiled to re-
solubilize crystallized salts; an aliquot was withdrawn and acidified with nitric
acid to a pH <2. Analyses were then performed on appropriate dilutions by in-
ductively coupled argon plasma emission spectroscopy (ICP); zinc and silver were
measured by flame atomic absorption, and silver by graphite furnace atomic
ahsorption. The analytical techniques used by CAA, and the results of their
chemical analyses on the three brine samples, are detailed in Appendix B.2,

The brine composition, listed in the third column of Table B-9, iz based on a
certified analysis by the Erie Testing Laboratory Division of Microbac Laboratories,
Inc. (MLI) of Erie, PA. The chemical composition is based on the analysis included
as Appendix B.3, of three high-pressure samples which were taken during the malti-
rate drawdown test and which are identified in Table B-8 by date and time. A mass
balance indicates that non-closure between the TDS and the individual chemical
components is approximately 10.0% low; an electroyte balance between the major

B-31



Table B-8

AUBURN GEOTHERMAL WELL--SCHEDULE OF WATER SAMPLES TAKEN DURING THE PUMP TEST

SAMPLE 40, TEST TYPE DATE TIME COMMENT

1 PRELIMINARY DRAWDOWN 08/02/83 11:53:10

2 12:06:00

3 12:17:00

&4 12:28:30

5 12:41:00

6 12:57:00

7 13:12:00

8 13:27:00

9 13:56:00

10 14:25:00 1= 10077

11 15:05:00

12 15:45:00 T= 112°F

13 16:42;00 T« 118°F

14 17:55:00 T= 119.5°F

15 19:00:00 1= 122°F

16 24=BOUR. DRAWDOWS 08/03/83 09:37:00

17 10:30:30 T= 108°F

18 11:33:00 1= 117°F

19 13:30:00 Ts 122°p

20 16:45:00 T= 116°7; p = 1.18

2 20:37:00 T« 123%

22 23:30:00 T+ 224%

23 08/04/83  02:17:00 T« 126%F; p = 1,17

2 05:30:00 T= 126°F

25 08:30:00 7= 126°F; p = 1,19

26 MILTIRATE DRAMDOWN 08/05/83

27 14:30:00 T= 115°F; p = 1.18
14:35:00 Samples For Galson

28 _ 16:31:00 T= 123%F; p = 1.18

29 MULTIRATE DRAWDOWN 20:32:00 *= 126"p; 5 = 1.18

30 08/06/83  00:32:00 T+ 127

kY] 04:32:00 T= 128%p

32 08:32:00 T= 130°F

23 12:32:00 1= 130°F
13:00:00 Pressurized Samples
13:15:00 (8 577 pei) Taken

For Erie Testing
Laboratory

34 16:30:00 T= 171°%

35 22:30:00 T~ 133°F

36 08/07/83  02:30:00 T+ 134°p

02:45:00 Pressurized Sample
{€ 980 pai & 134°F)
Taken For Erie
Testing Laboratory




Table B-9

AUBURN GEOTHERMAL WELL - CHEMICAL COMPOSITION OF FORMATION BRINE

CONCENTRATION (mg/1)

CONSTITUENT CAA MLI GTS
pH 5.1 5.5 5.4
Total Dissolved

Solids @ 125°F 308,000 292,000 303,000
Total Alkalinity

as Cva3 9 77 78
Chloride 179,000 179,000 169,000
Bromide NM NM 2,200
Carbonate NM <.1 WM
Bicarbonate NM 77 NM
Sulfate <10 <1 <3
Sulfite <1 <0.1 <0.1
Sodium 60, 000 70,800 38,750
Calcium 19,000 19,500 24,250
Magnesium 2,600 3,000 3,480
Iron 30 54 90
Silica as SiO2 24 11 14
Manganese 16 NM NM
Strontium 1,500 NM NM
Potassium 2,200 NM 1,600
Barium 140 NM NM

CAA - Cambridge Analytical Associates, Watertown, MA

MLI - Microbac Laboratories, Inc., Erie, PA

GTS - Galson Technical Services, Inc., E. Syracuse, NY

NM - Not Measured



cationic and anionic species indicates approximately 12% excess C1” ions. The
latter was measured by colorimetric titration utilizing one cc sample whereas the
cationic concentrations were measured by atomic abscrption (AA) emission spectro-
photometry utilizing 1:1000 dilutions. The non-closure in the mass and ion bal-
ances appears to be inherent in the analytic techniques used in their measurements.
Erie Testing Laboratory reports a mean relative error of mB.B% with a standard
deviation of 3.9% for recently measured Pennsylvania brine samples which are gimilar

to the Auburn brine in concentration and composition,

Galson Technical Services, Inc. (GTS) of East Syracuse, N.Y., analysed four samples
taken v90 minutes into the multirate drawdown test; the results of their analyses
are attached as Appendix B.4 with the arithmetic mean average values listed in
Table B-9. The chemical analyses in Table B-9 all exhibit different degrees of
non-closure in mass and ionic balances. The reasons for these non-closures could
be as fellows:

0 Positive errors in the analytic techniques used in the cationic
species coupled with negative errors in the spectrophotometric
techniques used in the measurement of the anionic species,

o The presence of unidentified anionic species.

¢ The aging of the samples, e.q., CAA's analysis was performed
~3 months after the analyses by MLI and GTS,
The mass balance on the chemical constituents of the Auburn geothermal brine closes
between 2-7% if the CAA and MLI analyses are combined; the closure on the ionic
balance is 8.5%. These discrepancies may be resolved with further analyses of
fluid and rock samples by Arc Spark Atomic Emission Spectroscopy and Energy Dis-

persive X-Ray techniques with Electron Microscopy.

Apart from the discrepancies discussed above, the chemical composition of the pro-
duced brine appears to be relatively consistent over and beyond the seven days of
pump testing and the 100,000 plus barrels of produced brine. The brine analyses,
certified by Microbac Laboratories, Inc., were taken 24.00 hours and 37.75 hours
into the multirate drawdown test. These samples are about the same as those of
nearer wellbore samples taken 90 minutes intc (within the natural fracture flow
regime of) the multirate drawdown tests and analysed by Galson Technical Services.
It should alsc be noted that: (1) formation water of the Hooker Chemical Corpora-
tion's waste disposal well in Buffalo, NY, was field tested to have a TDS of

300,000 ppm and a specific gravity of 1.2; and (2) formation water of Bethlehem



Steel's waste disposal well in Erie County, New York was tested to have a TDS of
- ++
n322,000 ppm of which the C1 content was 84,200 ppm and the divalent ions (Mg

++
and Ca ) concentrations were ~35,000 ppm.

The observed consistencies in the composition and concentration of the geothermal
brine suggest that the Auburn geothermal well is draining a sinqular-scurce bed
constituting the Theresa and Potsdam formations and possibly the Pre-Cambrian
Basement. The observed similarities in the produced brines of the Auburn, Hooker
Chemical and Bethlehem Steel wells suggest that the producing formations may extend
regionally on a hydrological basis. The differences in the concentrations of the
produced brines of these three widely spaced wells result from the differences in
the local geothermal gradients and, thus, in the geochemistry of the three

locations.

VISCOSITY AND SPECIFIC GRAVITY OF GEOTHERMAL ERINE

The absolute viscosity of the produced brine is estimated to be ~l.16 centipoise at

reservoir conditions of temperature and pressure.

Viscosity of the produced brine was extrapolated from Matthews and Russell's corre-
lation between absolute viscosity, temperature, brine salinity in the form of
weight percent NaCl and reservoir pressure. This correlation is shown in Figure

B-5; the pressure correction factor was estimated to be 1.003.

The viscosity measurements made by Erie Laboratories in Pennsylvania and presented
in Appendix B.3 are incorrect. The measurements were in Saybolt seconds and pre-
sented as absolute viscosities in centipoises. The presented values are actually
kinematic viscosities in centistokes, i.e., absolute viscosity in centipoise di-
vided by gravity in gms/cc. The measured values are incorrect because they show
little or no temperature dependency; typically, liquid viscosity is a decaying
exponential function of temperature. The room temperature measurement, at 77°F,
appears reasonable. The value of 2.00 centipoise is within 10% of Matthews and

Russell's correlation value of 1.85 centipoise at 7?°F and 1 atmosphere pressure.

The specific gravity of the produced brine is estimated to be n1.19 at reservoir

conditions of temperature and pressure. The specific gravity as a function of
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temperature is tabulated in Appendix B. 3. The values given in Table B-8, which
were measured under field conditions, indicate that the specific gravity of the

produced brine was relatively constant,

WATER FORMATION VOLUME FACTOR

The water formation volume factor (Bw} is estimated from the correlation in
Fiqure B-& below. For water plus natural gas at 2,400 psia and 125°F, Bw ~1.01

reservoir barrels per stock tank barrel (REB/STB).
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COMPOSITION AND CONCENTRATION OF DISSOLVED GASES

The pressurized fluid analyses by Erie Testing Laboratory indicate that the geo-
thermal brine contains finite guantities of natural gas. The analyses, in
Appendix B.S5, indicate 2.25 SCF/STB of solution gas at 577 psi and 125°F with a
methane concentration in excess of 90% by volume. The measured volume of dis-
solved gas is approximately 50% of the saturation volume as shown in Figqure B-7

below.

15-0 i I

10.0

5.0

= / @ ] — MEASURED DATA POINT -~ -} -

SOLUBILITY OF CH% IN DISTILLED WATER @ 1250F, st (SCF/STB}

0 1000 2000 3000
PRESSURE, P (psia)

Figure B-7: Solubility of Methane in Distilled Water as a Function of
Pressure @ 125°F

The component analysis of the 8/6/83/13:15 sample, with a methane concentration of
73.3 volume %, appears to have been diluted by air as indicated by the propor-

tionately high concentration of oxygen (3.8 vol %) and nitrogen {17.7 vol %).



Correcting this sample and the 8/6/8/13:00 sample, with a methane concentration

of 88.8 volume %, for air dilution yields methane concentrations of 93.4 and 94.5
velume %, respectively. Lower pressure air bag samples taken bv Galson Technical
Services, Inc. at 8/5/83/14:35 in the earlier stages of the multirate drawdown test
indicate a corrected methane concentration of 67.2 vol % (as per the GC thermal
conductivity analysis in Appendix B.4). The second inconsistency in the data
relates te the volumetric analysis of the 8/7/83/02:15 sample (@ P = 980 psi &

T = 1250F) by Erie Testing Laboratory which indicated ~0.10 SCF/STB of solution gas.
This extremely low value could have resulted because of gas leakage across the
valve stems of the sample bomb at the field sampling pressure of 980 psi, i.e.,
there is no record of the sample pressure just prior to testing in the Pennsylvania

laboratory.

The measured gas volume of "N2.25 SCF/STB appears to be consistent with observed
differences between the pumping rates measured upstream and downstream of the
wellhead choke. The downstream measurements were 20% greater than the upstream
values at V125 gpm as a consequence of the rapid drop in pressure and the subse-
quent flash liberation of gas at the downstream side of the choke. The difference
between the downstream and the upstream measurements of flow rate appears to
decrease with increasing flow rate and to increase with decreasing flow rate

because higher downstream pressures are associated with the higher flow rates.

The laboratory measured value of 40 volume % gas at 577 psi exceeds the field
measured values because of the differential solubility between the downstream and
atmospheric pressures. The measured gas composition is consistent with behind-the-
pipe values measured uphole prior to well completion at 4,700 ft. Chromatographic
analysis of gas flows, sampled by Baroid in the development of the litho leg on
3/2/82, indicate 99.3 volume % methane and 0.7% ethane by wvolume. It should be
noted that gas shows below the Black River formation were not discernible because
of the changeover from drilling with air to drilling with md at 4,163 ft.; a
small gas show (2]1.3% gas in air} was seen in the Lockport between 1,651 ft. and
1,668 ft., and there was a larger gas show (50% gas in air with a localized down-
hole pressure of 500 psi) in the Trenton and Black River formations between

4,150 ft. to 4,215 ft.



FORMATION (FLUID AND ROCK) COMPRESSIBILITY

The formation compressibility (ct} is a composite made up of the compressibilities

of the porous rock and its contained fluids:

= + . -
ct Cr chw {B-21)
The compressibility of the brine was estimated to be 1.95 x 10 © psi ! at reservoir
conditions of temperature (125°F) and pressure (%2,400 psia). The estimate was

based on a correlation by Long and Chierici:

-Kn
€, = (cw}o,n [ 1l + 0.0088 x 10 (st) . (B-22)

where

c. = compressibility of a gas-free brine containing
solution gas and n gram-equivalents of dissolved
solids, psi 1.

w o,n = compressibility of a gas-free brine contagning n
gram-equivalents of dissolved solids, psi !.

n = dissolved solids concentration in gram-equivalents/
litre, i.e., ppm/58,443.

K = GSecenov's coefficient at reservoir temperature, 0.123.

R = gas solubility in distilled water at reservoir
pressure and temperature, l4.3 SCF/STB,.

For a 300,000 ppm, brine, {cw)o n and cw were computed to be 1.90 x 10°% and

L

1,956 x 10 © psi ! respectively.

The pore volume compressibility is estimated to be 5.5 x 10 © psi-l for the Zone 2
average porosity of 8.3% from Hall's correlation in Figure B-8. Assuming a 100%
saturation, Sw = 1, the formation compressibility of Zone 2 is estimated to be

7.5 x 10 © psi-l.
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RESERVOIR CAPACITY - FORMATION THICKNESS AND ABSOLUTE POROSITY

The Auburn geothermal well is producing brine over a gross interval of 434 ft. from
7-in. casing peint at 4,700 ft. to the pre-pump test measured T.D. of 5,094 ft.
This open-hole completion penetrates the Theresa and Potsdam formations into the

Pre-Cambrian Basement.

The major water-bearing zones of the Auburn geothermal well have been identified
Lo ocecur over the interval 4,740 ft. - 4,950 ft. spanning the Theresa and Potsdam
formations. fThese zones were identified from PLT logs taken on April 7, 1982, and
correlated with the formation logs taken on March 2, 1982 and with lithology logs

{c.f. Appendix B.6). Producing zones were identified as follows:

Table E-10

MAJOR WATER PRODUCING ZONES OF THE AUBURN GEOTHERMAL WELL

AFlow Aa'max Twp
Interval (rps) (°F/ft.) {°F)
4740-4800 + 0.60 + 0.030 123.0-123.6
4800~-4900 + 0.45 + 0.005 123.6-124.5
4900-5008 + 0.50 + 0.010 124.5-125.0
5008-505¢ + 0.60 + 0.010 125.0-125.4

The gross values of feet-porosity over the interval 4,740 ft., - 5,050 ft. range
from 712.7 to 1,033.0 ft-percent vyielding an average, composite porosity of 2.82%,

The estimated values of porosity and feet-porosity are listed in Table B-1l. The
cross-plotted values were estimated from sonic transit times and values of apparent
limestone porosity taken fyom sonic/gamma ray and compensated neutron density/gamma
ray logs taken March 2, 1982 by Schlumberger. The values of apparent limestone
porosity are listed under neutron in Table B-11; these values are not included in
the average and net computations of ¢ and h¢. The cross—plots, with the lithologi-
cal logs, were used to estimate the gross bulk compositions of the intervals listed
in Table B-1l. The calculated values of porosity from the formation density and

sonic logs {under PL and 4t, respectively, in Table B-ll)were made from mean
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averages of logged values and composite estimates of matrix bulk densities and
transit times. The estimated values of porosity appear to be primary in nature
because the sonic log will record the fastest transit time and will thus bypass

any vertical fractures which give rise to secondary porosities.

Dunn Gecscience Corporation measured the porosity of the Theresa and the Basement
by counting the voids of thin sections which were vacuum-saturated with blue-
stained epoxy. The Theresa was determined to have a primary porosity of 2 + 2%;
the Pre-Cambrian basement was determined to have 0.3 + % secondary porosity which
was described as "open fractures which are partially impregnated with blue epoxy.”
For comparison reasons, dolomite and sandstone cores taken froﬁ similar horizons
were measured by the Washburn - Bunting method to have effective perosities of
*5.5% and “10.0%, respectively. The cores were taken from the Theresa and Potsdam
formations between depths of 3,818 ft. - 4,163 ft. of the Lackawanna WPL Test Well
#1 - a waste disposal well drilled, completed and tested for the Bethlehem Steel
Corporation in Hamburg Township, Erie County, Mew York. Another waste disposal
well, which encountered the ‘Theresa and the Potsdam, was drilled and cored for
Hooker Chemical Company in Niagara County, New York. The porosity of 38 samples
over the interval 2,849 ft. - 3,032 ft. in the Theresa and Potsdam formations
averaged "5.1%. The calculated values of porosity, listed in Table B-11, are in
good agreement with Schlumberger's computerized logging and analysis as per

Figure B.6-2 in Appendix B.6.

The net producing interval is made of two zones:

o Zone 1, which spans the interval 4,740 ft. - 4,950 ft.
has an average of B0.3 ft.-porosity percent and an
average poresity of 0.38%.

o Zone 2, which spans the interval 4,950 ft. - 5,050 ft. and
which straddles the Theresa and Potsdam, has an average of
832.3 ft-porosity percent and an average porosity of 8,32%.

Thus, Zone 2 contributes 91.2% of the primary pore volume. Yet, per the PLT logs,
Zone 1 was identified to be a good, and maybe a better, producer than Zone 2. This
identification was correct in the time frame of the spinner survey because both

zones are highly fractured.

The in situ stress and fracture distribution of the Auburn geothermal well was
investigated by Schlumberger-Doll Research (Plumb and Singer, 1983) utilizing a
borehole televiewer log run by the USGS, a dipmeter/fracture identification log

and an assortment of cther logs including a long-space sonic leg which measured
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compressional as well as shear wave velocities. The number of fractures per 5-ft.
interval is represented as Figure B-9. The highest fracture density was found
between depths 4,700 ft. - 4,850 ft. with fractures oriented between N8OE and N1OOE
with the majority having a dip » 600. As shown in Figure B-9, the fracture density
was as high as 10/5ft or 1/6 in. Fractures of similar strike and dip were found to
extend from 4,850 ft. to 5,100 ft. spanning the Theresa and Potsdam formations and
extending intc the Pre-Cambrian Basement. The United States Geological Survey
(Hickman, 1983) utilized hydraulic fracturing stress measurement techniques and the
borehele televiewer survey to evaluate the natural fracture distribution and bare-
hole elongation of the Auburn goethermal well. The USGS concluded that distinct
natural fractures, approximately cone-third of which have dips less than 50, persist
to the measured T.D. of 5,250 ft. and that the strike of steeply dipping natural
fractures, which occur in the lower sedimentary section (Theresa and Potsdam}, show

a strongly developed E-W preferred orientation.

In addition to the natural fracture system, the Auburn geothermal well was hydrau-

lically stimulated in April 1983, Plumb and Singer (1983) predicted that:
o The induced hydraulic fractures will be vertical and strike NS8SE.
© Intrinsic permeability should be anisotropic with maximum, inter-

mediate and minimum permeability oriented NBSE, vertical and
NO5W, respectively.
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Section 4

RESOURCE AND RESERVE ANALYSIS

The Auburn low-temperature geothermal reservoir appears to be finite and bounded,
and to be made up of as many as six different storage and flow regions. These
regions consist of a low-porosity, dolomitic, water production zone and a high-
porosity sandstone zone both of which are naturally fractured and both of which
were hydraulically fractured and propped prior to the test. The two producing
zones of contrasting porosity, are assumed to be in perfect communication with each
other and are viewed to be one producing interval with volume averaged properties,
This assumption simplifies the reservoir analysis by characterizing the Auburn
reservoir by three distinct regions, each of which hecomes dominant at different
times during reservoir drainage and reservoir buildup. The reservoir character-
istics were readily identifiable and, for the most part, quantifiable from the

analysis of the pump test and supporting data.

The effective transmissivity and the effective permeability are estimated to be
3,100 millidarcy-feet and 10 millidarcies, respectively, on the average; the
effective transmissivity and the effective permeability were computed from the
slopes of the semilog straight line of a Horner-type plot for pressure buildup

data and a Miller-Dyes-Hutchinson plot for pressure drawdown data.’

The effective porosity and the effective compressibility are estimated to be 0.0027
and 7.5 x 10 © psi_l, repectively. These values were computed from log-log type
curve matches between the actual AP-At relationships and theoretical curves of

dimensionless PD-tD relationships for both the pressure drawdown and buildup data.

The three distinct storage regions of the Auburn reservoir are guantified as
follows: Region 1, the vertical hydraulic fracture, identified by the 1/2 slope

of the log-log plot of AP versus At, and computed to have a half-length of n150
feet; Region 2, the natural fractures and fissures or microcracks, identified from
the semilog drawdown and buildup plots and estimated to be ~26% of the total
effective porosity: Region 3, the porous matrix, computed to have an absoclute
porosity of 0.0282 (from log analysis) and an effective porosity of 0.0027 (from

the analysis of pump test data). The average reservoir pressure, P in these three
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regions was estimated to be 2,260 psi prior to the pump test.

The areal extent, volumetric resources, and reserves of the Auburn low-temperature

geothermal reserveir are estimated to be as follows:

Table B-12

AREAL EXTENT, VOLUMETRIC RESOURCES AND RESERVES {STB)

Area . Resources Reserves
Category {acres) (STB} {STB)
Proved 462.7 3.0 x 108 2.25 x 10°
Possible 1,079.5 7.0 x 108 5.25 x 106
Probable 967.3 23.0 x 10 17.25 x 108

The volumetric resources were estimated from reservoir limit tests utilizing pres-
sure drawdown data. The estimates of volumetric resources and areal extents are
sensitive to the estimated values of effective compressibility and effective
porosity as well as drawdown rate. The possible and probable resources were com—
puted for the total effective and formation brine compressibilities, respectively,
both in the limit of zero drawdown rate: the proved resources are defined in terms
of the pump test's drawdown data. The volumetric reserves are based on an esti-

mated recovery efficiency of 75%.

The maximum initial deliverability of the well was determined to be 338 gpm
(v11,600 STB/D) at T.D. and ~328 gpm (411,200 STB/D) at a pump depth of 4,000 ft.
Drawdown analysis indicates that these rates cannot be sustained for more than a
few hours without the reinjection of fluids into the producing formation in order
to maintain reservoir pressure, Similar analysis indicates that the reservoir
could sustain a production rate of 150 gpm for approximately six months without
fluid reinjection and a production rate of 100 gpm indefinitely over the lifetime

of the resource.

The intermittent deliverability of the Auburn low-temperature geothermal well also
was evaluated to determine the response of the reservoir, its "recovery factor",

under cyclic operating conditions without fluid recharge. For pumping at 150 gpm,
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the reservoir is drawndown in &.3 months under intermittent withdrawal (6 monthg

pumping - 6 months shut-in) versus 6.1 months for continuous withdrawal, For each
six months of pumping at 100 gpm, the six-month shut-in recovery factors are esti-
mated to be .71, 0,58, and ~0.49 before full depletion of the estimated, proved

reserves of the Auburn reservoir.

RESERVOIR CHARACTERIZATION

The Auburn low-temperature geothermal reservoir appears to be finite and hounded.
Within these physical constraints, the net producing interval is made up of two
communication layers or zones -- a low-porosity dolomitic zone and a medium-porosity
sand§tone zone -- both of which are highly fractured. The two producing zones are
in communication with each other vis-a-vis cross-flow in the intersecting fractures.
In addition to the natural fracture system, the producing interval was hydraulically

fractured and propped prior to the pump test.

Thus, the Auburn reservoir is comprised of as many as six different storage and

flow regions as shown in Figure B-10. To simplify analysis, the two producing zones
are assumed to be in perfect communication with each other and are viewed to be one
producing interval with volume averaged properties. The naturally fractured Auburn

raservoir ig characterized by three distinct regicns:

o REGION 1 - an improved near-wellhore region resulting from a
vertical macro-fracture created hy the pre-pump test hydraulic
stimulation,

o REGION 2 - a set of interconnecting fractures and fissures which

represents foramenular secondary porosity, and which contributes
a low-storage but a high-flow capacity.

o REGICN 3 - a matrix of well-defined fine pores which represents
intergranular primary porosity and which contributes a high-
storage but low-flow capacity.

The existence of these distinct regions results in the development of three flow
regimes, each of which becomes dominant at different times during reservoir drain-
age and reservoir buildup. During the drainage, the vertical hydraulic fracture
{Region 1) drains first, followed by the natural fractures (Region 2}, and finally
the flow becomes limited or contrelled by the lower-permeability but higher-poros-
ity matrix (Region 3}. The time constants are determined by the storage

capacity of the individual regions instead of the drawdown or pumping rates.
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The characteristics of the Auburn low-temperature geothermal reservoir were defined
from the_anlaysis of the pump test and supporting data. The latter was used to
identify, delireate and quantify the two-zone model which is detailed under
"Reservoir Capacity -~ Formation Thickness and Absolute Porosity." The three dis-
tinct storage regions and flow regimes, although identifiable in most of the
pressure-transient tests, can be readily illustrated by the 24-hour drawdown and

buildup data.

The log-loy type curve match of the 24-hour pressure buildup data in Figure B-11
indicates a skin factor, s, of -5. This negative skin factor is representative of
a highly stimulated wellbore region. Additionally, the early iransients between
102 and 10-1 hours have a 4P/At slope of approximately one-half. This early time
slope is indicative of fracture flow because the flow is akin to Hagen-Poiseuille
flow between planar walls in which pressure is proportional to the square root of
time. These early pressure transients usuvally disquise wellbore storage effects
which are characterized by a AP/At slope of 1 on a log-log plot. Wellbore storage
effects should theoretically precede fracture flow effects but are either chscured
by the wellbore storage-fracture flow transition regime or just not recorded. As
demonstrated in the discussion of storage regions, the hydraulic fracture is verti-
cal. At the producing interval depth of 4,700 - 5,100 ft., the plane of maximum
prinicpal stress is horizontal. The well would thus fracture in the vertical
plane. The induced hydraulic fracture's preferred orientation is N8SE as discussed
under "Reservoir Capacity - Formation Thickness and Absolute Porogsity"” and as pre-

dicted by Plumb and Singer, 19832.

The 24-hour pressure drawdown data exhibits behavior which is similar to the
buildup data but which has different time constants. The 24-hour pressure drawdown
data is typed curve matched on log-log coordinates in Figure B-12, The negative
skin effect (-5} is shown because skin effects are representative of an additional
pressure drop in the near wellbore region and are not dependent on the residence
time of an individual fluid particle. The early transients, representative of
fracture flow and wellbore storage, ends about 0.5 hours in Figure B-12. This time
interval is substantiated in the Miller-Dyes-Hutchinson (MDH) type semi-log plot
in Figure B-24. Just prior to the beginning of the transient period of flow, the
1/2-slope regime typical of fracture flow is established. The psuedosteady flow
regime begins at appreximately 10 hours as indicated in Figure B-12. This flow
regime is identified from the linear plot of the 24-hour pressure drawdown data

in Figure B-25.
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The hydraulic fracture flow regime is identified in Figure B-13 which is a semi-log
(Horner) plot of downhole pressure, AP versus {t+At) /At during the 24-hour pPressure
buildup test. Subsequent to this flow regime, the pressure transients trace a sig-
moidal-shaped curve in which an early straight line slope decreases by approximately
50%, then doubles at later times to form a second straight line which is approxi-
mately parallel to the first straight line. This type of semi-log behavior is
representative of the flow characteristics of a naturally fractured medium

(Warren and Root, 1963; Kazemi 1969; Kazemi, Seth and Thomas, 196%; and Earlougher,
Jr., 1977)., The sigmoidal semi~log curve is typical of flow in a "double-porosity”
medium comprised, as described earlier, of Regions 1 and 2. These reqions are
respectively identified as the natural fracture flow regime and'the porous matrix

fiow regime in Figure B-13.

It should be noted that the behavior of a fractured reservoir is almost identical
with the behavior of a multilayer reservoir with crossflow (Kazemi, 1969). Warren
and Root (1963) warns that "since the buildup curve associated with this type
{double porosity) of porous medium is similar to that obtained from a stratified
reserveir, an ambiguous interpretation is not possible without additional informa-
tion." The reader is reminded that the net productive interval was first modeled
as two contrasting porosity zones, and then simplified to a single, comingled zone
with volumetric-averaged properties. The interpretation of double-porosity effects
is qualitatively unambigquous in face of the evidence, presented in "Reservoir
Capacity - Formation Thickness and Absolute Porosity", that the reservoir is
naturally fractured. The quantitative contribution of reservoir stratification to
the sigmoidal curve's vertical separation will remain an unknown beacause of the
comuingling of the produced fluids. The natural fracture flow regime is assumed to
include the effects of stratification and fracture flow with the latter dominating
or contrelling because both zones are intersected with a high density of natural

fractures,

The Auburn low-temperature geothermal reservoir appears to be finite and bounded
because of the slight divergence of the pbsuedosteady state portion of the semi-log,
Porous matrix flow regime straight line shown in Figure B-14. This graph is a
type~curve match between the 24-hour pressure buildup data and the dimensionless
Pressure transients for single wells in variocus rectangular shapes with one or
more constant pressure boundaries and no wellbore storage or skin effects {Ramey
et al, 1973). The curve match suggests that the reservoir is rectangular (of
length = 2 x width} with three no-flow boundaries and one constant-pressure

boundary on the shorter side. fThis interpretation is very sketchy because the
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buildup data is not extensive enough and because the slight divergence in the
4P/4t slope could have been caused by the double-porosity effect. Further evidence
which suggests that the reservoir is finite and bounded is discussed under

"Volumetric and Areal Resources."

EFFECTIVE TRANSMISSIVITY AND PERMEABILITY

The effective transmissivity is defined as the product of effective permeability,
k, and net thickness, h; the product kh is usually expressed in millidarcy-feet.
The effective transmissivity was computed from drawdown and buildup data to be
approximately 3,100 millidarcy-feet yielding, for a net productive interval of

310 ft., an effective permeability of 10 millidarcy.

The effective transmissivity was computed from the slope of the semi-log straight
line of a Horner-type plot (AP versus log (t+At)/At ) for pressure buildup data

and a Miller-Dyes-Hutchinson plot (AP versus leg At} for pressure drawdown data.

kh = 162.6 gBy (B-23)
m
where
m = slope in psi/cycle
q = effective flow rate, STB/D
B = water formation wvolume factor, bbl/STB
U = absolute viscosity of brine, centipoise .

The semi-log straight line, which represents the hydraulic transmissivity of the
porous matrix, can be misinterpreted because of near-wellbore and fracture~-flow
effects. The start of the correct semi-log straight line is best defined 1-1%
cycles after the end of the early transients caused by wellbore storage and hydrau-
lic fracture flow effects. The latter can be most readily identified from log-log
pPlots of AP versus At. The natural fracture flow effects are identifiable by the
existence of two parallel semi-log straight lines connected by a transition {or
fracture flow} regime with a slope which is one-half of the other two straight
lines. Either of the two parallel straight lines can be used to define m; the

late time parallel straight line is, however, more representative of flow in the

porcus matrix.



The Horner-type plot of preliminary pressure buildup data in Figure B-15 exempli-
fies the difficulties which can be associated with defining the correct semi-log
straight line. The log-log plot in Figure B-19 under “Effective Porosity and
Compressibility" indicates that the hydraulic fracture flow regime ends around 10" 1!
hours or 6 minutes, and the correct semi-log straight line begins between At of

1-5 hours. The latter corresponds to a (t+At) /At between 8.3 - 2,45, The

7,090 md-ft

¢orrect slope is thus identified as m; = 95 psi/fcycle yielding a kh
with k = 22.9 md for h = 310 ft. Note that my = 47 psi/cycle. The two parallel
straight lines are not very well defined in Fiqure B-15 because of the relatively
short production time {v7.27 hours) prior to the buildup period, The preliminary
pressure buildup data may not be representative of aggregate reservoir properties
because of the limited withdrawal (%1,000 STB) and the small radius of drainage or

influence (V16 ft.} seen during the preliminary pressure drawdown test.

The parallel, semi-log straight lines, which represent double-porosity flow effects,
are well defined in the Horner plot of the 24-hour pressure buildup data shown in
Figure B~13., 1In this plot, production time and rate prior to the buildup period
were averaged from the beginning of the preliminary drawdown using a modified—

Horner plot method suygested by Odeh and Selig, 1967.

N
* j'—:”lq] {t;:‘ B tj—f‘}
t =2 t b =24
P P 2ga (& -t ) ot
S R T j-1
3=1
N
1 (. - €, )
q* = — 351 T35 15 7 5Ha (B-25)
o
P .

* *
The conventional Horner analysis is used with tp and g in place of tp and g. 1In
Figure B-13, the late slope, m; equals 180 psi/cycle and the early slope, my equals
90 psi/cycle. From the late slope, kh = 3,866 md-ft and k = 12.47 md.

A semi-log plot of the 24-hour drawdown data demonstrates the same type of double-
porosity flow behavior. This plot is shown in Figure B-24. The transition and
late slopes of this Miller-Dyes-Hutchinson {MDH) type semi-log plot are -165 psi/
cycle and -300 psi/cycle, respectively. From the latter kh = 2,774 md-ft and

k = 8.95 md for h = 310 ft.
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The first two stages of the multi-rate drawdown data are shown in Fiqure B-16. The
early slope of the 152.5 gpm stage is 325 psi/cycle, and yields a kh of 3065 md-ft
making k = 9.89 md for h = 310 ft.

The third stage of the muiti-rate drawdown test is graphically analyzed in Figure
B-17 by a two-rate flow test analysis method. From the slope of 360 psi/cycle,
kh = 2415 md-ft and k = 7.85 md for h = 310 ft.

Finally, the multi-rate pressure buildup data is plotted in Figure B-18. fThe upper
curve utilizes the method of 0Odeh and Selig, 1967 and the lower curve utilizes the

more rigorous approach in which the following equation is valid:

N
Pws'= Pi -m X Ei_log tN " tj-l t At (B-26
j=1 g t, - t. + At ~26)
N N ] .
The lower curve is a plot of P {(or Pws)
N
- +
versus log X Ei_ log | *n tj-l At (B=27)
j=1 qN tN - tj + At .

The slope of the two curves, which are parallel, is 230 psi/cycle yielding
kh = 2,899 md-ft and k = 9,35 md for h = 310 ft.

In summary, the effective transmissivities and permeabilities were computed to be

as follows:
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DOWNHOLE PRESSURE (psia)
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Figure B-17,
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lag (E;QEJ + qlfq2 (log At)

Auburn Geothermal Well Two-Step Rate Analysis

of 2nd and 3rd Stages of Multirate Drawdown Data
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Table B=-13

EFFECTIVE TRANSMISSIVITIES AND PERMEABILITIES

Test kh k
{millidarcy-feet) (millidarcy)

Preliminary Buildup 7,090 22.%9
24-Hour Buildup ' 3,866 12.47
24-Hour Drawdown 2,774 8.95
Multirate Drawdown 3,065 9,89
Second Stage @152.5 gpm

Multirate_Drawdown 2,415 7.85
Third Stage @L31.7 gpm

Multirate Buildup 2,899 9.35
Average 3,151 1lo.16

The average values of kh and k were made after exclusion of the low and high values
due to the two-step rate analysis of the multi-rate drawdown (third stage) test, and

the preliminary pressure buildup test, respectively.

EFFECTIVE POROSITY AND COMPRESSIBILITY

The preduct of effective porosity and effective compressibility, ¢ct, is usually

expressed in fractional psi '. The effective porosity-compressibility product was
computed from drawdown and buildup data to be approximately 2.0 x 10 8 psi l. For
an estimated effective compressibility of 7.5 x 10 6 psi—l, the average producing

interval's effective porosity is 0.27%.

The effective compressibility was computed from log-log type curve matches between
the actual AP - At relationships and theoretical curves of dimensicnless PD - tD
relationships for both the pressure drawdown and buildup data. From the match
points of ﬁP/PD and 6t/tD, the effective transmissivity (kh) and the product of

effective porosity and compressibility {¢ct] are computed from the followings:

kh = [141.2 un] P_D (B-28)
AP

B=64



and

0.0002637 k At

g, = | == = (B-29)
¢ ur? 5 .
w

From a log-log type curve match of the preliminary pressure buildup data in Figure
B-19, xh = 14,066 md-ft and k = 45.3 md for h = 310 ft. Note that the calculated
permeability is approximately twice that computed by the semi-log method described
under Effective Transmissivity and Permeability. This doubling suggests that a
best fit was obtained around the transition or natural fracture flow regime. In
general, log-log type curve matching will provide order of magnitude parameters
because of the subjectivity of the technique. Consequently, log-log type curve
matching is more useful in defining the reservoir characteristics and in the
dilineation of flow regimes. The preliminary pressure buildup data, which, as
discussed in the previous section, does not represent the aggregate characteristics

of the reservoir, yields a ¢ct of 6.67 x 10 & psi_l for a correspondent k = 45.3 md.

The log-log type curve match of the multirate pressure buildup data in Figure B-20,
indicates the following:
= oF, - L
o s 5; CD 10

MATCH

= o 5
POINTS 107 / 5.5 x 10

AL/t
(s} t/ D

o AP/B, = 102 s 2.5 x 10! | (8-30)

The match points yield: kh = 2164 md-ft; k = 6.98 md; and ¢ct = 2.052 x 10”8

psi-l.

The computed values of ¢ct can be summarized as follows:
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Table B-14

PRODUCTS OF EFFECTIVE POROSITY AND COMPRESSIBILITY

Figure k ¢CE

Test Type No. {md) (psi 1)
Preliminary Buildup B-19 45,30 6.67 x 10 9
24-Hour Buildup B-22 18.65 1.18 x 10 ©
24-Hour Drawdown B-12 16.55 2.43 x 108
: _8

Multirate Buildup B=20 6.98 2.05 x 10
-8

Pump Test Average 14.06 1.89 x 10

Note that the 24-hour buildup permeability of 18.65 md calculated by the log-log
curve match is approximately the same as the arithmetic mean, (12.47 + 24.94)/2 =
18.71 md, of the values computed from the slopes of the semi-log plots. The log-
log match thus represents an average fit of a broad range of the 24-hour buildup
data spanning the transient and psuedosteady state regimes. The 24-hour drawdown
log-log computed permeability of 16.55 md corresponds more to the natural fracture-
flow transition regime value of 16.26 md computed from the second slope in Figure
B-24 than to the first slope value of B.95 md, The 24-hour drawdown log-loyg fit,
thus, corresponds more to the transition-regime data points. The multirate buildup
log-log computed permeability of 6.98 md corresponds more to the late permeability,
9.35 md, measurements of the semi-log Horner pleot in Figure B-18. The multirate
leg-log computed value of the product ¢ct of 2.05 x 10 8 psi-l is thus assumed to

represent the porous matrix flow conditions.

The ¢c_ product is assumed to be 2.0 x 10 8 psi l; the average value listed for the
pump test does not include the preliminary pressure buildup value. With an effec-
tive compressibility of 7.5 x 1¢ © psi !, as estimated in Formation (Fluid and Rock)
Compressibility, the effective porosity of the producing interval computes to be
0.27%. This value is approximately one tenth the value of absolute porosity, 2.82%,

estimated in Reservoir Capacity - Formation Thickness and Absolute Porosity.

Strobel, Gulati and Ramey (1976) calculated effective permeabilities and porosities
of 48.3 md and 0.22% within a drainage area of 54 square miles for interference

test data in a dry gas reservoir producing from a naturally fractured orthoquartzite
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zone; cores from the other orthogquartzites were reported to have an absolute porosity
of 2.5% and less than 0.1 md permeability to air. Similar differences between the
effective and absolute values of porosity and permeability were observed in the
Auburn reservoir. It should be noted that measurements of Strohel et al. (1976)

were also consistent with published values of fracture porosity and permeability

in naturally fractured reservoirs (Stearns and Friedman, 1972; and Elkins, 19533).

AVERAGE RESERVOIR PRESSURE

The average reservoir pressure, P, was estimated to be 2,260 psi.

This estimate of reservoir pressure is based on a measured value of 1757.9 psi at
31,973 ft. just prior to pump testing and a computed gradient of 0.448 psi/ft. The
semi-log Horner plot usually indicates an average pressure, P*, for infinite shut-in
time by extrapolating the straight line portion of the buildup curve to log

{t+At) /At = 1 since (t+4t) /8t + 0 as At + =, The calculated values of P* are as

follows:
Table B-15
AVERAGE RESERVOIR PRESSURE
Fiqure p*

Test Type No. (psial
Initial Value 1757.9
Preliminary Buildup B-15 1706.0
24-Hour Buildup B-13 1684.0
Multirate Buildup B-18 1580.0

HYDRAULIC FRACTURE, NATURAL FRACTURE, AND MATRIX STORAGE REGIONS

The Auburn low-temperature geothermal reservoir has been characterized in "Reservoir
Capacity - Formation Thickness and Absclute Porosity" and “Reserveir Characteriza-
tion" by as many as six different storage and flow components consisting of two

contrasting porosity zones and three distinct regions.



The two contrasting porosity zones consist of a thick, low-porosity zone, Zone 1,
and a thinner, medium-porosity zone, Zone 2, both of which are naturally fractured.
Zone 1 is considered the high-permeability, low-~capacity component whereas Zone 2
is the low-permeability, high-capacity component. Zone 1 will control the initial
productivity of the well vis-a-vis its fracture permeability; Zone 2 will control
the deliverability of the reservoir and determine its reserves vis-a-vis its
capacity (n90% of total}. These zones are grossly simplified into an aggregate of
a natural fracture region and a porous matrix region, with velumetric averaged

properties over the net producing interval.

The low-porosity matrix of Zone 1 (¢ = 0.38%) and the medium—porésity matrix of

Zene 2 (¢ = B.32%) are mixed to yield a volumetric averaged absolute porosity of
2.82% which is considered a Region 3. The natural fractures and fissures or micro-
cracks, Region 2, are assumed to be evenly distributed over the net producing inter-
val. The propagation of the hydraulically induced fracture is assumed to have
similar dependencies in both Zone 1 and Zone 2. The hydraulic fracture is identi-

fied as Region 1.

The vertical hydraulic fracture was identified in Reservoir Characterization by the
1/2-gslope of the log-log plot of AP versus At. During the early time period, the
flow behavior from the formation into the fracture is linear and the pressure of the

wellbore (Bixel, Larkin and van Pollen, 1963) is given by:

pws = Pi -me vt (B=31)

where
m = -4.064 g B y/ 1
= y3
vE h l/k¢ctxf

This relationship is valid for early times, little or no wellbore storage effects,
and if xe/xf > 1.5 where xe and xf are respectively the half lengths of the

reservoir and the fracture.

The linear portion of the plot of AP versus /A€ in Figure B-21 has a slope of
775 psi/hrB for the 24-hour pressure buildup data, Utilizing log-log computed
values of k, 18.65 md and ¢ct, 1.182 x 10 8 from Effective Porosity and Compressi-

bility, the half length of the vertical fracture, x_, is ~ 171 feet. A curve

ff
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Figure B-21. Auburn Geothermal Well Linear Plot of Pres-
sure Difference Versus the Square Root of Shut-In Time
for Early 24-Hour Pressure Buildup



match of the 24-hour buildup data in Figure B-22 yields a value of 87.4 ft. for X
and 18,65 for k. The multirate drawdown data, from a log-log curve match in

Figure B-23. yields the following: xe/xf =1; k = 15.91 md; and X = 132.8 ft. The
vertical hydraulic fracture (1} is a high-porosity (v30-36%) storage region with an
estimated wing span of 150 ft., on the average; the permeability of this region is
estimated to range from 1,000-10,000 millidarcys. Thewrtical hydraulic fracture
thus provides a stimulated wellbore radius with an average, estimated negative skin

factor of 5.

The natural fracture storage region (2) can be characterized by a storativity factor,
w, which is the ratio of ¢ct for the natural fracture region to éct for the total
system (primarily the natural fracture and matrix storage regions). w is usuvally
estimated from the separation of the two parallel straight lines in an MDH plot of
pressure dfawdown data (Kazemi, 1969). BAs shown in Figure B=24, w = 0.26 for a GP
of 175 psi and a slope of V300 psi/cycle. Under the assumption that ct is the same

for all regions, the natural fracture region (2) is A26% of the total pore wolume,

VOLUMETRIC RESOURCES AND AREAL EXTENT

The proved velumetric resources of the Auburn low-temperature gecothermal well are
estimated to be 3.0 x 10° + 0.3 x 10® STB; the possible resources are 7.0 x 106 +
1.0 x 10% 5TB; and the probable reserves are 23.0 x 10 + 5.0 x 105 STB. Corres-
pondingly, the areal extent of the resource is estimated to be 463, 1,080, and 967

acres, respectively, for the proved, possible and probable categories.

The volumetric resources were estimated from reservoir limit tests {Jones, 1956)
utilizing pressure drawdown data. A cartesian plot of bottom-hole flowing pressure
versus time yields a straight line, with slope m*, during psuedosteady state flow.

This slope is used to estimate the connected reservoir drainage volume from the

fellowing relationship:

=
1]

oha = - [9;0_‘?1-133_ (B-32)

C. m*
t

where

W = resource in stock tank barrels, STE .
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The estimated velumetric resource is very sensitive to the total effective COmMpres-—

sibility, i the areal extent of the resource is sensitive to the product ¢ct.

Tﬁe cartesian plot of the 24-hour drawdown data, Figure B-25, has a psuedosteady
state slope of -8.357 psi/hr. The resulting volumetric resources and their areal

extents, for different values of ¢ and ct, are as follows:

Table B-16

VOLUMETRIC RESOURCES AND THEIR AREAI, EXTENTS
AS A FUNCTION OF POROSITY AND COMPRESSIBILITY

c o Volumetric
¢ t_ ¢ t_ Area Resource
(psi 1) (psi 1) {(acres) (S5TB)
2.0 x 10 8 0.0027 7.5 x 1076 452,2 2,93 x 106
2.0 x 10 8 0.0100 2.0 x 1076 456.9 10.97 x 106
0.2 x 1o & 0.0282 7.5 x 106 43.3 2.93 x 10°

The first estimate is based on the computed value of ¢ct as per Effective Porosity
and Compressibility, and the estimated value of ¢, as per Formation (Fluid and Rock)
Compressibility. 1In the second estimate, the computed value of ¢ct is used with

S under the assumption that the rock's compressibility is negligible. In the third
row above, the estimated value of total compressibility is utilized with aggregate
value of absolute porosity; this estimate is most unlikely. The first estimate is
most likely because the effective values of porosity, compressibility and ¢ct appear

to be consistent.

The multirate drawdown data is plotted on cartesian coordinates in Figure B~26 with
the last three stages expanded in Figure B-27, The computed values of volumetric

resource, for ¢ct = 2.0 x 10-8, are as follows:
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Figure B-27. Auburn Geothermal Well Linear Plot of Multirate Draw-
down Data {Expanded Scale Version}



Table B-17

VOLUMETRIC RESOURCES AS A FUNCTION OF DRAWDOWN RATE AND COMPRESSIBILITY

Resource (STB)

q m* -
(gpm) (psi/hr) c, = 7.5 x 108 ¢, = 2.0 x 1076
115.1 -9.73 2.3 x 108 8.5 x 108
133.1 -18.46 1.4 x lof 5.2 x 10°
152.5 -29.63 1.0 x 108 . 3.7 x 108

The data suggests that the volumetric resource or the connected reservoir drainage
volume is inversely dependent on the pumping rates, i.e., the effective drainage
area decreases with increasing flowrate. This inverse relationship suggests that
an unbalance is created between the rate of fracture drain and fracture refill by
the porous matrix, i.e., the permeability of the porous matrix is rate-limiting.
This unbalance results in the flushing of the natural fracture channels and their
disconnection from the porcus matrix. The unbalance in intra-porosity flow and the
degree of disconnection increases with increasing pumping rates, The radius of
influence or reservoir volume thus decreases with increasing flowrate. Conversely,
in the limit of zero flowrate, the downhole pressure is only influenced by the

total connected pore volume of natural fractures and porous matrix voids.

The computed values of resource are plotted as a function of flowrate and €. in
Figure B-28 for ¢ct = 2.0 x 10° 8 psi—l. Extrapolating these curves to g = 0 yields
estimated resources of 23.0 x 10% and 7.0 x 10° STB, respectively,'for ¢, =

2.0 x 10°® and 7.5 x 10 ® psi'l, respectively. The error bound on the reserve
estimates is suggested by the 24-hour drawdown estimates at 127.4 gpm. The areal

extent of the resources are estimated to be as follows:
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Figure B-28. Auburn Geothermal Well - Estimated Resource
(As Determined by Reservoir Limit Tests) as a Function of
Flow Rate




Table B-18

PROVED, POSSIBLE AND PROBABLE AREAL EXTENTS OF THE AUBURN GEOTHERMAL RESERVOIR

Area — f_ (feet)
Category $ {acres) C‘EI G
Proved 0.0027 _ 462,74 3,188 2,544
Possible 0.0027 1,079.53 4,870 3,885
Probable 0.0100 967.27 4,586 3,659

VOLUMETRIC RESERVES

The volumetric resources and reserves of the Auburn low-temperature geothermal

reservoir are estimated to be as follows:

Table R-19

PROVED, POSSIBLE AND PROBABLE VOLUMETRIC RESOURCES AND RESERVES

Resources Reserves
Category {STB) {(sTB)
Proved 3.0 x 10° 2.25 x 10
Possible 7.0 x 10° : 5.25 x 106
Probable 23,0 x 108 17.25 x 10°

The volumetric reserves are based on an estimated recovery efficiency of 75% because
the reservoir will drain to its irreducible water saturation which is estimated to
be v0.25. This assumption is considered valid for continuous drainage of the
resources at pwmping or drawdown rates which are less than or equal to the well's
long-term or continuous deliverability. The initial or maximum deliverability of
the well was determined to be 1338 gpm (11,600 STB/D) at T.D. and A328 gpm

{~11,200 STB/D) at a pumping depth of 4,000 ft. It should be noted that q, max

B-82



corresponds to within 10% of the preliminary flow test estimate of 365 gpm., The

initial productivity index, J0 of the Auburn well was determined to be 0.56

STB/D/psia2 for a Fetkovich exponent, n = 0.642, i.e.,

7 2y 0,642
= 0.5612 (P - P . B-33a
q, =9 ( wf) ( }

The initial or maximum deliverability curve is shown in Figure B-29 which is a plot
of the wodified isochronal data from the preliminary drawdown test, shown in

Figure B-30. The first thrxee stages of the preliminary drawdown test provided
estimates of AP? versus dq where AP = P - ow, the difference between the average
reservoir pressure and the flowing bottom hole pressure. Pigure B-30 indicates
that the well stabilizes after V100 minutes in the first stage vielding a ow =
2,205%.1 psia; the second and third stages were extrapolated to 200 and 300 minutes,

respectively, to determine their psuedo stabilized values of Pw The average

£
reservoir pressure, P was estimated to be 2,295.5 psia from the measured value of

1757.9 psi at 3,973, ft.

The continuous deliverability ig defined by the well's capability to maintain flush
production over the lifetime of the reserves, i.e., the continuous maintenance of a
positive liquid head above the pump's suction. The forecasted pressure drawdown
rates as a function of time are shown in Figure B-31 for 100, 150 and 328 gpm.
These projections are based on the same assumptions made in the analysis of the
pump test data, and are made for a pump setting depth of 4,000 ft. with the follow-

ing reservoir parameters: kh = 3,100 md-ft; ¢ct = 2.0 x 10 8 psi_ls and s = -5.

At its maximum deliverability of 328 gpm, the well would have produch < D.,1% of its
proved resources before total drawdown in 4.0 hours. The well's deliverability, at
a production rate of 150 gpm, is continuous for about six months, after which time
the well would have produced \30% of its proved resources before total drawdown.

As shown in Figure B-31, the well will sustain a production rate of 100 gpm

(3429 STB/D} over the lifetime of the reserves. The continuous deliverability.of

the well's proved reserves lies between 100 and 150 gpm.

The intermittent deliverability of the Auburn low-temperature geothermal well was
also evaluated to determine the response of the reservoir, its "recovery factor,"
under cyclic operating conditions, e.g., six months pumping during the winter
demand season, and six months shut-in during the low-heat demand seasons. The

evaluation of "recovery factors" was made with the assumption that the Auburn
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reservoir, as previously discussed in Reservoir Characterization, is made up of
three different flow regimes: a vertical hydraulic fracture; a natural fracture or
fissure system; and a porous matrix. Under psuedosteady state conditions, the
dimensionless pressure (PWD) is described by the following relationships, provided

that tDA/m >0.1 and A = 0; 1/

= + .
PWD 2TltDA Y In | 2.2458A - {B-33b}
o CAr%
where
Pup = kb (PR
141 .2gBu
t. = 2,637 x 10 “*k._t

DA f ,
[(¢vc)m + {¢vo) ur2

w (¢vc}f
+
(¢vc}m (¢VC)f
A = drainage area in acres 2
= shape factor, 4.15141 for El
r, = rwe_s, where s is the skin factor .

The "recovery factors" were determined for the reservoir parameters developed in
Resource and Reserve Analysis for two flowrates, 100 and 150 gpm. The performance
of the reservoir under six-month periods of depletion at 150 gpm, {(with a pump and

Pressure sensor setting at 4,000 ft) is as follows:

T T . . A .
/The interporosity flow factor, X, is negligible if kf > km.




Table B-20

RESERVOIR PERFO.RMANCE UNDER INTERMITTENT OPERATING CONDITIONS
(6-MONTH DRAWDOWN PERIODS AT 150 GALLONS PER MINUTE)

Elapsed
Time P Fluid Lewvel Recovery
{months) Status {psia} (ft} Factor
0 Virgin 1,757.9 368 l.o0
6 Pumping 3.2 3,994 -
12 Shut-In 1,348.2 1,367 ' 0.73
12.3 Pumping 4.7 3,991 -

The proved resesrves of 2.25 x 10° sTB will deplete just after the end of the first
year for continuous pumping at 150 gpm or 5,142 STB/D. The reservoir is, however,
drawndown in 6.3 months of intermittent withdrawal (6 months pumping - 6 months
shut-in) versus 6.1 months for continucus withdrawal at 150 gpm without spent brine

reinjection.

The perfermance of the reservoir under six-month periods of depletion at 100 gpm,

with a pump and pressure sensor setting at 4,000 ft., is as follows:

Table B-21

RESERVOIR PERFORMANCE UNDER INTERMITTENT OPERATING CONDITIONS
(6-MONTH DRAWDOWN PERIODS AT 100 GALLONS PER MINUTE)

Elapsed

Time P Fluid Level Recovery

{months) Status (psia) (ft) Factor
0 Virgin 1,757.9 368 1.00
& Pumping 568.8 2,854 -
12 Shut-In 1,483.2 1,103 0.71
18 Pumping 312.1 3,390 -
24 Shut-In 1,208.7 1,639 0.58
30 Pumping 37.6 3,927 -
36 ' Shut-In 934.2 2,175 0.49

B-B8E8




The estimated proved reserves of the Auburn well will be depleted at the end of the
third six-month interval, i.e., at the end of the third year of intermittent opera-

tion at 100 gpm without fluid recharge.

RESOURCE CHARACTERIZATION

The Auburn low-temperature geothermal reservolr is characterized as being made up of
as many as six different storage regions and flow regimes. These reservoir charac-
teristics were readily identifiable and, for the most part, quantifiable from an
integrated analysis of the pump test and supporting data such as geophysical logs,
core analyses and completion history. The resources of the Auvburn reservoir can

be characterized as falling into one of the following categories:
o Unbounded or infinite
o Finite with natural recharge
o Finite and bhounded by a fault.zone, gas barrier and/or permeability pinchout

o Finite and limited by the connected reservoir pore volume,

The Auburn reservoir may be unbounded or infinite in that central New York State
congists of a sequence of flat-lying carbonates, dolomites and shales which dip very
gently to the south in the Appalachian Plateau. This contention does not appear
valid in that the Auburn reservoir showed signs of depletion during the conduct

aof the pump test. For example, there was a decrease in the average reservoir pres-
sure, P*, from 1757.9 psia to 1580.0 psia obtained from extrapclating buildup data
to infinite shut-in time. This decrease, which reflects a decrease in average
reservoir pressure, resulted from a volumetric drawdown of approximately 14,000
barrels of fluid. The Auburn reservoir thus appears to be finite and bounded

without significant recharge from natural sources.

Pressure transient analysis of the pump test data does not categorically identify
the location and/or orientation of reservoir boundaries. There is no geological
evidence to the occurrence of fault zZones or permeability pinchouts within the es-
timated reservoir boundaries, The occurrence of solution gas (primarily methane)} in
the brine suggests the presence of a gas cap to the water producing formations.
There are, however, no viable gas wells producing from the Theresa and Potsdam forma-
tions in the immediate vicinity of the wellsite and thus, no viable evidence of a
gas/water contact within the estimated limits of the reservoir. The volumetric and
hydrothermal resources of the Auburn reservoir appear to be limited to a reservoir

drainage volume which is connected by natural fractures.
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Section &

HYDROTHERMAL RESOURCES AND RESERVES

The hydrothermal resources of the Auburn low-temperature geothermal reservoir are

estimated to be as follows:

Table B-=22

HYDROTHERMAL, RESOURCES {Btu)

Category Volumetric Reinjection Total

Proved 5.50 x 1010 34.89 x 1010 40.39 x 1010
Probable 12.84 x 1010 89.95 x 1010 102.79 x 1010
Possible 42.20 x 1010 78.20 x 1010 120.40 x 110

The volumetric hydrothermal resources are based on the thermal capacity of the

in situ formation_brine. The thermal capacity is defined by the realization of a
o

wellhead temperature drop from 125 F to an operating temperature of TDQF and an

overall heat recovery or capture efficiency of ~80%,

The wellhead temperature of n125°F is based on estimated, measured and projected
surface temperatures (for a production rate of 150 gpm) . Surface temperatures of
~123°F were estimated for steady-state heat transfer in the wellbore and unsteady
radial conduction in the earth from an insulated tubing string with a perfect
downhole pump. Surface.temperatures of m130°F were measured during the 150 gpm
stage of the multirate drawdown test. The measured surface temperatures were
strongly influenced by the following factors: production of higher-temperature
fluids from the lower producing formations; downhole generation of heat by the
pump and motor; and reinjection of warm-produced brine into the annulus adjacent

to the production tubing string. The effects of these factors on the measured

B=-90




surface temperatures were gquantified, and then combined with the theoretical esti-

mations to predict the wellhead surface temperatures under different operation con-
ditions., The projected surface temperature of 126 + IOF is for the production of
formation brine at 150 gpm through an uninsulated tubing string from a setting depth
of 4,000 ft,

The hydrothermal rescurces include a reinjection component in which heat is recovered
from the reservoir rock by the reinjection of the produced brine. The extent of the
reinjection resources is defined by the breakthrough time of the thermal front be-
cause the wellhead temperature and the recoverable heat will decrease rapidly with
breakthrough of the cooler thermal front. The reinjection resources were evaluated
in terms of the relative volumetric heat capacities of the formation brine, the res-
ervoir matrix (rock and brine), and the caprock as well as the reinjection rate, and
the separation distance between the injection and production well. The latter is
taken as the outer limit of a right cylindrical reservoir; the reinjection rate is
taken to equal the production rate which is selected to be 286 gpm. Table B-22 in-
dicates that the probable reinjection resources are greater than the possible even
though the reverse is true for the volumetric hydrothermal resources. As shown in
Tabie B-18, the probable and possible volumetric resources are based on approxi=-
mately the same areal extent (a 1,000 acres) but on different average effective
porosities (0.27% for probable and 1.00% for possible). The probable volumetric
reserves are approximately three times smaller than the size of the possible be-
cause of its lower pososity or connected pore volume. The probable reinjection
hydrothermal resources are, however, greater than the possible because cof the larger

rock volume available for contacting during the reinjection process.

The hydrothermal reserves are the recoverable hydrothermal resocurces. The volume-
tric hydrothermal reserves are estimated to be 75% of the resources whereas the
reinjection reserves are estimated to be 50% of the resources. The hydrothermal

reserves of the Auburn low-temperature geothermal well are estimated to be:




Table B-23

HYDROTHERMAL RESERVES (Btu)

Category Volumetric Reinjection Total

Proved 4,13 x 1010 17.45 x 1010 21.58 x 1010
Possible 9,63 x 1010 44,98 x 1010 54.61 x 101%
Probable 31.65 x 1010 39,10 x 1010 _ 70.75 x 1016

ESTIMATED, MEASURED, AND PROJECTED SURFACE TEMPERATURE

The wellhead temperatures of the geothermal well were estimated prior to, and meas-
ured during, the pump test. Since the latter was accomplished under variable field
conditions, for example, the reinjection of hot brine (NIstF} down the annulus of
the preduction tubing to a depth of 4,700 ft., the measured wellhead temperatures
will be adjusted to reflect an operational environment. Consequently, the estimated

surface temperatures of the geothermal brine will be discussed first,

The wellhead temperatures were estimated assuming that heat transfer in the well-
bore is steady-state, while heat transfer to the earth is unsteady radial conduc-
tion with allowances made for varying heat transfer resistance in the wellbore

{Ramev, 1962) .

Assumptions used in the heat transfer calculations are as follows:

o] Heat flows radially from the wellbore, is unsteady state, and can be
represented by:
Ly = 2 T - dz/f . -
) wke( Wb Te) z2/f(¢) (B-34)
a f{t) can be estimated from solutions for radial conduction from an

infinitely long cylinder, i,e., the wellbore is considered a line
source in an infinite radial medium.

o For open-hole conditions, the wellbore houndary temperature ig assumed
to be the same as the wellbore center-line temperature because the thermal
resistance of a water-filled wellbore is negligible and the cverali heat
transfer coefficient can be assumed to be infinite.

o For insulated tubing completions, the wellbore houndary is assumed to be
at a constant heat flux condition.




Axial heat flow in the wellbore is rapid compared to radial heat flow
to the formation; axial heat flow in the wellbore can thus be repre—
sented by steady-state solutions, e.g.,

AQ = mc:p {Tin - Tout) . (B-35)

Geothermal gradients hetween calculated values are linear and con-
stant, i.e.,

T =2az +
e z+b (B-36)
Thermophysical properties are constant and evaluated at 125°F.

Temperatures and pressure of the reserveir are constant over time.

Center-line temperature, with depth referenced from the producing formation, can be

calculated from the following equations:

1)

2)

3)

1)

5)

L 1 ] A —z"/‘a'
Tout(z,t) =az +b -~ aaA +[Tin(z,t} +aAa - b]e . {(B-37)
v k + f
n [U HLt} ] = mcp [ e rtoUO ‘t)l (B-38)
o
2nr U k
to e .
Tb )
f{t) = -1n et |~ 0.290 + O [er / 4{1t] (B-39)
2
«e.. for logl0 [ut / Yo > 4.0
f{t) is usually represented as a function of rtUo /k
e
2
.-... for values of 1og10 [ at / er] < 4.0
y 1 . 1ln (er/rl} + 7, 1In (rl/rz}
] h +h t k X (B-40)
o c r cem w
N . 1n (r2/r3) + r, 1n {rz/rt{
k k.
W ins .
.8 -4
kw kw 0.023 Reo Pro . {B-41)
he =3 YWY~ &
c t t

Figures B-32a,b illustrate the temperature profiles for fluid flowing from a 9-in.

open hole at 150 gpm. Figure B-32a also illustrates the temperature profile for

fluid flowing in the wellbore during the preliminary flow testing at 100 gpm on

April 7, 1982, and the assumed geothermal gradient at steady-state conditions. It
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was assumed that 90% of the water is produced from 4,810 ft. at 124.2°F and 10% of
the water is produced from 4,165 ft. at 121.6°F with ideal thermal mixing occurring
between the two streams on contact; point sources were located by averaging flows
on the basis of formation thickness, flowmeter response and average values of poros-
ity. The temperature profiles in Figures B-32a,b are used to determine center-line

water temperature in the wellbore at various pump setting depths.

Temperature profiles at various setting depths (illustrated in Figures B-33 a,b,c)
were made for 150 gpm flowing through 3%-in, 12&# tubing in a 7-in, 26#, J-55 casing
with air in the annulus actiﬁq as the primary insulator. In lieu of this configura-
tion, an insulated tubing string can be used {General Electric's T'hermocaseTM or
Baker Packers' HeatSaverTM) or the annulus between the casing and tubing strings
could be filled with perlite or compressed air. For a pump setting at 5,000 ft,,
the casing was assumed cemented at 4,000 ft. and perforated over the 4,720 ft. -
5,008 ft. interval. For a pump setting at 3,000 ft., the casing was assumed ce-
mented back to 2,600 ft. The projected tubing outlet temperatures at the surface
for the geothermal well flowing and being pumped @ 150 gpm from 31,000 ft., 4,000 ft.

and 5,000 ft. as a function of time are as follows:

Table B-24

PROJECTED WELLHEAD TEMPERATURES AS A FUNCTION OF DEPTH AND TIME

Seizﬁgg Wellhead Temperature (°F)
{feet) 1 day 30 days 1 year . 10 year
Well-Flowing 111.98 116.90 118.86 119.73
3000 119.62 121,33 121.97 122.27
4000 122,45 122.98 123.17 123.26
5000 124.66 124 66 124.67 124.68

The estimated values, listed to five significant figures, illustrate time and depth
sensitivities and do not reflect the accuracy of the calculations. The temperatures
measured during the seven-~day pump test are listed in ‘Table B-7 for pre-test bottom-

hole conditions, TBH i post-test bottom-hole conditions, TﬁH £ flowing wellhead

temperatures,TWF P and sample point temperatures, T The measured temperatures,
7H, T

s, £’
at stabilized or psuedo-stabilized conditions, are as follows:




Table B-25

MEASURED WELLHEAD TEMPERATURES AS A FUNCTION OF FLOWRATE

F?;:rzzie TBH,f ﬁTbH ThH ﬂTﬁb
(gpm) °m °m (°F) °r)
99,2 130.19 + 19.79 122.0 - 8.19
127.4 132.52 + 22.12 126.0 - 6.52
152.5 130.88 + 20.48 132.5 + 1.62
133.1 132.89 + 22.49 1340 + 1.11
115.5 134.89 + 24.49 135.0 + 0.11

The listed bottom-hole and wellhead temperatures were strongly influenced by the

following factors:

o Production of higher-temperature fluids from the lower-producing
formations, primarily feor the 100 ft. of net pay spanning the
Theresa and the Potsdam over the interval 4,950 ft. to 5,050 ft.

o Downhele generation of heat by the pump and motor as a result of
mechanical and electrical inefficiencies created under nominal and
restricted operating conditions.

o Reinjection of produced brine, with temperatures as high as 126°F,
into the Black River and other uphole formations vis-a-vis the
annulus between the 9 5/8-in. and the 7-in. casings.

The bottom-hole measurements were made with a Lynes wireline temperature (c.f.

Pump Test Field Execution) probe with a resclution of 1.8°F and an accuracy of
1.8°F. The bottom-hole temperature measured at 3,972 ft. was 110.4°F and 116.57°F
before and after the pump testing cof the reservoir. The former value is consistent

with open-hole measurements of temperature at the same depth, T = lll.SOF,

BH, 1
on April 7, 1982 by Schlumberger. The after pump test bottom-hole temperature of

116.57°F reflects the warming of the near wellbore area by the production of

577,000 gallons of formation brine.

ﬁTBH is the difference between the final bottom-hole temperature at the end of the

test, Ty, . and the initial T_ _ of 110.4°F. The bottom-hole temperatures at the
' P8

end of each test, TBH £ are made up of a production component and a heat generation
r
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component, Under ideal conditions, the production component can raise the TBH,f to
a maximum of 125 + 1°F. The bottom-hole temperature is a function of pumping rate
as shown in Figure B-34. Extrapolating to zero flowrate, the production component
lowers the bottom-hole temperature to a minimum of 123 i_loF. Thus, without pumping
and heat generation, 123%F < 'I‘BH < 125%F within i_lOF. TBH @ 4,000 ft. was pre-
dicted te reach 122.80F after 24 hours of pumping at a rate of 150 gpm. The
temperature increase due to the heat generation component, plotted as a function of
flowrate in Figure B-35, substantiates the miminum bottom-hole temperature at

4,000 ft. in that AT due to heat generation goes to zero at ¢ =0. This heat
gerneration component is specific to the wellbore conditions and the submersible

pump used, Centrilift-Hughes' Model #S5-175.

ﬂTﬁb is the temperature difference between the maximum temperature observed at the

£ BH, £ Awa represents the heat loss (-) or gain

{+) to the produced brine between the downhole pump and the wellhead. The listing

surface {either Th or Ts,f) and T
above indicates that ﬁwa is negative for the preliminary and the 24-hour drawdown
tests at 96.1 and 127.4 gpm, respectively, and positive for the multirate drawdown
tests. The latter values are within the accuracy range of the combined downhole
and surface temperature sensing devices and for all practical purposes, do not
represent any physical heat gain from the wellbore., These values do, however,
indicate that an isothermal wellbore condition resulted from the reinjection of
gecthermal brine into the annulus adjacent to the production string. The following

measurements were taken prior to the start of reinjection:

Table B-26

MEASURED BOTTOM-HCLE TEMPERATURES AS A FUNCTION OF FLOWRATE

q At TBg,f Twoor s ﬂzh‘b

Test Type {gpm} {hours) ("F} (F) {"F)
Preliminary 99,2 7.3 130.19 122.¢ - 8,19
24-Hour 127.4 6.0 131.08 125.0 - 6.08
Multirate 152.5 4.7 128.72 124.0 - 4,72




DOWNHOLE TEMPERATURE, Ty, (°F)

AT DUE TO HEAT GENERATION (°F)

135

130

125

Figure B-34, Auburn Geothermal Well Downhole Temperature
as a Function of Pumping Rate

_;- _; - i _ij':I
1 A A A A R S
20 40 60 80 o0 120 160
FLOW RATE, q (gpm)
20 4 60 80 100 120 140
T T T T T T T

Figure B-35. Auburn Geothermal Well Downhole Heat Genera-
tion Due to Pump and Motor as a Function of Pumping Rate
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From the above, dwa is shown to be a strong inverse function of flowrate as shown
in Figure B~36. Although this relationship can be theoretically justified in that
heat loss decreases with decreased residence time or increased flowrate, the reader
should be cautioned to the applicability of this relationship because of the unknown

wellbore conditions and the varying valuas of At,

Without reinjection of geothermal brine into the annulus, the wellhead temperature
is estimated to reach m126°F at a minimum after 24 hours of pumping at 150 gpm with
a 175-horsepower pump. Without reinjection, and without heat generaticn due to
mechanical and electrical inefficiencies of the submersible purp, the minimum well-
head temperature is estimated to be NllQOF after 24 hours of pumping at 150 gpm
with a perfect pump., The estimatzd wellhead temperatures for pumping at 150 gpm
from 4,000 ft. through an insulated string with a perfect pump (Case I}, through an
un~insulated string with a hon-perfect pump (Case II), and through an Insulated

string with a non-perfect pump (Case III) are as follows:

Table B-27

ESTIMATED WELLHEAD TEMPERATURES

Time I IT III

1 day 122.5 126.0 129.5
30 days 123.0 126.5 130.0
1 year 123.2 126.7 : 130.2
10 years 123.3 126.8 ' 130.3

HYDROTHERMAL RESQURCES

The proved, possible, and probable hydrothermal resources of the Auburn low-tempera~-
ture geothermal well are estimated to be 5.5 x 1010, 12.84 x 1019, and 42.20 x 1010

Btus, respectively.

The hydrothermal resources are based on the heat content of the volumetric resources

and are computed from the following:

B-100




a1ey burdumg
JO uUQT3IoUNg ¥ Se SSOT jesH aI0qITAM IT9M TPWIdU3lces uangny - 9¢-g 2anbTg

(md¥) b *FIvd MOTA

082 Q02 07T 0% 0

T 10
; _ | _ . t 1 .
1 H 1 . |
ks VS P VOSSR S PRI SN S KPP0 S SO PR VO SR O + L
- iﬂl .
' - b
m i o !
N I T = m
R . — |- rwr... -
- = m , -
| ; P A SRR
: _ i m
[ e P .I. ..;h..i:.u”p .. B B PR P ...L-i_.:.. —_ M.....r.:..m.:. - PR
m : i : : d : m — 21
i !ml....ll..l ] .u _i- |-k . 1....”,..|I... |

(d,) SS07T LVEH FHOE1TIM

B-101




W = 5.615 pcp ﬂTEh (B-42)

where

W = volumetric resources, STB
= formation brine density, 1b/ft3

. . o}
¢ = heat capacity of brine, Btu/lb F

AT = temperature drop at the wellhead, oF

E = heat recovery, or capture efficiency .

The volumetric resources are defined and discussed in "Velumetric Resources and
Areal Extent". The formation brine density is defined to be 74.3 lbs per cubic
foot in "Viscosity and Specific Gravity of Geothermal Brine". The heat capacity
of brine is assumed to be that of water 1.0 Btu/lb OF. The wellhead temperature
drop, AT, is assumed to be from an estimated wellhead temperature of 1250F, as
per the estimates in "Estimated, Measured, and Projected Surface Temperatures",
toc an operating temperature of 700F. The heat recovery or capture efficiency, Eh,
is assumed to be "80%; Eh is based on the product of an estimated direct contact

heat exchange efficiency of 90% and a transmission efficiency of 90%.

HYDROTHERMAL, RESOURCES WITH REINJECTION

The hydrothermal resocurces of the Auburn reservolr are made up of two components:
an in situ component which is made up of the thermal capacity of the recoverable
voelumetric resources; and a reinjection compenent in which heat is recovered from

the reservoir rock by the reinjection of the produced brine,

The reinjection of the produced brine not only permits the recovery of heat con-
tained in the reservoir rock but also maintains the reservolr pressure and the
well's deliverability. The reinjection of spent brine will create a zone of cooler
water which will grow with time and eventually reach the production well. After
breakthrough of the cooler thermal front, the wellhead temperature and the recover—
able heat will decrease rapidly. Gringarten and Sauty {1975) points cut that "“it
is thus important to design such a system in order to prevent injected water
breakthrough before a specified time and to maintain the temperature variations at
the production wells after breakthrough within reasonable limits." These authors
conducted a theoretical study of heat extraction from aquifers with uniform regional
flow under reinjection conditions to evaluate the thermal performance of a recharg-

ing-discharging well pair. The aguifer is modeled, under these conditions, by the
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differential stream channel element below:

heat from caprock by conduction,-ds k aTr

887 ag VPV
i
heat transferred by 7t vz
t:e ther leaving i/ Heat stored within
(° clement z=0 i the element
he -
0, WhIWT (5+dS)dEv(s+ds) 220,20 has ar
L/; i 3t
U e
/ Ll |
ADIABATIC_—h————1F = ;C;
LI - -
BOUNDARY T

9z lz = h/2

heat transferred by
the water entering
the element

¢pwcp whdwTw(S) dtv(5)

heat from bedrock by conduction,-ds kr aTr

9 |2 = - n/2

The flow of heat in the differential element of rock is described in the following

partial differential equation {PDE)in which q =

h IT(S,t) q
= —_— +
2 pa Cp,a at 2 Pw
= kr aTr (S,z,t)
dz

The PDE is subject to the following boundary condition:

2 3T
3 Tr {5,2,t) _ prcp,r r

gt
322 kr

IT(5,t)
D,W 95
z = h/, .

{s,z,t)

dhdwv.,

{(B-43)

The temperatures must also satisfy the following initial conditions:

T (z,0) = T, t
i

| A
o}
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Behind the hydrodynamic front, the following condition is assumed:
T (0,t) = T, . t >0

Ahead cf the hydrodynamic front but before breakthrough, the following condition is

assumed:
T (S,z,t} =T (§,t) = Ti t < ¢hS/qg

In general, the fellowing is also assumed:

TS, =T (5,2 €

lim T_(S,z,t) = T,
r 1
230

The flow of heat in the production well is described by the following relationship:

=%

- ; . c
N erte | C¥ Spow? rqy 2 e . a2 pa bs (B-44)
T, - T, . ko ¢ S p ¢ a

i inj r'r p,r W p.W
with
Pw Sp,w = brine heat capacity Btu/ft3 °F
Pm pom = heat capacity of rock matrix, Btu/ft3 °F
= + -_—
pa cp,a ¢pw Cp,w (X ¢)pm cp,rn, the aquifer heat capacity, Btu/ft3 °p
3

prcp . = heat capacity of caprock, Btu/ft °p .

kr = thermal conductivity of caprock, Btu/lb hr OF .

The above solution was made under the following simplifying assumptions:
Q The aquifer is assumed horizontal with thickness, h.

o The caprock and the bedrock above and below the agquifer are assumed
impermeakble to flow and of infinite extent in the vertical direction.
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o Flow is assumed steady, since the duration of the transient period
is short in comparisen with the length of time required to reach
thermal equilibrium, with the injection rate constant and equal to
the production rate.

o Initially, the water and rock in the aquifer is at the same tempera-
ture, Ti: the caprock and the bedrock are at the same temperature Ti'

o At the t = o, the temperature of the injected water is set equal to
Tinj and is maintained constant thereafter.
o Thermal equilibrium is assumed to take place instantaneously between

the water and the rock in the aquifer so that anywhere in the aqui fer
the rock has the same temperature as the surrounding fluid.

o In the aquifer, the effect of thermal conductivity is neglected in
the horizontal direction (high Peclet number) and is assumed infinite
in the vertical direction (uniform temperature in the vertical
direction) .

o In the caprock and the bedrock, the effect of thermal conductivity is
neglected in the horizontal direction and is assumed finite in the
vertical direction.

o The temperature of the caprock and the bedrock remains constant and

equal to the initial temperature Ti at all times.

The results of Gringarten and Sauty's (1975) analysis were also given in terms of

dimensionless parameters:

-
Fd 2 B-45
o . eree 4 (Srnax/D ) S i d (smax/o } ( )
D a /o) X a  (¥/Q)
whete
= 2
X = (pw Cp,w pa Cp,a/krpr cp,r) (Qh/D )

2
D (pw cp,w/pa p..a)(Q / )
D is a characteristic length, e.g. the separation distance between a discharging-
recharging well pair in uniform flow. The above relationship indicates that

thermal front breakthrough occurs at the following dimensionless times:

o= 1.04 ... if X > 10 (B-46)

«ve 1f D < X <« 10

il
o
w

X (tD—l)
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For no change in the produced water temperature for a period of time At, the useful

life of the well doublet, the spacing (D} must at least be equal to the following:

- 4y P, € .
Dsn = (2.0.51%) ¢ + (1-4) "¢ CE,r h (B-47)
P BrW
c hed
H e+ -9 °r p,r h?
pw P.wW
+ 2 krpr ¢ ,r
(pw cp w}

The breakthrough time of the thermal front will define the extent of the available
reinjection reserves or the reinjection resources. The reinjection resources are
thus a function of the relative volumetric heat capacities of the formation brine,
the reservoir matrix {rock and brine), and the caprock as well as the reinjection

rate and the distance between the injection and the production well,

The separation distance, D, between the discharging—recharging well pair is defined
by the reservoir boundary which is taken as the radiuvs of a right circular cylinder
as discussed in "Volumetric Resources and Areal Extent." The reinjection rate, Q,
is taken to be egqual to the production rate, q, which is selected to be 286 gpm as
discussed in YPreliminary Assessment of Geothermal Potential. The dimensionless

break through coeff1c1ents and the reinjection resources are as follows:

Table B-28

PRCVED, POSSIBLE AND PROBABLE REINJECTION RESQURCES (Btu)

r £ Reinjection

e D Resources
Category {feat) X (@ breakthrough) (Btu)
Proved 2,544 5.845 1.086 34.89 x 1010
Possible 3,885 2.506 1.200 89,95 x 1010
Probable 3,659 2.826 1.177 78.20 x 1019
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The reinjection resources can be compared to the thermal capacities of the reservoir
which are 22.65 x 1010, 52.84 x 1010, and 42,73 x 1010 Btu/A°F, respectively, for
the proved, possible and probable resource categories. Thus, the reinjection
resources are made available by drops in rock temperature of approximately 1.54,

1.70 and 1.83°F for the proved, possible and probable resource categories.

HYDROTHERMAT, RESERVES W/WQ REINJECTION

The hydrothermal reserves without fluid reinjection are estimated to be 75% of the
hydrothermal resources, listed in "Hydrotherma) Resources", because the velumetric
recovery efficiency is estimated to be 75% in "Volumetric Reserves", and because
the wellhead temperatures will exceed the values projected in "Estimated, Measured,
and Projected Surface Temperatures™ at the production rate of 286 gpm. The
volumetric recovery efficiency of the reinjected brine is estimated to be made up
of an areal sweep efficiency of 70% and a vertical displacement efficiency of 70%.
The reinjection reserves are thus estimated to be 50% of the reinjection resocurces

listed in "Hydrothermal Resources with Reinjection®.

The hydrothermal reserves of the Aubumn low-temperature geothermal well are esti-

mated to be:

Table B-29

PROVED, POSSIBLE AND PROBABLE VOLUMETRIC AND REINJECTION RESERVES (Btu)

Category Volumetric Reinjection Total

Proved 4.13 x 1010 17.45 x 1010 21.58 x 101¢
Possible 9.63 x 1010 44,98 x 10!0 54.61 x 1010
Probable 31.65 x 1010 39.10 x 10!0 70.75 x 1010
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Section 6

PRELIMINARY ASSESSMENT OF GEOTEERMAL POTENTIAL

The Auburn low-temperature geothermal well can be utilized to provide space heating
to the Auburn Middle School and the Cayuga Community College. This preliminary
assessment is based on an evaluation of the hydrothermal resources and reserves in
the previous sections of this report; a site visit through the heating, ventilation
and air conditioning (HVAC) systems; and a review of the blueprints of the HVAC
systems. Preliminary process flow diagrams (PFD} for extracting the geothermal

energy are presented in Figures B=-37 and B-38,

The key element of the process flow diagram is the countercurrent heat exchanger

which can be of the following types:
c Indirect-Contact Tube and Shell or Plate-and-Frame Heat Exchanger
) Direct—Contact Heat Exchange Column

o Indirect—Contact Cascade Heat Exchanger.

The direct-contact heat exchanger system is reported to have a thermal efficiency in
excess of 95%. The loss of working fluid such as isobutane to the geothermal brine
will be the major operational and cost disadvantage of direct-contact systems. The
cagscade heat exchanger is reported to have an overall heat transfer coefficient
which is as much as five times greater than that of tube-and-shell heat exchangers
because of the reduced fouling; this system may prove to be operationally difficult
for this application which would necessitate low-pressure operation. The tube-and-
shell heat exchanger is operationally the most simple but thermally the least

efficient,

The exchanged heat energy in the working fluid can be boosted via a heat pump to
enhance the system's thermal efficiency. Such a geothermal heat pump device ==
utilizing a bubble tray, direct contact, heat exchange column —- is illustrated in

Fiqure B-38.
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The geothermal potential is defined by the recoverable rescurces or reserves which
are detailed in Section 5. The reserves were defined in terms of a volumetric or
in situ compcnent and a reinjection component. Without reinjection, the maximum
production rate is 100 gpm over the volumetric reserves' lifetime, A3.5 years.
The maximum recoverable thermal energy over a six-month period is, thus, 1.15 x
101? Btu or ~40% of the schools' Btu demand. Preliminary injectivity tests per-
formed during the pump tests, together with log analysis, indicate that the spent
geothermal brine can be reinjected down the annulus into the adjacent Black River

Formation.

The production rate for tapping the gecthermal potential by rein‘jecting or recircu-
lating the spent geothermal brine was selected to be 286 gpm. This flowrate was
averaged from the maximum drawdown rate for a pump setting at 4,000 ft., and the
minimum drawdown rate which can meet the schools' average daily Btu demand. The
selected production rate would supply 3.3 x 1010 Btu over a six-month period, or
117% of the schools' Btu demand., The proved lifetime of the reinjection reserves

is estimated to be just in excess of 10 years.
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Section 8

NOMENCLATURE

areal extent, acres
thermal penetration time function, ft
geothermal gradient, oF/ft
linear distance from fault, ft
formation volume factor, bbl/STB

o

geothermal temperature at Tout F
¥

wellbore storage constant, bbl/psi
specific heat at constant pressure, Btu/lb - OF
compressibility, psi-l

characteristic separation distance between discharging -
recharging well pair, ft

outer and inner tube diameter, ft

heat recovery or capture efficiency, dimensionless

transient heat conduction time function of earth, dimensionless
hydrothermal resources, Btu

formation thickness, ft

convective and radiative heat transfer coefficients, dimensionless
Secenov's coefficient, dimensionless

effective permeability, millidarcy

thermal conductivity of medium s, Btu/lb - °F

slope of semi-log plot such as Horner or Miller-Dyes-Hutchinson
mass flowrate, 1lbs/hr

number of stages or steps

Nusselts number, hcdt/kw, dimensionless

dissolved solids concentration, gram-equivalents/litre
pressure, psi

Prandlt number, cpuw/kw, dimensionless

heat flux, Btu/hr

production or pumping rate, gpm, STB/D or ft3/hr

Reynolds number, pdeti/“w, dimensionless

gas solubility in water, SCF/STB

radius, ft
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s revolutions per second

s fluid streamline, dimensions of area
Sw water saturation, dimensionless
5 skin factor, dimensionless

T temperature, °r

T.D.; TD total depth, ft

DS totaled dissolved solids, ppm
t time, hours or days
u, overall heat transfer coefficient, Btu/hr - ftz—F
v fluid volume, bbl
v superficial fluid velocity, ft/hr
volumetric resources, STB
w . width of stream channel, dimensions of length
X half length of hydraulic fracture, ft
z depth from surface, ft

Greek S5 1s
a thermal diffusivity of earth, ke/cefg. dimensionless

Euler's constant, 1.78

L =

difference operator
viscosity, centipoise
"on the order of"

density, lb/ft3

O‘I:‘

poresity, dimensionless
stream function, dimensionless

0 interporosity flow and storage parameters

> o — R - R, = ]

dimensionless heat transfer parameter

Subscripts

a aquifer

BH bottom hole

b bulk

cem cement

co outer edge of casing

I8 dimensicnless

Dxf dimensionless half-fracture
e earth or extent

f final or fracture

h outer edge cement

initial

[ s
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in pump inlet

inj injection

ins insulatiocn

3 mathematical counter

ma matrix

max maximum function

min minimum function

o initial or overall

out tubing outlet at the wellhead
p medification

r rock

res reservoir

surf - surface

s sample peint

t total effective or tubing
to outer edge of tubing

v vertical fracture

Wb wellbore

wf flowing wellbore

ws shut-in wellbore

Superscripts

— average

* extrapolated or modified value
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Appendix B.1

PUMP TEST DATA



Table B.l-1

AUBURN GEQTHERMAL WELL-PRESSURE DRAWDOWN DATA OF PRELIMINARY TEST

REAL TIME At P AP
11:49:03 0 1757.93

11:50:04 1.02 1738.53 19.40
11:51:07 2.07 1724 .99 32.94
11:52:03 3.00 1716.10 41.83
11:53:04 4.02 1708.94 48.99
11:54:07 5.07 1703.71 54.22
11:55:03 6.00 1698.64 59.29
11:57:006 8.05 1690.41 67.52
12:00:05 11.03 1677.33 80.60
12:03:05 14.03 1665.26 92.67
12:06:04 17.02 1658.86 99.07
12:09:04 20,02 1654.85 103.08
12:12:00 23.00 1651.21 106.72
12:15:00 26,00 1645.74 112.19
12:20:00 31.00 1635.05 122.88
12:25:00 36.00 1626 .83 131.10
12:30:00 41.00 1625.75 132.18
12:35:00 46.00 1626.59% 131.34
12:40:00 51.00 1628.31 129.62
12:45:00 56.00 1630.92 127.01
12:50:00 61.00 1632.72 125.21
12:55:00 66.00 1633.69 124,24
13:00:00 71.00 1633.98 123.95
13:05:00 76.00 1634.64 123.29
13:10:00 81.00 1634.69 123.24
13:15:00 86.00 1634.14 123.79
13:20:00 91.00 1633.66 124.27
13:25:00 96.00 1633.08 124 .85
13:28:31 99.50 1632.98 124.95
13:30:01 101.00 1627.57 130.36
13:35:07 106.00 1617.54 140.39
13:40:03 111.00 1614.80 143.13
13:45:08 116.00 1615.54 142.39
13:50:05 121.00 1605.30 152.63
13:55:09 126.00 1596.90 161.03
14:00:04 131.00 1587.38 170.55
15:05:01 136.00 1579.46 178.47
14:10:04 141.00 1571.85 186.08
14:15:01 146.00 1574 .84 183.09
14:20:01 151.00 1571.75 186.18
14:25:07 156.00 1557.65 200.28
14:31:00 162.00 1548.74 209.19
14:35:00 166.00 1545.69 212.24
14:40:00 171,00 1550.47 207 .46
14:45:00 176.00 1550.41 207,52
14:50:00 181.00 1547.25 210.68
14:55:00 186.00 1543.50 214 .43



Table B.1-1 {Cont'd)

AUBURN GEOTHERMAL WELL-PRESSURE DRAWDOWN DATA OF PRELIMINARY TEST

REAL TIME At P AP

15:00:00 191.00 1543.65 214.28
15:04:58 196.00 1541.50 216.43
15:05:58 197.00 1536,55 221.38
15:06:58 198.00 1532.02 22%.91
15:07:58 199.00 1527.85 230.08
15:09:00 200.00 1524.63 233.30
15:09:58 201.00 1521.82 236.11
15:11:58 203.00 1517 .05 240.88
15:14:03 205.00 1511.45 245.48
15:15:01 206.00 1509.36 268.57
15:20:00 211.00 1498.55 259.38
15:25:00 216.00 1490.31 267 .62
15:30:00 221.00 1483.09 274.84
15:35:00 226.00 1473.83 284 .10
15:40:00 231.00 1467 .12 290.81
16:00:00 251.00 1464 .68 293.25
16:20:00 271.00 1457 .48 300.45
16:40:00 291.00 1426.00 331.93
17:00:00 311.00 1414.77 343.15
17:20:00 331.00 1412.67 345.26
17:40:00 351.00 1379.16 378.77
18:00:00 371.00 1366.64 391.29
18:20:00 391.00 1356.93 401.00
18:40:00 411.00 1346.96 410.97
19:00:00 431.00 1337.25 420.68
19:05:01 436.00 1335.40 422.53



Table B.1-2

AUBURN GEOTHERMAL WELL-PRESSURE BUILDUP DATA OF PRELIMINARY TEST

REAL TIME At {(t+at) /At P AP
{mins) (psia) (psia)

(08/02/83)

19:05:01 0.00 1335.40 0.00
19:05:36 0.58 748,40 1375.82 40.42
19:06:01 1.00 437.00 1399 .48 64 .08
19:06:35 1.56 279,29 1426.50 91.10
19:07*09 2.13 205,37 1450.81 115.41
19:07:35 2.56 170.87 1466.51 131.11
19:08:00 2.98 147 .14 1480.55 145.15
19:08:29 3.46 126.76 1498.00 157 .60
19:08:59 31.96 110.49 1507.06 171.66
19:09:29 4,46 98,61 1516.05 180,65
19:09:59 4.96 88.78 1526.28 190.88
19:10:29 5.46 80.75 1532.41 197.01
19:10:59 5.96 74.07 1539,11 203.71
19:11:29 6.46 68.42 1543.73 208.33
19:11:59 6.96 63.58 1546.39 210.99
19:12:29 7.46 59,39 1549.88 214 .48
19:12:59 7.96 55.72 1552.15 216,75
19:13:59 8.96 49.62 1557.21 221.81
19:14:59 9,96 44 .74 1561.97 226.57
19:16:33 11.53 38.80 1568.12 232.72
19:18:00 12,98 34 .58 1573.43 238,03
19:20:00 14,98 30.09 1577.68 242.28
19:22:00 16.98 26.67 1580.67 245,27
19:24:00 18.98 23.96 1587.53 252,13
19:26:00 20.98 21.77 1588.11 252.71
19:28:00 22.98 19.97 1589.11 253,71
19:30:00 24,98 18.45 1590.64 . 255.24
19:35:00 29.98 15.54 1599.55 264,15
19:40:00 34.98 13.49 1602.89 267.49
19:45:00 39.98 11.90 1605.61 270.21
19:47:14 42.21 11.33 1605.40 270.00
19:52:03 47.03 10.27 1609.77 274,37
19:57:03 52.03 9,38 1613.91 278.51
20:02:03 57.03 8.64 1618.97 283.57
20:18:03 73.03 6.96 1628.82 293.42
20:33:03 88.03 5.94 1632.45 297.05
20:48:03 103.03 5.23 1637.12 301.72
21:03:03 118.03 4,69 1642.00 306.60
21:18:03 133.03 4,28 1646.76 311.36
21:33:03 148,03 3.95 1649.61 314.21
21:48:03 163.03 3.67 1651.84 316.44
22:03:03 178.03 3.45 1656.42 321.02
22:33:00 208.03 3.10 1659.67 324 .27
23:03:03 238.03 2.83 1663.48 328,08
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Table B.1-2 (Cont'd)

AUBURN GEOTHERMAL WELL-PRESSURE BUILDUF DATA OF PRELIMINARY TEST

REAL TIME At (t+at) fat P AP
(mins) {psia) {psia)
(08/03/83)
00:03:03 298.03 2.46 1666,75 331.35
01:03:03 358.03 2.22 1674 .09 338.69
02:03:03 418.03 2.04 1667.26 341.86
03:03:03 478.03 1.91 1679.98 344 .58
04:03:03 538,03 1.81 1682.33 346.93
05:03:03 598,03 1,73 1684 .17 348.77
06:03:03 658.03 1.66 1685.83 350.43
07:03:03 718,03 1.61 1687.27 351.87
08:03:03 778.03 1.56 1688.65 353.25
09:18:00 852.98 1.51 1689.99 354 .59
09:30:00 864 .98 1.50 1690.22 354 .82

.1-5



Table B.1-3

AUBURN GEQTHERMAL WELL-PRESSURE DRAWDOWN DATA OF 24 HQUR TEST

REAL TIME At P AP
09:30:00 o 690,22 0
09:30:15 0.25 1649.71 40.51
09:30:45 8.75 1636.71 53.51
09:31:15 1.25 1626.39 63.83
09:31:45 1.75 1629.39 ~ 60.83
09:32:51 2.85 1626.95 63.27
09:33:49 3.82 1619.32 70.90
09:34:47 4.78 1612.98 77.24
09:35:46 5.77 1606.50 83.72
09:36:45 6.75 1600.58 89.64
09:37:45 7.75 1595.35 94 .87
09:38:45 8.75 1590.63 99.59
09:39:45 9.75 1585.65 104 .57
09:43:00 13.00 1561.70 238.52
09:44:42 14.70 1553.18 137,04
09:48:13 18,22 1527.13 163.09
09:50:30 20.50 1509.52 180.70
09:55:00 25.00 1474 .56 215.66
10:00:04 30.07 1453.50 236.72
10:05:04 35.07 1439.32 250.90
10:10:00 40.00 1428.53 261.6%
10:15:00 45.00 1420.09 270.13
10:20:00 50.00 1413.17 277.05
10:25:00 55.00 1406.70 283.52
10:30:00 60.00 1400.69 289.53
10:35:00 65.00 1394 .87 295.35
10:40:00 70.00 1389.46 300.76
10:50:00 80.00 1379.74 310.48
11:00:00 90.00 1371.23 318.99
11:17:42 107.70 1358.23 331.99
11:27:03 117.05 1352.19 338.03
11:47:03 137.05 1341.08 349,14
12:07:03 157.05 1332.05 358,17
12:27:03 177.05 1323.05 367.17
12:47:03 197.05 1315.36 374.86
13:07:03 217.05 1307.89 382.33
13:27:03 237.05 1300.73 389.49
13:47:03 257 .05 1293.81 396.41
14:07:03 277.05 1287.60 502.62
14:37:03 307.05 1278.52 411.70
15:07:03 337.05 1269.84 420.38
15:37:03 367.05 1262.21 428.01



Table B.1-3 {(Cont'd)

AUBURN GEOTHERMAL WELL-PRESSURE DRAWDOWN DATA OF 24 HOUR TEST

REAL TIME At P AP
16:07:03 397.05 1255.05 435.17
16:37:03 427.05 1247.33 442.89
17:07:03 457.05 1239.81 450.29
17:37:03 487.05 1233.93 456.29
18:07:03 517.05 1227 .41 462.81
19:07:03 577.05 1217.61 472.61
20:17:03 647.05 1205.12 485.10
21:17:03 707 .05 1195.43 494.79
22:17:03 767.05 1186.62 503.60
23:17:03 827.05 1178.73 511.4%
00:17:03 887.05 1168.45 521.77
01:17:03 947.05 1159.01 531.21
02:17:03 1017.05 1151.20 339.02
03:17:03 1077.05 1143.35 546,87
04:17:03 1137.05 1136.53 553.69
05:17:03 1197.05 1129.75 560.47
06:17:03 1257.05 1123.37 566 .85
07:17:03 1307.05 1116.75 373.47
08:17:03 1367.05 1109.61 580.61
09:17:03 1427.05 1102.61 587.61
09:31:03 1441.05 1101.25



Table B.1-4

AUBURN GEOTHERMAL WELL-PRESSURE BUILDUP DATA OF 24 HOUR TEST

REAL TIME At (c+aL) /ac P 4P
{mins) (psia) (psia)
(08/04/83)
09:30:41 0.00 1101.25 0.00
09:31:12 0.52 4096 .00 1151.36 50.11
09:31:45 1.07 1991.,00 1179.96 78.71
09:32:11 1.50 1421.00 1212.61 111.36
09:32:44 2.05 1040, 00 1235.72 134 .47
09:33:11 2,50 853.00 1258.69 157 .44
09:33:44 1.05 699.00 1278.62 177.37
09:34:17 3.60 593.00 1297.11 155,86
09:34:52 4,18 510.00 1309.72 208 .47
09:35:26 4,75 449,00 1319.01 217.76
09:36:01 5.33 401.00 1324 .86 223.61
09:36:52 6.18 346.00 1333.59 232.34
09:37:51 7.17 298.00 1341.,37 240,12
09:39:11} 8.50 252,00 1350.35 249.10
09:40:11 .50 225.00 1356.51 255.26
09:42:11 11,50 186.00 1364 .41 263.16
09:43:11 12.50 171.00 1370.16 268.91
09:45:11 14,50 148.00 1377.07 275.82
09:48:11 17.50 123.00 1381.20 279.95
09:51:19 20.63 104,00 1389.34 288.09
09:54:00 23.31 92.40 1395.51 294,26
09:59:41 29.00 74 .40 1402.14 300.89
10:02:00 31.32 70.00 1405.30 304 .05
10:07:00 36.32 59.60 1412.90 311.65
10:12:00 41.32 52.50 1418.92 317.67
10:17:00 46.32 47.00 1421 .16 319.91
10:22:00 51.32 42,50 1426 ,66 325.41
10:30:00 59.32 36.90 1431.96 330,71
10:40:00 69.32 31.80 1441.32 340,07
10:50:00 79.32 27.90 1446.75 345.50
11:00:00 89.32 24,80 1451.71 350.46
11:10:00¢ 99 32 22.40 1457.53 3156.28
11:32:03 121.37 18.50 1470.88 369,63
11:52:03 141,37 16.10 1476.59 375.34
12:02:03 151.37 15.1¢ 1480.90 379.65
12:22:03 171.37 13.40 1487.31 386.06
12:42:03 191,37 12.10 1493 .89 392.64
13:02:03 211.37 11.10 1502.42 401.17
13:32:03 241 .37 9.82 1513.39 412.14
14:02:03 271.37 8.85 1516,71 415.46
14:32:03 301.37 8.07 1525.01 423.76
15:02:03 331.37 7.43 1528.73 427 .48
15:32:03 361.37 6.89 1534 .05 432.80
16:02:03 391,37 6.44 1538.98 437.73
16:32:03 421.37 6.05 1543.38 442,13
17:02:03 451.37 5.72 1547.50 446,25
18:03:03 512,37 5.16 1554 .84 453.59
19:03:03 572.37 4.72 1561.26 460.01



AUBURN GEOTHERMAL WELL-PRESSURE BUILDUP DATA OF 24 HOUR TEST

Table B.1-4 (Cont'd)

REAL TIME At (t+At) /At P AP
(mins) (psia) (psia)

20:03:03 632.37 4,37 1567.06 465.81
21:03:03 692 .37 4,08 1572.15 470.90
22:03:03 752.37 3.83. 1576.91 475.66
23:03:03 812.37 3.62 1581.28 480.03
(08/05/83) '

00:03:03 872,37 3.44 1585.17 483.92
01:03:03 932.37 3.28 1588.72 487 .47
02:03:03 992,37 3.15 1592.27 491 .02
03:03:03 1052.37 3,02 1595.46 494,21
04:03:03 1112.37 2.91 1598.50 497.25
05:03:03 1172.37 2.82. 1601.19 499.94
06:03:03 1232,37 2.73 1603.88 502.63
07:03:03 1292,37 2.65 1606.45 505.20
08:03:03 1352.37 2.57 1608.86 507 .61
09:09:03 1418.37 2.50 1621.35 510.10
10:09:03 1478.37 2.44 1613.56 512.31
11:09:03 1538.37 2,38 1615.65 514 .40
12:11:03 1600.37 2.33 1617.79 516.54
12:31:17 1624¢.60 2.31 1618.42 517.17
12:39:37 1628.93 2.31 1618.69 517 .44



Table B.l-5

AUBURN GEOTHERMAL WELL-PRESSURE DRAWDOWN DATA OF MULTIRATE TEST

REAL TIME At P AP
{mins) (psia) {(psia)
(0B/05/83)
12:59:57 1618.89
13:00:00 0.00
13:00:17 0.28 1563.37 55.00
13:00:37 0.61 1547.90 70.99
13:00:57 0.94 1549.77 69.12
13:01:57 1.94 . 1549.77 69.12
13:02:57 2.94 1545.94 72.95
13:04:57 4,94 1541.43 77.46
13:05:57 5.94 1534 .49 84 .40
13:06:17 6.27 1527.60 91.29
13:06:57 6.94 1521.52 97.37
13:07:17 7.27 1518.15 100.74
13:08:17 8.27 1511.15 107.74
13:09:17 9.27 1504.73 114.16
13:10:17 10.27 1499.23 119,66
13:11:17 11.27 1487 .41 131.48
13:11:57 11.94 147540 143.49
13:12:17 12,27 1471.12 147 .77
13:12:57 12.94 1461.08 157 .81
13:13:17 13.27 1457.25 161 .64
13:14:17 14,27 1445.39 173.50
13:15:17 15.27 1434 .86 184.03
13:16:17 16.27 1425.69 193.20
13:17:17 17.27 1417 .42 201.47
13:18:17 18.27 1407 .02 211.87
13:20:17 20.27 1396.54 222.35
13:22:17 22.27 1386.05 232.84
13:24:17 24 .27 1377.08 241.81
13:26:17 26.27 1367.90 250,99
13:28:17 28.27 1362.47 256.42
13:30:17 30,27 1356.65 262,24
13:33:00 33.00 1349.70 269.19
13:35:00 35.00 1345,25 273.64
13:40:00 40,00 1335.18 283.71
13:45:00 45.00 1326.64 292,25
13:50:00 50,00 1319.02 299.87
13:55:00 55.00 1312.03 306.86
14:00:00 60.00 1305.85 313.04
15:10:00 70.00 1295.36 323.53
14:20:00 80.00 1234.70 384.19
14:21:00 81.00 1233.68 385.21
14:22:00 82.00 1274.33 344 .56
13:23:00 83.00 1262.94 355.95
14:24:00 84.00 1252.56 366.33
14:25:00 85.00 1242.90 375.99
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Tabhle B.1-% (Cont'd)

AUBURN GEOTHERMAL WELL-PRESSURE DRAWDOWN DATA OF MULTIPRATE TEST

REAL TIME At P AP
(mins) (psia) (peia)
14:26:00 86.00 1234 .28 384.61
14:27:00 87.00 1226.72 392,17
14:28:00 88.00 1220.01 398.88
14:29:00 89.00 1212.40 406.49
13:30:00 90,00 1206.31 412,58
14:31:00 91.00 1201.86 417.03
14:32:00 92.00 1196.76 422.13
14:33:00 93.00 1192.89 426.00
14:34:00 94,00 1188 .66 430.23
14:35:00 95.00 1184 .53 434 .36
14:36:00 96.00 11890.96 437.93
13:37:00 97.00 1177.88 441.01
14:38:00 98.00 1175.34 443.55
14:39:00 99.00 1173.05 445 .84
14:40:00 100.00 1170.74 448.15
14:42:00 102.00 1166.38 452,51
14:44:00 104 .00 1162.42 456 .47
14:46:00 106.00 1158.55 460.34 °
14:50:00 110.00 1152.13 466.76
14:55:00 115.00 1140.56 478.33
15:00:00 120.00 1126.75 492.14
15:05:00 125.00 1117.01 501,88
15:10:00 130.00 1109.31 509.58
15:15:00 135.00 1103.29 515.60
15:20:00 140,00 1098.73 520.16
15:25:00 145.00 1094 .11 524.78
15:30:00 150.00 1089.49 529.40
15:41:03 161.05 1079.25 539,64
15:51:03 171.05 1071.07 547.82
16:01:03 181.05 1064 .22 554 .67
16:21:03 201.05 1051.01 567.88
16:42:03 221.05 1039.37 579.52
17:01:03 241,05 1028.55 590.34
17:31:03 271.05 1013.85 605.04
18:01:03 301.05 999,32 619,57
18:32:03 332.05 984 .63 634.26
19:02:03 362.05 971.64 647.25
19:32:03 392.05 957.51 661 .38
20:02:03 422.05 944.16 674.73
20:32:03 452,05 932.12 686.77
21:02:03 482.05 920.54 698.35
21:32:03 512.05 908.12 710,77
22:02:03 542.05 B895.59 723.30
22:32:03 572.05 883.14 735.75
23:02:03 602.05 B870.82 748,07
23:32:03 632.05 . 858.20 760.69
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Table B.l1~5 {(Cont'd)

AUBURN GEOTHERMAL WELL-PRESSURE DRAWDOWN DATA OF MULTIRATE TEST

REAL TIME At P AP
{mins} (psia) (psia)
(0B/06/83)
00:02:03 662.05 845.86 773,03
01:02:03 722.05 820,49 798.40
02:02:03 782.05 796,23 822.66
03:02:03 842.05 770.95 847.94
04:02:03 902.05 746.43 872.46
05:02:03 962,05 721.34 B97.55
06:02:03 1022.05 696.72 922.17
07:02:03 1082.05 649.73 969.16
08:02:03 1142.05 619.85 999.04
09:02:03 1202.05 590.83 1028.06
10:02:03 1262,05 553.26 1065,63
11:02:03 1322.05 542.84 1076.05
12:02:03 1382.05 513.13 1105.76
13:02:03 1442.05 469,14 1149.75
14:02:03 1502.05 430.03 1188.86
14:32:03 1532.05 407.22 1211.67
14:38:31 1538.52 403.53 1215.36
14:39:11 1539.19 404,55 1214.34
14:39:51 1539.86 407 .74 1211.15
14:40:31 1540.53 410.58 1208.31
14:41:31 1541.53 414,30 1204.59
14:42:31 1542.53 418.53 1200.36
14:43:31 1543.53 421 .96 1196.93
14:44:31 1544.53 425.10 1193.79
14:45:31 1545.53 427.89 1191.00
14:46:31 1546.53 430,09 1188.20
14:47:31 1547.53 433,51 1185.38 .
14:48:31 1548.53 435.80 1183.09
14:49:31 1549.53 437.95 1180.94
14:50:31 1550.53 439.93 1178.96
14:52:31 1552.53 442 .89 1176.00
14:54:31 1554.53 446 .45 1172.44
14:56:31 1556.53 448,52 1170.37
14:58:31 1558.53 450,94 1167.95
15:00:31 1560.53 452,83 1166.06
15:05:31 1565.53 455,97 1162.92
15:10:31 1570.53 458.02 1160.87
15:16:03 1576.05 459.07 1159.82
15:26:03 1586.05 459.57 1159.32
15:36:03 1596.05 458.51 1160.38
15:46:03 1606,05 456,36 1162.53
15:56:03 1616.05 454.33 1164.56
16:02:43 1622.72 452.92 1165.97
16:17:03 1637.05 449,13 1169.76
16:30:03 1650.05 444 .58 1174.31
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Table B.1-5 (Cont'd)

AUBURN GEOTHERMAL WELL-PRESSURE DRAWDOWN DATA OF MULTIRATE TEST

REAL TIME At P AP
{mins) {psia) (psia)}

16:45:03 1%65.05 439,59 1179.30
17:00:03 1680.,05 434,95 1183.94
17:15:03 1695,05 430.28 1188.61
17:30:03 1710.05 425,29 1193.60
17:45:03 1725.05 220.52 1198.,37
18:00:03 1740.05 415 .46 1203.43
18:30:03 1770.05 407.92 1210.97
19:00:03 1800.05 400.66 1218.23
19:30:03 1830.05 390.97 1227.,92
20:00:03 1860.05 381.34 1237.55
20:30:03 1890.05 371.28 1247.61
21:00:03 1920.05 361.98 1256,91
21:30:03 1950.05 351.3 1267.58
22:00:03 1980.05 340.05 1278.84
22:30:03 2010.05 319.73 1299.16
22:31:00 2031.,00 319.21 1299.68
22:32:00 2012,00 320.91 1297.98
22:32:30 2012.50 323.25 1295.64
22:33:00 2013,00 324,77 1294 .12
22:33:30 2013.50 326.60 1292.29
22:34:00 2014 ,00 328.00 1290.89
22:34:30 2014 .50 330.27 1288.62
22:35:00 2015.00 332.18 1286.71
22:35:30 2015 .50 333.53 1985.36
22:36:00 2016.00 335.45 1283.44
22:37:00 2017 .00 338.42 1280.47
22:38:00 2018.00 341 .44 1277.45
22:39:00 2019.00 345.34 1273.55
24:40:00 2020.00 349.10 1269.79
22:41:00 2021.00 352.64 1266.25
22:42:00 2022.00 355.77 1263.12
22:43:00 2023.00 359.18 1259.71
22:44:00 2024 .00 362.05 1256 .84
22:45:00 2025.00 "364.78 1254.11
22:46:59 2026 .98 369,58 1249.31
22:47:59 2027 .98 371.97 1246.92
22:48:59 2028.98 374.09 1244 .80
22:50:59 2030.98 377.91 1240.98
22:52:59 2032.98 381.34 1237.55
22:54:59 2034.98 384,18 1234.71
22:56:59 2036.98 386.98 1231.91
22:58:59 2038.98 389.23 1229.66
23:00:59 2040.98 391.46 1227.43
23:02:59 2042 .98 393.33 1225.56
23:05:59 2045.,98 395.79 1223.10
23:10:59 2050.98 399,12 1219.77
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Table B.1-5 (Cont'd)

AUBURN GEOTHERMAL WELL-PRESSURE DRAWDOWN DATA OF MULTIRATE TEST

REAL TIME At P AP
{mins) (psia) {psia)

23:15:59 2055.98 401.63 1217.26
23:20:59 2060.98 403,23 1215.66
23:25:59 2065.98 404,37 1214.52
23:30:03 2070.05 405.34 1213.55
23:40:03 2080.05 406.39 1212.50
23:45:03 2085.05 406,31 1212.58
23:50:03 2090.05 405.86 1213.03
23:55:03 2095.05 405.28 1213.61
(08/07/83)

00:00:03 2100.05 404,60 1214.29
00:15:03 2115.05 403 .68 1215.21
00:30:03 2130.05 401.69 1217.20
00:45;03 2145.05 398.61 1220.28
01:00:03 2160.05 395.53 1223.36
01:30:03 2190.05 391.27 1227.62
02:00:03 2220.05 385.68 1233.21
02:30:03 2250.05 380.87 1238.02
03:00:03 2280.05 375.31 1243.58
03:30:03 2310.05 369.47 1249.42
04:00:03 2340.05 364.07 1254 .82
05:00:03 2400.05 354,10 1264 .79
06:00:03 2460.05 343,59 1275.30
06:15:03 2475.05 340.29 1278.60
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Table B.1-6

AUBURN GEOTHERMAL WELL-FRESSURE BUILDUF DATA OF MULTIRATE TEST

REAL TIME At (t+at) /ac P AP
(mins) {psia) (psia)

(08/07/83)

06:30:00 Q 426,24 85.96
06:30:20 0.33 17,137 449,28 109.00
06:30:40 0.67 8,441 479,32 139.04
06:31:00 1.00 5,656 498 .51 158.28
06:31:20 1.33 4,253 526.05 185.77
06:31:40 1.67 3,387 543.41 203.13
06:32:00 2.00 2,828 568,12 227.84
06:32:20 2.33 2,428 583.86 243 .58
06:32:40 2.67 2,119 598 .64 258,36
06:33:00 3.00 1,886 619.67 279.39
06:33:20 3.33 1,699 632.70 292.42
06:33:40 3.67 1,542 651.16 310.88
061:34:00 4.00 1,415 662.70 322.42
06:34:20 4.33 1,307 673.40 333.12
06:34:40 4,67 1,212 687.64 347.36
06:35:00 5.00 1,132 695.94 355.66
06:36:00 6.00 944 722.93 382.65
06:37:00 7.00 809 744,94 404 .66
06:38:00 8.00 708 763.58 423,30
06:39:00 9.00 629 778.70 438.41
06:40:00 10.00 567 793.63 453.35
06:41:00 11.00 515 808,20 467,91
06:42:00 12.00 472 822.28 482,00
06:43:00 13.00 436 837.87 497,59
06:44:00 14.00 405 850.63 510.35
06:45:00 15.00 378 863.40 523.12
06:46:00 16.00 355 875.98 535.70
06:47:00 17.00 334 887.73 547 .45
06:48:00 18,00 315 899,30 559,02
06:49:00 19.00 299 912.28 572.00
06:50:00 20.00 284 923.15 582.88
06:51:00 21.00 270 933.88 593.60
06:52:00 22,00 258 944,00 603.72
06:53:00 23.00 247 954 .00 613.72
06:54:00 24 .00 237 963.49 623.20
06:55:00 25.00 227 973.67 633,39
06:56:00 26.00 219 982,72 642 .44
06:57:00 27.00 210 991.19 650.90
06:58:00 28.00 203 999 47 659.19
06:59:00 29,00 196 1007 .45 667.17
07:00:00 30.00 190 1015.39 675.11
07:05:00 35,00 163 1051.30 711.02
07:10:00 40.00 143 1081.38 741.10
07:15:00 45,00 127 1105.64 765.37
07:20:00 50.00 114 1126.92 786.64
07:25:00 55.00 104 1144 .37 804 .09
07:30:00 60.00 95 1156.03 815.75
07:45:00 75.00 77 1191.10 850.79
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Table B.1-6 (Cont'd)

AUBURN GEOTHERMAL WELL-PRESSURE BUILDUP DATA OF MULTIRATE TEST

REAL TIME At (t+dt) /ae P AP
(mins) (psia) {psia)

08:00:00 a0 63.8 1212.38 872.10
08:15:00 105 54.9 1228.12 887.84
08:30:00 120 48.1 1241.00 900.69
09:00:00 150 38,7 1261.31 921.03
06:30:00 180 32.5 1293.12 952.84
11:00:00 270 21.9 1317.29 977.00
12:00:00 330 18.1 1336.70 996.41
13:00:00 390 15.5 1352.9¢ 1012.61
14:00:00 450 13.6 1366.82 1026.54
15:00:00 510 12.0 1378.95 1038.68
16:00:00 570 10.9 1389.63 1049.35
17:00:00 630 10.0 1399.17 1058.89
18:00:00 690 9.2 1407.72 1067 .44
19:00:00 750 8.5 1417.78 1077.50
20:00:00 810 B.0 1420.27 1080.00
22:00:00 930 7.1 1435,52 1095.24
(08/08/83)

00:00:00 1050 6.4 1446 .60 1106.32
02:00:00 1170 5.8 1456.60 1116.32
04:00:00 1290 5.4 1465.80 1125.52
06:00:00 1410 5.0 1474 .00 1133.72
08:30:00 1560 4.6 1483.00 1142.,72
(08/09/83)

07:24:00 2934 2.9 1615.60 1275.32

B.l-1l6



Appendix B.2

FORMATION BRINE ANALYSES BY CAMBRIDGE ANALYTICAL ASSOCIATES (CAA) ¢
WATERTOWN, MA



\"A'A" Cambridge Analytical Associates

222 Arsenal Street / Watertown, Massachusetts 02172 / (617)923-9376

FORMAL REPORT QF ANALYSIS

PREPARED FOR: Eng, Inc.
137 Newbury Street
Boston, MA 02116

CUSTOMER ORDER NUMBER:

CAMBRIDGE ANALYTICAL ASSOCIATES, INC.

REPORT NUMBER : 83-1004

DATE PREPARED: December 7, 1983



2

Cambridge Analytical Associates

TABLE OF CONTENTS

INTRODUCTION

ANALYTICAL METHODS

RESULTS

QUALITY ASSURANCE DOCUMENTATION

4.1 Quality Control Data

4.2 Certification



1. INTRODUCTION

This report summarizes results of chemical analyses performed on samples
received by CAA on November 15, 1983. Analytical methods employed for these
analyses are described in Section 2 and results are presented in Section 3.
The last section contains quality control data and certifications supporting
the analytical results.

2. ANALYTICAL METHODS

Analytical methods utilized for sample analysis are summarized in
Table 1. For analysis of cations, the sample was boiled to resolubize
crystallized salts; an aliquot was withdrawn and acidified with nitric acid to
pH <2. Analyses were then performed on appropriate dilutions by inductively
coupled aryon plasma emission spectroscopy (ICP.)

3. RESULTS

Results of analyses are presented in Table 2.



Table 1

SUMMARY OF ANALYTICAL METHODS

Constituent Method Reference Method Description
pH Method 150.1 (1) Electrometric
Total dissolved
solids Method 160.1 (1) Gravimetric, 180°C
Total alkalinity Method 310.1 {1} Titrimetric, pH 4.5
Chioride Method 325.3 (1} Titrimetric, mercuric nitrate
Sulfate Method 375.4 (1) Turbidimetric
Sulfite Method 377.1 (1) Titrimetric
Metals
Na, Ca, Mg, Method 200.1 (1) ICP

Fe, Si, Mn, Sr,
K, Ba, Li, V,

B, Sn, Co

in Method 289.1 (1) Flame atomic absorption

Ag Method 272.1 (1) Flame atomic absorption

As Method 206.2 (1) Graphite furnace atomic absorption

(1)u.S. EPA. 1979. Methods for Chemical Analysis of Water and Waste. EPA
600/4-79-020. EPAJEMSL, Cincinnati, Ohio.




Table 2

RESULTS OF CHEMICAL ANALYSES

Client ID: 14 24 34
8/2/83-17:15 8/4/83-05:30 8/6/83-16:30
Constituent CAA 1D: 8309248 8309249 8309250
pH 4.35:3.57° 5.19;4.092 5.66;4,242

Total dissolved solids

(mg/1) 297,000 311,000 316,000
Total alkalinity

{mg/1 as CaCU3) 0 10 17
Chloride (mg/1) 174,000 178,000 184,000
Sulfate {mg/1) <10 <10 <10
Sulfite {mg/1) <] <1 <l
Na {mg/1) 85,000 61,000 64,000
Ca (mg/1) 19,000 19,000 19,000
Mg {mg/1) 2,600 2,600 2,700
Fe (mg/1) 150 i8 50
i (mg/1) 26 22 23
Mn (mg/1) 20 15 12
sr (mg/1} 1,500 1,500 1,400
K (mg/1) 2,000 2,200 2,300
Ba (mg/1) 176 135 110
Li {mg/1) 62 63 63
v (mg/1) 1.1 1.4 0.70
B (mg/1) 13 16 17
Ag (mg/1) 0.20 0.22 0.19
Sn {mg/1} 63 63 66
Go (mg/1) <5 14 <5
Zn (mg/1) 1.2 0.52 0.23
As (my/1} <5 <5 <5

aRepeat analysis after sample was boiled.
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Table 3

QUALITY CONTROL DATA

SPIKE RECOVERIES AND CHECK STANDARDS

CONCENTRATION (PPM)

Theoretical Observed Recovery

Constituent Client 1D CAA ID value Value (%}
Ca Check Standard (EPA 478 #4) 32.0 33.2 104
8309248 (1/30,000)} spike 16.7 16.3 98

Fe Check Standard (EPA 475 #3) 0.600 0.598 100
8309248 (1/30,000) spike 3.33 3.29 99

Mg Check Standard (EPA 478 #4) 1.10 7.76 109
8309248 (1/30,000) spike 3.33 3.49 105

Mn Check Standard (CPA 475 #3) 0.350 0.336 96
8309248 (1/30,000) spike 3.33 3.19 96

Na Check Standard (EPA 478 #4) 40. 36.4 91
8309248 (1/30,000) spike 24.4 21.0 86

v Check Standard {EPA 475 #3) 0.750 0.724 96
8309248 {1/30,000) spike 3.33 3.27 98

K Check Standard {EPA 478 #4) 7.20 7.60 106
8309248 (1/30,000) spike 33.3 341 102

Si Check Standard (Sci. Products) 2.00 1.98 99
8309248 (1/500) spike 1.0 0.95 95

in Check Standard (EPA 475 #3) 0.20 0.18 90
8309249 spike 0.50 0.46 g?

Ba Check Standard (EPA 581 #2) 10.0 10.8 108
8309248 (1/300) spike 1.50 1.45 96

sr 8309248 (1/300) spike 0.50 0.49 98
Li 8309248 {1/300) spike 5.0 4.5 90
Sn 8309248 (1/300) spike 5.00 4,98 100
B Check Standard (EPA ICAP-3) 1.00 1.01 101
8309248 (1/300) spike 5.00 5.06 101

Ag Check Standard (EPA ICAP-3) 1.0 1.0 100
8309248 spike 0.2% 0.22 88

Co Check Standard (EPA 475 #3) 0.500 0.495 99
8309248 (1/300) spike 5.00 4.66 93




4. QUALITY ASSURANCE DOCUMENTATION

4.1 Quality Control Data

Quatity control data associated with the cation analyses are summarized

in Table 3. These results consist of recoveries of spikes from analyte
solutions and analysis of check standards,

4.2 Certification

This work has been checked for accuracy by the following staff persannel :

Director, Inorganic 4/i;¢1' ! e S

Chemistry Laboratory 4 AT

T pa

Keith A. Hausknecht



Appendix B.3

FORMATION BRINE ANALYSES BY MICROBAC LABORATORIES, INC.
(MLI), ERIE, PA



8148334790

Eng., Inec,
137 Newberry Street
Boston, MA 02116

Attention; Dr, Trevor Castor

CERTIFICATE OF ANALYSIS

unita
mg/1

mng/1

mg/1
mg/1
mg/l
mg/1
mg,/1

g/l
ng/l
mg/l

Subject: 3-brine namples for analysis
8/6
13;00

pH 5.50
Total Disso%ved 294,000
Solids #1257,
Alkalinity as CaCoj3 96
Chlorides 179,000
Carbonate <. 1
Bicarbonate 96
Sulfate <l
Sulfite <0,01
Sodium 68, 300
Calcium 18,800
Magnesiuam 2,950
Iron 68,5
S5ilica as 5102 10.4
Specific Gravity

70°F. 1.1913
95, 1.1898
125°F 1.2016
150°F, 1,2141

2401 West 26th Streel, Erie, Permnsylvania 16506

Date Reported:

MICROBAC LABORATORIES, INC

ERIE TESTING LABORATORY DIVISION

AUS 2 5 199

REC'D

AIR = FUEL + WATER e+ FOOD + WASTES

{Arlington Exploration)

13:15

5.22
283,000

62
180,00
<.l
62

<1
<0.01
72,500
15,800
3,000
43.0
12,2

1,1915
1,1901
1,1968
1,2118

unitsa
mg/1

mg/1l
mg,/1
rg/1
myg/1
mg/1
mg/1
mg/1

ng/l
ng/1
ng/1

August 24, 1983
Date Racelved: Auquat 5,
Sample No.: 217-176,

1983

236-05446
8,7
2:45
5,72 units
299,000 mg/l
74 mg/1
179,000 mg/l
<.l mg/1
74 mg/1
<1 mg/1
<0,01 mg/3
71,800 mg/1
19,800 mg/1
3,050 ng/1
50.0 mg/1
10.9 mg/1
1.1937
1,1930
1,2011
1.2141



MICROBAC LABORATORIES, INC. + ERIE TESTING LABORATORY DIVISION

8/6 8/6 8/?
Viscosity 13:00 13:15 2:45
TOOF. 36.6 sec 34.0 sec 34.0 Bec
959F, 37.0 sec 34.4 [T 33,2 sec
125°9F, 36.4 sec 33,3 sec 34.0 sec
150°F, 36,4 sec 33,2 aec 34,1 mec
70°F, 3,20 centipoise 2.40 centipoise 2,40 centipoise
952?. 3.32 centipoise 2,58 centipoime 2,48 centipojse
12501?. 3,14 centipoise 2.15 centipoise 2.40 centipoise
150°°F, 3.14 centipolise 2.11 centipoise 2,45 centipolise

RECD

s Qmmﬂw



Appendix B.4

FORMATION BRINE ANALYSES BY GALSON TECHNICAL SERVICES, INC. (GTS),
E. SYRARCUSE, NY
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Galson

Tachnicsl Services, inc.

G501 Kirkwille  Fioad
S 2
LSl 1
T @5 420508

August 19, 1983

Mr. Bob Lynch

Arlington Exploration Co.
137 Newbury Street
Boston, MA 02116

RE: GTS #G3-260
Dear Mr. Lynch:

Enclosed are the results of the analyses of the air bag samples and the water
samples collected by Mr, Paul Strader on 8/8/B3.

The air bags were analyzed using three different methods:

1) Gas chromatography using a thermal conductivity detector
2)  Gas chromatography using a flame fonization detector

3)  Drsat

All airbag results are in percent by volume. [ have no explanation for the
missing percentages.

Four bottles of water were collected. Duplicate analyses were performed, using
samples from two different bottles for each duplicate pair.

The water samples were digested in acid before analysis for metal ions. The
water was kept at room temperature from the time of receipt to analyses, but
analyses were not performed at elevated temperatures. There is a possibility
of error in the sulfate results. Because of the high salt content of the
samples, the barium chioride used in the sulfate analysfs to precipitate sul-
fate did not dissolve completely. Some of it did go fnto solution, however.
Ho barium sulfate precipitate was formed.

B.4-2



Mr. Bob Lynch
August 19, 1983
Page Two

Total hydrocarbons in the water was determined by purge and trap gas chroma-

tography. The peak areas in the gas chromatogram were summed, and quantified

using heptane as a standard.

If you have any questions concerning our results, pleass feel free to call,
Sincerely,

GALSON ICAL SERYICES, INC,

N

Eva Galson
Laboratory Director

EG/s1

Enclosure



LABORATORY ANALYSIS REPORT

Cliemt Arlington Exploration Job Numbar__ G3-260
Sample Identification 83980811 o4y peceived_ 8/8/83
Location NS Date Sampled 8/5/83
Samples Samples
#1, #3 2, 1
GTS # GTS #
Parameters 10251, 10252| 10253, 10253
Scdium 38,750 38,750
Calcium 24,250 24,250
Potassium 1,550 1,650
Magnesium 1,350 3,600
Iron 88 91
Silicon 14.0 13.7
Alkatinity
(Bicarbonate} ND ND
Alaklinit
(as CaCﬂJ 77.5 78
Chloride 152,800 144,600
Total
Dissolved Solids 304,000 303,000
Sulfides <0.1 4.1
pH 5.3 5.4
{¢ |—lexs than

| » }—greaier than
NA—Nol Applicable
HND—HNaot Deteciable
N5 —HNot Speciied

Unlis are exprasssd in mg 2 unless otharwise shaied.

s

Submitted by:

Approved by:

Date: 8/13/83

Page L of _.4_
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ﬁ Galsq] LABORATORY ANALYSIS REPORT

Tostwioal Sarvicgs, . Clieni__Arlington Exploration Job Number G3-260
001 Kika  Rosd
£ Bracue W (3m
Tol, NS 4320506 Sampie identification _83080811  ppie Recelved _ 8/8/83
Location NS Date Sampled ___8/5/83
Samples Samples
#1, #3 #2, 4
GTS 4 GTS #
Parameters 10251, 10252[ 10253, 10254
Turbidity
(NTUs} 9 16
Sul fates <3 <3
Bromide {ppm) 2,250 2,200
Total*
Hydrocarbons{ug/t} 80 81
{¢ I—lusa than *as heptang
{ > J—greater than Submitted by:
NA—Not Applicable
~N
:g-—N:tt mf-ﬂ' Approved by:
Units are sapreased in mgi £ unhess otherwine stated. Date: 8/19/83

Page _2 of 4



&lm LABORATORY ANALYSIS REPORT

Tactmionl Barvicm, e Clini__Arlington Exploration job Number G3-260

SB01 Kbl

S4E
o iz Sample Identification 83080811 pata Received __8/8/83

Air Bags Location NS Date Sampled ___8/5/83

Parameter LTS #A10255

GC_THERMAL CONDUCTINITY DETECTOR
Carbon Dioxide 11.3%

Oxygen 9.4%

Nitrogen 20.5%

Methane 23.1%

Carbon Monoxide L))

GC FLAME TONJZATION| DETECTOR
Methane 29.8%

Total Hydrocarbons 26.5%

Non-Methane

Hydrocarbons < 14
—ias3 1h,
S I areater then Percentage by volume Submitted by:

NA&—Not Applicable

KD —HNot Deteciabie Approved by:

NS —Mot Specitied

Units wre sxprasaed in mgl £ unless othwrwise steted. Date:

Page 3 of 4



Tochical Kerviass, inc. Client__Arlington Exploration Job Number  53-260
501 Kirbake  Rgad
Port Ofhce Box 544

T i ose Sample identification 83080811 Date Recelved__8/8/83

a (:'BI LABORATORY ANALYSIS REPORT
gy

| centl NS Date Sampled 8/5/83
QRSAT APPARATLS
Parameters

Carbon Dioxide 13.8% 13.9%

Oxygen 8.8% 8.8%

Carbon Monoxide ND ND
I¢ |—less than
{ » 1—preater iha itted by:
NA—bot Applicatie Percentage by volume Subm ¥
NO—Not Detectabi
NS—Not Sperrtied Approved by:
Linia are expressad in mgrL unlesa otharwise staied. Date: 8/13/83

Page A a4



Appendix B.S5

PRESSURTZED FLUID AND DISSOLVED GAS ANALYSES BY MICROBAC LABORATORIES, INC
(MLI), ERIE, PA



MICROBAC LABORATORIES, INC.

ERIE TESTING LABORATOAY DIVISION
2401 West 20th Street, Ecle, Pennsylvania 18508
$148I4790

AIR » FUEL » WATER ¢ FOOD ¢ WASTES

August 25, 1543
Pr. Trevor Castor
1.:‘3':;", Strest REC!
Moston, M, 02116
M2 6 D

Dear Dr, Castorx,

This report should finalise the work we perforsed for you and Arlingtom Rxploration
ooncerning the gasm wall in Auburn, Mew York.

The tests were parformed oo thres samples of pressurised fiuid with gas dissclved in
them, The informstion reguired iz as follows:

I, Mmowmst of gus in fluid

I.D. Volume Fludd Voluma Gas rFressurs (Sampling pressure)
8/7/83 01:45 300 ml 3 =-5m 00 pai
8/6/83 1315 300 nl 127 =l 577 pal
8/6/83 13:00 300 =ml 120 =l 517 pad

I1. Aalyeis of gaw dissclved fia fluid
Componant I.D.v 8/6/83/1)15 8/6/83/13:00 8/7/83/02:15

Oxygan 3.0 & .8 9 .
Methane 71.3 [ % ] .
Mitrogen 17,7 4.5 .
carbon dioxide 4.8 5.3 .
Ethane 5 56 .
Fropane <.l <.l .

. Insufficient gas was produced to cbtain an analysis,
The following information was presented on & previous report)
IXI. BRrine Analysis
IV . viscosity as a function of temperaturs
¥ ., Specific Gravity as a function of temperature
Two other pisces of information your requested wara:

VI . Bubble point (pressure and temp, conditions at which the dissclved gas will
tubible out of the fluid,

Laboratories sarving Pennaylvama, Ohio, New York, West Virginia, indiana, Maryland and Kentuchy
USDA-EPA-NIOSH testing » Food Sanilation Consutting « Chevical and Microbiological Anslyses snd Resaarch



RECD

MICROBAC LABOCRATORIES, INC. + ERE TESTING LABOCRATORY DIVISION ‘Ua 2 6

g, Iac, Arlington Exploration

VI1I, Water formatiom voluma fraction (dafined as remervior volume/suriace voluvmm
or resarvior density/surface demaity).

As 1 informed you upom our initial comversatiom, thase two terms ware unfamil far to
me, We have attempted to find information oo the msasurement and calculation of these
two places of information by contacting sevaral sources, We are currently awmiting
assistance fyom the American Gas Aseocistion in this ares and vhen wa raceive this
information, we should bs able to provide this final datas.

Mark R. Banister
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Laterlogs and Fracture Identification Logs (Schlumberger, 1982)
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Appendix C

DUNN GEOSCIENCE, INC.'S DRILL CUTTING, CORE, AND FORMATICN WATER ANALYSIS



—
IV

GEQSCIENCE CORP,

5 NORTHWAY LANE MORTH »
LATHAM, MEW YOAK 12110
(518} 783-2102

June 16, 1982

Mr. Robert Lynch

Donahue, Anstey & Morrill

137 Newbury Street

Boston, Massachusetts 02116

Dear Bob:

Enclosed is an updated copy of our preliminary report on the Auburn
Geothermal Test Well. It includes new information on thermal conductivity
and heat flow, water chemistry and porosity,

The Appendices and core description chart were previously sent to you.

If you have any questions, please give me a call,

Sincerely yours,

./',u4{f3i*<f -

- - - ',/'/ i
GCeorge M. Banino
Vice President

GMB:pl
Enc.

DUNN GEOSCIENCE CORPORATION
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PRELIMINARY DRAFT

.0 EXSCUTIVE SUHMARY

™
<

IUTRODUCTION
2.1 Purpose of Report

The purpose of this report is twofold: (i) to present preliminary
data gained from the first phase of the contract, and {2) to make
a preliminary assessment of the geothermal resource.

2.2 Personnel

The drilling was performed by Devonian Drilling wunder the
direction of Robert S. Lynch of Arlington Exploration. Vinson
Ventors served as the Arlington representative at the drilling
site. Durn Geoscience provided geologic and geothermsl snalysis
information under ths direction of George H. Banino, Vice
President. HMargaret R. Sneeringer provided day-to-day contact
with the project, James R. Dunn provided petrographic analyses,
and William E. Cutcliffe reviewed the project activity. Water
sanples were analyzed by Health Research, Inc. under the direction
of Hobert Weinbloom. Thermal conductivity measurements were
performed at Virginia Polytechnic Institute and State Univeraity
under the direction of Lawrence Perry, and other core tests and
analyses were performed at Terra Tek Laboratories in Salt Lake
City, Utah. Brayton Foater, an independent consultant, served as
the on-site representative of Hew York State Energy Research and
Development Authority and helped direct drilling and coring
activities. Other subcontractors on the project included ENG, INC.

2.3 Sccpe of Report

This report is intended only to collect for and provide to NYSERDA all
the available basic information necessary to make a determinaticn
about advancing to Phase II - iydrologic Analysis. It also
presents a preliminary assessment of the potential geothermal
resource based on the limited data and time available. A Dore
detailed report, with further data and analysis, may be prepared in
the future if the project advances beyond the initial phase.

2.4 Post Drilling VWork

Under an agreement with the Empire State Electric Energy Ressarch
Corporation and NYSERDA, funding was made available for additional
studies in the drill hole by the U.3. CGeoclogical Survey. This
work was in regard to stress analysis in the rock formations and
did not have a direct bearing on the geothermal program.

3.0 Well DRILLIH

31 Duily Activity



4.0

5.0

3.2

3.3

+ell Construction

PRELIMINARY DRAFT

rProblecs and Solutions

WIRE LIZZ LOGIS

4.1

4.2

STRATIGRAPHY

5.1

Log Description

Log Analyses

Stratigraphic Analysis

5.1.1

Hypothetical Cross-Sections

A hypothetical cross-section was constructed prior to the
Auburn drilling for the purpose of projecting expected
depths to 1lithologic horizons. (Generalized information
was taken from XNew York State Geological Survey Map and
Chart Series reports numbers 1, 2, 3, 8 and 12. Detailed
information on nearby deep wells was drawn from Selected
Deep Wella and Areas of Gas Production in Eastern and
Central Uew York, Bulletin #373, 1959, and Deep Wells in
Kew York State, Bulletin #418A, 1972, of the iiew York
State Huseun and Science Services.

A number of wells have been drilled around the Auburn site
in the search for gas. Host have penetrated approximately
1500 to 2000 feet into the Medina or Queenston formations
which are known gas-rich =zones. These wells are useful
for demonstrating a uniform regional dip and formation
thicknesses of the Queenston and higher formations. A few
nearby wells (within 15 miles) penetrate 3000 to 5000 feet
or &as far as the Potadam or basement. “These also
demonstrate a uniform regional dip amd relatively uniform
formation thicknesses below the Queenston. Regional dip
has historically been assigned the value of 52 feet/mile
to the south.

Projection of the four nearest deep wells to the Auburn
site, wusing the regional dip and average formation
thicknessea,allowed a hypothetical cross-section to be
constructed. Some indication of alight easterly dip was
noted from wells to the weat. The wells used were the
Alnutt  #31-011-04715K, Parker #31-011-0499K, Johnson
#31-011-04365K (Bulletin 4184), and the 01d Auburn No. 1
(Bulletin #373).



The Alnutt and Parker wells are recent wells penetrating
the Theresa and Potsdam formations respectively. The 0ld
Auburn No. ' reaches the Trenton Group, while the Johnson
well dis an accurately logged well penetrating the
Queenston formation. The hypothetical cross-section
resulied from best estimates of the predicted regional dip
and direction plus the nearest best estimate of the
formation thickneases. Estimated depths to the tops of
theae formations were:

Salina Group 350 rt

Lockport Croup 1100 ft
Clinton Group 1230 r¢
Hedina Group 1575 ft
Queenston Fa 1665 ft
Oswego Fm 2390 ft
Lorraine Group 2330 ft
Trenton Group - 3400 ft
Black River Fm ) 4150 ft
Little Falls 4550 ft
Theresa Fn 4610 ft
Potsdam Fm 4910 ft
Basement 5010 ft

Stratigraphic Description

These deacriptions were compiled from numerous sources in
the literature.

POST-SALINA - sequence of limestones and dolomites
primarily congisting of the
Rondout/Cobleskill delomite, Manlius

dolomitic and Onondaga limestone.

SALINA GROUP

Bertie Formation - Sequence of dolomite with gray or green
shale sometimes mixed with anhydrite.

Camillus ilember - Predominantly green shale and
occasional dolomite beds with
anhydrite. Contact between Bertie and
Camillus is distinguished by abrupt,
predominant shale content rather than
dolomite content.

Syracuse l{ember - Upper unit: dolomite with minor gray
or green shales and evaporites., Lower



Vernon ienber -

LOCKPORT GROUP -

CLINTOH GROUP -

MEDINA GROUP -

QUEENSTOH
FORMATION -

0SWEGO
FORMATION ~

LORRAIJE GROUP -

TREJ{TON GROUP -

BLACK RIVnR
GROUP -

unit: dolomite with gray or green
shale and occasicnal clay or evaporite
beds.

Upper unit: relatively uniforn,
fine-textured gray or green shale and
siltstone with occasional dolomite
beds. Medial  unit: dolomite with
anhydrite changing to green dolomitic
shale downward. - Lower unit:
fine-textured, red shale in upper 2/3
changing to greenish shale below.

Sequence of interbedded, fine to medium
grained, gray or brown limestone and
dolomite. Individual units not
generally subdivisable from well
cuttings.

If present, this is a sequence of gray
to white, fine-grained sandstone and
gray calcarecus shale.

Sequence of red to green or gray
mottled sandstone with interbedded red
Bhale.

Thin interbedded red sandstones and
shales with occasionsl green shale
interbeds. ’

Thin interbedded greenish-gray to gray,
fine to medium grained sandstone and
greenish-gray shale.

Sequence of tan to gray shale and
siltstone with some light gray
sandstone beds.

Sequence of medium to coarse grained,
brown limestone with black calcarecus
shale laninae. Dolomite is very rare.
Different members are generally not
subdivisable from well cuttings.

Sequence of gray, medium grained to
subcrystalline linenstonea with



occasional cherty beds. Sequence is
generally not subdivisable from well
cuttings.

——~~KNOX UNCONFORMITY---

LITTLE FALLS

FORMATION - Sequence of white to very light tan, or
cream-colored, sandy dolomite with
abundant frosted, rounded and clear
angular to subangular quartz grains,.
Jolomite content decreeses downward
until basal portion is principally
quartz graing supported by a dolomite
matrix. Higher in the section may be
found thin brown dolomitic laminae or
thin laminae of black non-calcarecus
shale containing pyrite. Chert is
commonly noted in the uppermeost Little
Falls as thin layers in a predominately
pure, coarse tan dolomite.

TIERESA

FORMATION - A coarse, white, limey dolomite with
abundant and  equally proportioned
amounts of rounded, frosted quartez
grains and angular, clear quartz
grains. Formation may be predominately
sandstone in some areas.

POTSDAN

FORMATION - White, coarse orthoquartzite with trace
smounts  of white, angular f{eldspar,
rounded, frosted quartz groins, and
zircon. Basal Potsdam may be an
altered chloritic quartz sandstone
derived directly from the basement.

BASEMENT -~ Metamorphosed sedinentary rock
containing hornblende, hematite and
altered chlorite.

Comparison With Well Logs

The correlation between the hypothetical cross-section and
the actual results is quite good. Hajor divergences occur
at the Medina horizon due to & greater-than~expected
thickness of the Lockport formation. The Potsdam
formation was also much thinner than expected.



5.2

5.3

5.4

The major surprise with the lithologies occurred with the
Theresa formation which, contrary to the expected liney
dolomite with quartz grains, was instead a fine sandstoane
with a dark carbonaceous coating on the quartz grains.

¥Yormation Tops

Brayton Foster in conjunction with Arlington Exploration
personnel, selected the following formation tops based on well
logs and chip descriptionsa. All measurements are in feet from the
rig's Kelly bushing.

1238 Lockport Formation

1712 Medina Sandstone

1792 Queenston Shale

2590 Oswego(?) Shale

2840 Lorraine Shale

3460 Trenton Limestone

4163 Black River Limeatone

4546 Knox Unconformity and
Little Falls Formation

4616 Theresa

5002 Potsdam Sandstone

5260 TH

Lithologic Log

The Litho Log or "mud log" was prepared by N.L. Bariod during the
course of the drilling. It presents a lithologic description of
the chip samples, a graphic log of the lithology, the drilling
rate, gas readings, water shows, and notations concerning drill bit
replacement, rig down time and similar information.

Selected Lithologic Descriptions

As a confirmation of the Lithologic Log, Dunn Geoscience
Corporation independently developed a detailed description of the

litholegy of selected drill cuttings. Samples were selected from
the following formations:

Medina

Queenaton
Lorraine

Trenton

Black River
Little Falls
Cheresa

Potsdac

Basement - Harble



6.0

WATER

6.2

The Dunn Ueoscience (Corporation lithologic descriptions are
included in Appendix 10.6. In general, there was a close
correlation between the Lithologic Log descriptions and  the
results of the Dunn Geoscience Corporation analyses.

Water Shows

Four zones were identified where formation water was observed
entering the drill hole. <These were at 199 feet, 306 feet, 2030
feet, and at 4160 feet. These fluid entry points were identified
by Baroid personnel and noted on the mud log.

Saupie Collection Procedure

Drill fluid samples were collected and split into two 500 mnl
samples and placed in c¢lean Nalgene bottles, each of which had
been rinsed three times with the drill fluid. One bottle was then
capped and labeled with sample number, depth, and date. Five
milliliters of 507 HNO solution was sadded to the other
bottle to fix trace métals in solution. That bottle was then
sealed and carefully marked with the same data, and a notation of
A4ij0, was added. Sanples were to be <collected at 100-foot
intervals from 500 feet. Water samples were not collected by the
Baroid personnel as specified at 100-foot intervala for unknown
reasons. Only thirteen samples were collected of a possible
forty-seven. Sazmples collected are tabulated below:

Sample # Depth(FT) Date Time Water Temp
Degrees F

210514 840 2/15 5:24 -—-
21052 940 2/15 22:15 33
21053 1240 2/16 8:30 55
21054 3740 2/20  21:30 ——-
21055 3940 2/21 5:00 —

21056 4310 2/21 21:00 -——
21057 4627 2/23 12:40 T2
21053 4720 2/26 1:00 61
21059 4520 2/26 14:45 10
21960 4920 2/27 4:35 68
21061 5020 2/27  14:30 -—
21062 5120 2/28  19:45 -—

21063 5220 3/29 4:00 72
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6.4

water Chemistry

Four samples were selected for bulk chemical analysis of major
elements. The fluid being circulated during the drilling process
contains many additives that add to the chemistry of formation
waters entering the hole. The drill fluid is also circulated out
of the hole into mixing pits, and an extremely cross-contaminated
mixture is then recirculated down the hole as the drilling fluid.
At best, e slight change in chemistry is expected as different
formations are penetrated. The four samples selected for analyais
were from depths of 4310 feet, 4820 feet, 5020 feet, and 5220
feet. The last three samples were each selected because they were
collected from well within each of the Theresa, Potsdam and
basement formations, respectively. The sample from 4310 feet was
selected as representative of fluid before entering  those
formations, and as the closest sample to the last known location
wnere formation water was entering the hole. The chemical
analyses of these samples are in Tables 1 ang 2.

Water Levels

The water level in the drill hole after completion of drilling has
decreased from a high of 115 feet below ground level when the
first logging took place on 3/2/82, to 33% feet below ground level
when the USGS personnel commenced logging operations on 3/16/382.
It is pot known yet whether the water level has stabilized.

7.0 CORe DESCRIPTION

7.1

Physical Core Description

Two segnents of core were retreived during drilling, one each from
the Theresa Formation and from the basement. Physical and
mineralogic descriptions were made of eacin, and are listed below.

7.1.1 Theresa Core Description

Statistics:

Length - 2.9” (73.7 mn) along core center
Weight - 810.2 grams (as received)

Width ~ 3.6" (91.4 nm}

Descripticn:
Hediuw- dark gray (i3), medium- to very fine - grained
sandstone, Grains are subangular to  subropunded

clear-to-dark quartz with minor plagioclase feldapar.
Matrix consists of very fine to extremely fine-grained
quartz with some larger rounded grains and iron suifides.
seme evidence of local grain overgrowtn is present.



TABLE 1
WATER CHEMISTRY RESULTS

Sample # 21056 21059 21061 21063
Depth 4310 ft. 4820 ft. 5020 ft. 5220 ft.
Total Solids 254000 122000 93900 56400
Sodium _ 72000 40000 30000 20000
Chloride 140000 65000 48000 23000
Potassium ' 2000 3200 2500 1500
Sulfate * 750 650 400
Calcium 13000 6400 5600 . 3000
Magnesium 42000 880 900 520
Silica 1.4 3.2 4.0 3.7
Alkalinity 420 110 &0 " 310

1. All chemical quantities listed in parts per million (ppm)

*Analysis could not be done because of interference.



Sample #
Depth

pH

Tatal Solids
Sodium
Chloride
Potassium
Sulfate
Calcium
Magnesium
Silica

Alkalinity

10

TABLE 2
WATER CHEMISTRY RESULTS

21065 21066
1670 fr. 3024 ft.
6.0 . 6.0
283,000 302,000
66,000 66,000
150,000 170,000
1,900 2,200

* *
14,000 15,000
1,900 2,000
2.2 3.2

26 i8

All chemical quantities listed in ppm.

*Analysis could not be done because of interference.



7.1.2

11

Core nas one apparent fracture along one edge, oriented 13
degrees from the core axis. Fracture surface shows
evidence of polishing or smearing probably resulting from
abrasion during coring. Upper ecore surface is slightly
conical with apparent chatter mariks. Lower core surface
is broken perpendicular to the core axis and shows no
signs of mechanical abrasion.

Bedding is represented by rumercus thin lamipae (1-3 mm
thick) composed of 1light and dark atained grains. Dip
bedding is approximately 2 degrees.

Basement Core Description
The chemical composition of the Pre-Cambrian Basement core

is described in Table 3; the physical aspects are described
in Appendix C.1.

7.2 Petrographic Descriptions

T.2.1

7.2.2

Kethod

Detailed petrographic descriptions were mnade of thin
sections of the basement and Theresa core samples by James
R. Dunn of Dunn Geoscience Corporation and Terra Tek of
Salt Lake City. In addition te the petrographic
description, a bulk chemical analysis of the basement rock
was made by irductively coupled plasna  (ICP)
spectroscopy analysis. Results are given in oxide weight
percent, where applicable, or in parts per million (ppm).
It should be noted that the total reported is only 53.108%
because the primary mineral constituent, dolorite, is a
carbonate, and oniy oxides are reported. The remainder of
the analysis can be assumed to be the carbonate component
of the dolomite. Prior to examination, the samples were
vacuun saturated with blue-stained epoxy. This allowed
ready identification of voids in the samples.

Theresa Sandstone
Rock Type: Quartz Arenite,
General Description:

This sandstone is composed largely of subrounded to
well-rounded quartz grains with roderate sphericity. The
sand grains range between O.1 and 0.7 mm,in size averaging
about 0.2 mm. Sortinz is good. The sand grains have thin
rinds, 0.001 - 0.02 m=mm wide, comprised of a very
fine-grained, ©brownish, platy, semi-opaque material,that
are likely UlMn-oxides or tar. The sand grains alsc have
traces of pyrite.



ELEMENT CONCENTRATION™
NA 4 OX. 0.052
K % 0X. 0.096
ChA £ 0X. 27.456
MG Z 0X. 21.83
FE Z 0X. 1,07
Al Z DX. 0.498
S1 £ 00X, < 1,40
TI % 0X. 0.039
F X OX. 0.046
SR FFM e3
BA Z 00X, 0.043
v FFM < 250
CR FFH 8
MN Z 0X. 0.1468
Co o iy - i2
NI PFH < 5.00
cu FFEM &

MO PP < 30.0

FB PEH < 10.0

IN FPM < 5.00

CDh FFM < ‘9.00

AG FPM < 2,00

AU PEM £ 10

AS FFM < 25.0

Sk FPM < 30.0

BRI FPM < 100

u FFt < 2500

TE FPM < 350.0

SN FFM < 5.00

W FPM < 1200

LI FFM 10

BE FPM 0.5

B FPM < 400

ZR FFM S

LA FFM i0

CE FF# 22

TH PFM < 150
TOTAL 53.108

12

TABLE 3

ICP CHEMICAL ANALYSIS OF BASEMENT; DOLOMITIC MARBLE

* Note: Elemental abundances reported as less than a specific
concentration indicate that the element was not present.at the
detection 1imit of the instrument.
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Secondary quartz partially to completely fills some pores.
The secondary quartz covers the brown rims on sand grains
and often contains inclusions and fracture fillings of the
brown substance. A portion of the core was crushed and
heated to 1000°C. The result was a unifora white
sand indicating that the brownish material is likely a
hydrocarbon. This material was determined to ' be 0.8% by
weight of the sample.

Ko veins occur in the rock. Host of the pores are primary;
some of the larger pores are lined by the brownish
materisal. : :

300 : Visual
Point Count Eatimate
Minerals Volume 5 & Occurrence
Quartz 77.3% 4.5 Sand grains, sub-
rounded averaging
0.2 mm in size
Quartz 9.0 f 3.3 Secondary, par-
tially to com-
pletely filla
originel pores;
often intergrown
with semi-opaque,
brown substance
which appears to
occur in plates.
Semi-
Opaque to
Opague
Material = 11.6 T 3.5 Very fine-grained,

brownish, platy
material (Hin oxide?
or tar?) and pyrite
which rim sand
grains; the brown
material is often
intergrown with
quartz. Pyrite
0.5-2% of rock; it
iz often so fine-
grained it is not
easy to distinguish
from other mater-
iml.
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Touranlineg,
sphene ang
feldsyur -- {0.2) Detrital grains

I+

Pores 2 2 Blue epoxy filled
voids; most of the

pores are primary.
Basenent - Sawple 1
Rock Type: Fediun-grained Dolomitie Harble
General Description:

This rock is composed lergely of  ejuant, subhedral
dolomite crystals ranzing between 0.3 and 2 mm in size and
averaging about 1| mm in size. The dolomite grain c¢ontacts
are sutured. Clots of chlorite-quartz, or quartz and of
chlorite ure dispersed throughout the rock; such clots are
usually equant and they range between 0.1 and 0.6 n& in
size. Hinor o trace amounts of pyrite, magnetite,
apatite and goethite occur us disseminations.

A parallel set of discontinuous, filled-in mierofractures,
0.002-0.03 mm wide, occur with a frequency of zbout 1 per
ma. These fractures are coopletely filled with clear
dolonite which is optieally contimious with dolomite
grains crossed by the fracture, the vein dolomite is clear
because it contains few inclusions. A later set of
cross-cutting fractures, 0.002-0.05 ma wide, occur with a
frequency of about 1 per 2 cm. These fractures are
partially filled with brownish montoillonite or a very
fine-grained, 0.001-0.003 ma, biotite and with traces of
very fine grained carbonate, goethite and henatite. The
only places that the blue-colored epoxy has penetrated
this rock is in thease late fractures. The porosity as
indicated by impregnation of the blue epoxy is lesza than
1;0

30 Visual
Point Count Istinate
linerals Volume » P Qccurrences
4
Quartz 3.7T- 2 -- Anhedral, 0.01-0.2

“h; usually occcurs
in multicrystalline
agpregates.
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Dolomite

Chlorite 7.7 3

Apatite -

Hontmoril-
lonite/
biotite -

Pyrite -

Hagnetite --

Goethite/
henatite -

Rutiie —

Voida 0.3+

Basement - Sample 2

88.3 7 4

(0.1)

(0.5-1)

(0.1)

(tr)

(tr)

See above.

Occurs in books +
quartz 0.1-0.6 mm
acrogs and in
thickness; usually
contains tiny in-
clusions of rutile.

Subhedral crystals
up to 0.1 mm in
length.

Very fine-grained
browhish material
which partially
fills 1ste
fractures.

Disseminated,
ejuant crystals,
0.01-0.15 mm in

size.

Disseninated,
0.005-0.1 mm in
size.

Very fine-grained
material occura in
and near late
fractures.

Occurs as tiny in-
clusions in
chlorite books.

Open fractures
which are partially
impregnated with
blue epoxy.

Rock Type: Medium-grained Dolomitic HMarble

General Description:
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sgquant dolonite grains ranging between 0.5 and 7 mm in
size from most of this reck. The average grain size is
about 1 wm; the grain vorders are sutured. Also present
are minor amounts of tale, chlerite and quartz. The
chlorite is intergrown with talc and is apparently
replucing it. Tiny blebs of rutile occur as inclusiomns in
chlorite grains.

A parallel set of discontinous, filled-in microfractures,
0.002-0.03 wm wide, occur with & frequency of about 1 per
ma. These fractures are conpletely filled with clear
dolomite which is o»ntically coatinuous with each of the
dolonite grains crossed by the fractures; the vein
dolomite is clear Vvecause it contains few inclusions
relative to the host rock dolomite. lo other veins or
fractures occur in the sample. No blue epoxy has
impregnated the rock.

300 Visual
Point Count Estimate
Minerals T+ % % QOccurrences

Quartz %% 2 - Anhedral grains,
0.02-0.1 mm in
size, occcurring
in multieryatalline
aggregates 0.1 to 1
mm ACIross.

Dolomite 90.7 3.5 - Subhedral grains
' averaging 1 mm in
size.

Chlorite 4.3 2.5 — Colorlesa; present
as both length-fast
{abnormal grey~
green birefrin-
gence) and as
length-slow (ab-
norrial blue bire-
fringence) mater-
ial; usually both
types present in
each "book" of
chlorite.

Tale 1.3 1.5 -- Colorless; occurs
as eguantly shaped
"hooks" U.3-0.75 un
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across; the tale is
partially to cou-
pletely replaced by
chlorite; quartz is
is usually present
in the chlorite +
tale clots.

Pyrite 0.3 T 1 (0.5-1)  Euhedral crystals
0.1-0.4 mn in size,
occasionally show-
ing some alteration
to limonite.

Apatite - (0.3-0.5) Subhedral crystals
0.1-0.4 mm in size.

Rutile - (0.1) Tiny blebs, < 0.01
mm, which occur as
inclusions in
chlorites.

Yoids/Pores Ko blue epoxy has
penetrated the

sanple.

7.3  Thermzl Conductivity and ieat Flow

‘A section of the basement core was sent to Viginia Polytechnie
.Inatitute and State University (VPI and SU) for thermal
conductivity measurements. The sample was machined to a 1.5 inch
diameter right cylinder by Belanger Industries in Massachusetts,
and then sent to the VPI and SU laboratory. Conductivity
measurements were made by Margaret MeKinney under the direction of
Lawrence Perry. Three separate sets of measurements were made on
the sample, and the results are shown in Table 4 included in this
section. A diagram of the sample stack and the forumula used in
the conductivity caleulations follow:

1<~ _Di =)
Stack F':‘d G,w'\'z_}el

Diagram

! Differential temperature
. SQ-VN-P < €1 thermal couples

]_,'1 Yused Quirteife 3

A stack correction factor (SCF) was calculated to conpensate for
slight differences in the fused quartz standard's wafer dianeters,
and the resultant formula for sample conductivity{k2) is:




1R

TABLE 4

Stack Parameters

Fused Qtz Basement
Standard Sample
Thickness (Lz)* .651 1.0024
Diameter (Dp)* 1.5 1.5005
SCF NA .955921
(Determined using:)
K, 1.0 3.359
Lp* .375 .375
Ly* .375 NA
D * 1.499 1.499
Dg* 1.5085 1,5085

el ez,e3 are measured potential differences in microvolts.

*Linear measurements In inches.
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K =2 5 &Py * &30y 1

2 L 2 " SCF

where L, = L3, and K K. = conductivity of quartz at

33°¢. éubscripts re}er tg position in the stack, with

poesition 1 at the top: e is the potential difference in
microvolta.

Three separate sets of readings were taken at 20 minute
intervals. Each reading has three 21, eg, and e, and
conductivity is determined for each ey, e2, and ey couple
and then averaged for the final figure. The readings are
shown in Table 5 in this section.

Averaging the conductivity values for the three readings gives a
value of 11.171 meal/cm sec °C.

Heat flow can be calculated for this site by using the eauation
qg=KG¢G,

where q = heat flow, K = thermal conductivity, and G = thermal
gradient. Since the gradient conductivity vary with rock

tvpe, the heat flow calculation for this hole is based on values
determined for the basement. The thermal pradient for the
basement can be calculated from the Schlumberger log prepared
April 7, 1982, on which the temperature was shown to varvy from
about 124.7°F at 5050 feet (top of basement) to approximately
126°F at 5206 feet. This translates to a gradient of
15.19°C/km. Usinp the above heat flow equation

q = (11.171 meal/em sec °C) (15.19°¢/lm)
= 1.697 1 cal/cm? sec = t_l.? HFU or 71 mW¥m ~.

This heat flow value is consistent with other values reported by
Diment et. al. {(1972)* for the area scuthwest of Syracuse. This
value is significantly higher than the norm for the eastern United
States, and appears to confirm an area of anomalously high heat
flow.

7.4 Permeability and Porosity
7.4.1 Methoed

Samples of the Theresa and Basement cores were sent to
Terra Tek Laboratories in Salt Lake City, Utah for
porosity and permeability determinations, under the
direction of Dr. Lawrence Owen. Due to the extremelw
tight nature of the samples, standard porosity and
permeability tests were not performed. Instead, the
samples were impregnated with a colored epoxy, and made

*Diment, W.H., Urban, T.C., and Revetta, F.A., 1972, Some Geophysical Anomalies
in the Eastern United States, in: The Nature of the Solid Earth, New York,
McGraw Hill, pp 544-572.
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into thiu sections so that a visual determination of the
porosity could be made by point count. Onr the
recompendation of Dr. Gwen, no perneability measurements
were inade, as it was obvious that the values would be
extrerely small and basically insignificant and unworthy
of the added expense of obtaining values in that range.
Additional description of the pores and fractures are
included with the petrographic descriptions.

7.4.2 Theresa Sandstone

Evaluation of the epoxy impreznated thin sections of the
Theresa Sandstone indicated a primary porosity of
approximately 2 percert. Prinary permeability is assumed
to be in the low milli-nicro-darcy range, and any

production from the sandstone would be largely
attributable to flow through fractures if they are
present.

T.4.3% 3asenent

Two thin sections were analyzed for the Basement saaple
since the first one showad no free porosity. One of the
thin sections included a prominent fracture that was also
evident in the hand specimen.

Based or analysis of both thin sections, it was determined
that the dolomite mnarble has a primary porosity of zero.
Secondary  porosity, attributable to fractures, is
approxinately 0.3 volume percent. These values suggest
that the primary permeavility of this rock is in the low
micro- to pano-darcy range. Prominent tertiary fractures,
which sppeared to be partially open, were also seen. It
can be assuned that any produetion from the marble can be
entirely attributed to flow through fractures.

Y BROUCARBING SHUUS

Continuous monitoring of gas flows and pressures was done by Bareoid and
rlotted in the Litho Log. GCas readings from O to 300 units measures gas
in air mixtures of O to 10». The scale reading from O to 3000 units
measures gas in air mixtures of O to 1005. A small zas show of 40 units
(1.3% gas in air) was seen from a depth of 1651 feet to 1663 feet.
There was a major gas show in the zaone from about 4150 feet to 4215 feet
and average gas readings of 1500 U {500 gas in air) with & downhole
pressure of 5JJ pai were ﬂeaqured. The gas chromatograph analysis
indicated 3Y.3, Ciy (21) and 0.73 Cii (cz)
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FLJT VESTS

Tne flow tests were perforaed under the direction of Bab Lynch,
Arlington Lxploration and Trevor Caster, leservoir Eangineer.
Time-discharge neasurements taken while conducting the two tests at
different discharge rates are to be analyzed to determine the various
reservoir paraneters characteristic of several distinct water-producing
zones.

Each flow test involved pumping compressed air into the well through the
drill stem, and foreing a column of water out of the well. Once the
hole was unloaded, a state of equilibrium was set up between water
dischiarged from the well due to the contimued injection of compreased
air and weter entering the hole from major weter-producing zones located
between 4100 and 5250 feet. Discherge measurements were not initiated
until equilibrium had been reached and &ll discharge water was being
derived directly from the foraation. The flow rate was determined by
routing water from the well head through a system of pipes to one of two
cylindrieal tanks of known dimensions. The height of water in the tank
was neasured at regular intervals and the measurenents converted to
volume. The change in volume over time was then reduced to an average
flow rate for the mneasurement interval. Water samples were collected
fron each successful test and were submitted for chemical analyses.
Resulis are presented in the table in this section.

On April 7, 1982, the first flow test was conducted with the bottom of
the drill stem set 1670 feet below ground level. Compressed air was
forced down the hole at an estimated 180 psi. The test was run for
approximately 8 hours at an average flow rate of about 123 gpm.

water sanmples were collected 5 hours after the test started. Although a
sampling port was provided, it did not function, having become clogged
with formation material carried out of the borehole by the discharging
water. Consequently, the sample was collected from the end of the
discharge pipe, A portiorn of the sample was transferred to the
appropriate collection bottles, and the remainder was retained for field
tests.

The sample pi was neasured 6.0. 4 titration was made which determined
alkalinity to be 26. The water was very saline and weighed 9.8 pounds
per gallon as compared to 8.4 pounds per gallon for fresh water.

A temperature neasureizent using a standard mercury thermometer was taken
at the top of the collection tank. & temperature of 16.5 degrees
celsius was recorded; however, due to the unknown residence time of
water in the tank and the low acbient air temperature, the value cannot
be considered ac an accurate measurement of water temperature at the
well head. Schlunberger was running a series of logs in conjunction
with the flow tests and recorded a down-hole temperature of 117 to 122
degrees Y.
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A sanple of rust inhibitor used in the borchole was also collected.
danufactured under the trade name HKAGCOBARl by Dresser Industries of
riouston, Texas. The irnhibitor is prepared by mixing it with three parts
of diesel fuel.

A second flow test was asitempted on Thursday, April 8, 1932. The bottom
of the drill pipe was set at 3363 feet below ground level and eir
pressure was eatimated at 394 psi. The test was terminated after 2 1{/2
hours when it became evident that the hole would not unload due to the
weight of the water column in the well.

The bottom of the drill pipe was raised to 3024 feet below ground level,
and the test was restarted with compressed air set at 442 psi. The test
was run for approximately 6 hours after the start of the teat: water
samples were c¢ollected in the manner described previously. The pH was
measured at 6.0 and the titration measured an alkalinity of 18, HNo
temperature meagurement was taker during this teat. .

On Friday, April 9, 1982, a third flow test was attenpted. The drill
pipre was set 3990 feet below the surface and compressed air was pumped
in at 650 psi. It was theorized that the hole would unload if the
density of the water column be reduced through aeration. The mud pump
was used to circulate water in the well as conpressed air was injected
through the drill stem. As the column became aserated, circulation
through the mud pump was decreased,and air pressure was increased.

However, before the hole could,unload the relief valve on the booster
punp associated with the air conpressors malfunctioned. Despite efforts
to overcome the problam, the injection of air inte the hole was 1limited
to less than 950 psi. Consequently, this final test was terminated when
it becare evident that the hole would not unlead under this limited
pressure,

PRELIALIARY R&SS0URCE EVALUATION
10.1 Cradient leasurenents

based on the bottom hole temperature measured by the USSS logging
personnel on Harch 16, 1982,a rough geothermal gradient can be
calculated for this site. Since the well has been inactive for two
weeks, the bottom hole temperature should be relatively close to
the actual equilibrium temperature. The bottom hole temperature
measured was 127 degrees F, or 52.8 degrees C. If a surface
temperature of 50 degrees F or 10 degrees £ is assumed, a rough
gradient of 26.7 degrees {/km can be calculated.

The gradients and temperatures shown on the Schlumberger Wire Line
lo; were measured within a day after completion of drilling, and



24

represent non-equilibrated temperatures. A gradient can be
caleulated in two ways from this log, however. The bottom hole
temperature indicated on this log was determined to be 123.5
degrees F, or 50.8 degrees C. If a surface temperature of 50
degrees ¥ or 10 degrees C is assumed, the rough gradient that can
be calculated is 29.5 degrees c/km. A section of the temperature
log shows a fairly constant gradient from just below the casing at
1300 feet to a depth of 4655 feet, where the temperature variation
becomes guite irregular. The change in temperature over that
interval of 3355 feet is 24.4 degrees C, which is equivalent to a
gradient of 23.9 degrees C/km. 1In this case the calculated
gradients fron essentially immediately after drilling were close
to the gradient calculated after a more reasonable equilibration
time.
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