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ABSTRACT

Initiation of a geothermal energy program In western and central New York requires
. knowledge of subsurface temperatures for targeting areas of potential resources.
The temperature distribution In possible geothermal reservoirs, calculated from
heat flow measurements and modeling techniques, shows that a large area of Mew
York can be considered for exploitation of geothermal resources. Though the
temperatures at currently accessible depths show the avallabllity of only a
low~temperature (less than 100°C), direct-use resource, this can be conslidered

as an alternative for the future energy needs of New York State.

From analysis of bottom-hole-temperature data and direct heat flow measurements,
estimates of temperatures In the Cambrian Sandstones provide the basis of the
economic evaluation of the reservelr, This reservelr contains the extractable
flulds needed for targeting a potentlial geothermal well site In the
low-temperature geothermal target zone. In the ncerthern section of the
Appalachian basin, reservolr temperatures In the Cambriar are below 50°C but may
be over 80°C in_the deeper parts of the basin In scuthern New York State. Using
a minimum of 50°C as a useful reservolr temperature, temperatures In excess of
thls value are encountered in the Theresa Formation at depths In excess of 1300
meters, Considering a maximum depth for economical dritling tc be 2500 meters
with present technoloagy, the 2500 meters to the Theresa (sea leve! datum) forms
the Iower limit of the geothermal resource. Temperatures In the range of 70°C
+o 80°C are predfcfed for the southern porticn of New York State.
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SUMMARY

Low~temperature geothermal resources, defined to be usable concentrations of
geothermal energy with a temperature less than 100°C, are becoming increasingly
attractive as conventional energy supplies become scarcer and more costly. Although
New York has areas of abundant gas and minor oil resources, energy needs of the

future demand the development of alternative energy sources. Geothermal data

indicate the possibility of direct-use geothermal resources in the sedimentary basins
of central and western New York,

The geology of western and central New York, located in the northern portion of the
Appalachian Basin, consists of Cambrian through Devonian sedimentary units which
unconformably overlie the crystalline Precambrian basement. Regional geologic structure
is simple; the units dip to the south approximately 10 m/km in the north increasing

to 20 m/km in the south of New York. Overall, stratigraphic thickness also increases
from about 900 meters in the north to 3400 meters in the south as a result of

erosion of overlying strata in the north and a general thickening of individual
stratigraphic units toward the south. |1 can be expected that the primary

geothermal targefs will be at the base of the sedimentary sequence in the Cambrian
formations.

Heat flow studies ln New York by Birch et al. (1968) showed measured values ranging
from 33 to 50 mW/m? in easTern New York and the Adirondacks. Urban (1970 reported a
heat flow value of 63 mW/m? near Balmat, New York and values of 63 and 80 mW/m2 in

the Finger Lakes region with estimated values ranging from 50 o 54 miW/m? in

wesTern New York,Hodge et al. (1979, 1980, 1981) identified areas of higher~than~normal
Temperature gradients in western, near East Aurora, and central New York, near Auburn,
using bottom-hole temperatures recorded during logging operations of gas wells,

Changes in geothermal gradients observed in detailed ftemperature logs indicate that
verticai thermal conductivity changes must be considered if heat flow and
temperature-at-depth estimates in the region of central and western New York are to be
made. The measurement of conductivity of rock samples from wells in several
locations supports this conclusion. In order to obtain ftemperatures at depth maps,
the horizontal extent of these vertical conductivity changes were considered; the
change of conductivity was based on the observation that gradient changes correlate
with lithology changes encountered in the stratigraphic section. Average geothermal
gradients were obtained from mean annual surface temperature and bottom-hole
temperatures, and in conjunction with the thermal conductivity variation for the
region, the resulting distribution of heat flow indicates that cenTral and western
New York is an area of generally uniform heat flow (40 to 50 mW/m? Yy with a distinct

increase in the north-central part of this area. This anomaly, which centers near
Auburn, reaches a maximum amplitude of approximately 90 mW/m

Estimates of the reliability of predicted subsurface temperature from our maps are
evaluated from the comparison of temperatures extrapolated from shallow BHT readings
to deep temperature measurements in areas where both are available. An accuracy of
£5° js indicated by these comparisons. Where only shallow femperatures are
available, and in areas of sparse BHT data, the accuracy of the predicted temperature
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at deeper levels is dependent on the sample accuracy and distribution of the
available data. The formulation of a conductivity mode!l for central and western
New York 1is the only means to extrapolate average geothetmal gradients. Investigations

show that the BHT data must be corrected for possible disfurbances (e.g., drilling
gas expulsion, water circulation). Application of a unique correction for «,illing
disturbances at each borehole cannot be made for the available bottom-hole
temperatures. The variability of the drilling and logging conditions of the .«ils

prevents this. An empirical relationship was used to estimate the undisturbed BHT at
each borehole.

Calculations from the basal Cambrian sandstone, the primary geothermal target, indicate
that a significant area of potential low-temperature geothermal energy exists. Using
the limit of a minimum 50°C temperature, the minus 1300 meter depth to Theresa (sea
level datum) generally defines the northern extent of the area. Considering a maximum
depth for economical dritling to be 3000 meters with present technology, the minus 2500
meter depth to the Theresa (sea level datum) form the boundary fto the south.
Temperatures in the range of 70 to 80°C are predicted for the southern portion of

the area. The presence of extractable fluids is an important consideration in
targeting a potential geothermal site.
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SECTION 1
INTRODUCT ION

Low=temperature geothermal resources, defined to be usable concentrations of
geothermal energy with a temperature less than 100°C (Reed and Sorey, 1982), are
becoming Increasingly attractive as conventional energy supplies become scarcer
and more costly. Although New York has areas of abundant gas and minor ol
resources, energy needs of the future demand the development of alternative energy
sources. Low-temperature geothermal energy Is one possibility fér augmenting the

energy resources of New York State.

Geothermal energy Is typically associated with areas where the Increase of
temperature with depth Is greater than normal. This Is usually the result of
localized increases In conductive heat flow from recent near-surface magmatic
activity or the upward transfer of heat by water along dipping rock units or along
fracture zones. The presence of granitic plutons containing radiogenic elements
in crystalline basement covered by low thermal conductivity sedimentary rock also
causes above-average temperature gradients. |t Is also possible for near-average

temperature gradients in deep sedimentary basins to achieve sufficient
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temperatures for potential geothermal resources. Naturally occurring or injected
water In permeable sedimentary rock layers provides a medium to transfer thermal

energy at depth to the surface where It may elther be converted to electricity (if
the temperature is high enough) or used directly in space heating and agricultural

or industrial processing.

Existing data In western and central New York indicates the possibility of a
low-temperature, direct-use geothermal resource. Direct-use applications
generally require a minimum temperature of 45°C (Tillman, 1980); presently the
federal government provides incentives for developing geothermal resources which
are 50°C or greater at the well-head. Therefore, the evaluation of a potential
low~temperature resource area requires the consideration of temperatures which can
be expected at depth as Qell as the presence of extractable geothermally heated
fluids. The purpose of this report Is to evaluate the heat fiow and provide a
representation of temperatures at depth In this area. This has been done by: (1)
analyzing known temperature distributions, and (2) measuring the thermal
conductivity of sedimentary rock units. Based on this Information, areas of
higher-than-normal heat flow and temperatures in possible geéfhermal source
reservolrs are described to ald in targeting areas for the exploitation of

geothermal energy in New York.



SECTION 2

GEOLOGIC SETTING = GEOTHERMAL ENERGY IN A SEDIMENTARY BASIN

The basic geology of western and central New York, located in the northern portion
of the Appalachian Basin (Figure 2-1), consists of Cambrian through Devonian
sedimentary units which unconformably overlie crystalline Precambrian basement.
Regional geologic structure is fairly simple (Flgure 2-2); the units dip to the
south approximately 10 m/km in the north increasing to 20 m/km in the south of New
York. Overall, stratigraphic thickness also Increases from about 900 meters In
‘fhe north to 3400 meters in the south as the result of erosion of overlying strata
in the north and a general thickening of‘indlvldual stratigraphic units toward the

south.

I+ can be expected that the primary geothermal targets will be at the base of the
sedimentary sequence; Indications of small-scale hydrothermal convection are
IImited. These targets are primarily the lower Cambrian units, though, If connate
waters are found, there Is potential geothermal reservoirs from the Precambrian

through the Middle Ordovician Trenton Group (especially to the south).
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500 km

Figure 2-1 _ Map of eastern North America showing the position of N.Y.

in the Appalachian Basin in the eastern United States (after Colton,
1970).
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The lowest unlt In the Cambrian stratigraphic sequence Is the Potsdam Formation

. which consists malnly of sandstone. Though the geologlic boundary Is not clearly
defined, the Theresa (Galway) Formatlion overlles t+he Potsdam; there Is a
gradational Increase of quartzosic dolostones to dolostones from the basal
sandstones, The Theresa Is of particular interest for the development of
geothermal energy In New York as it Is found at considerable depth which generally
assures the temperatures required for direct-use applications. Connate wa+er.is
reported In many of the wells which have penetrated the Theresa (Kreidler, 1975)
and could provide the heat transport medium when adequate flow rates exist. Above
the Theresa Is the Little Falls Formation composed primarily of dolostones which

are of late Cambrian to early Ordovician age.

Overlylng the Little Falls Formation, except to the north and west, Is the
Beekmantown Group which consists of Lower Ordovician quartzosic dolostones,
dolostones, and dolomitlc |imestones (Rickard, 1973). The top of the Beekmantown
Is eroded throughout the area (i.e., the Knox Unconformity) and is overlain by
Black River or Trenton Group carbonates. The Black River Group, which overlles
the Little Falls Formation to the north and west, Is mostly dolostones with some
sandstone and shales at i+s base. Limestones are the predominant |ithology toward
the top (Rickard, 1973). The Trenton Group is primarily limestone which thins
toward the east and changes facles to calcareous shales, overlylng shales and

sandstones which are often included in the Trenton Group (Rickard, 1973).

Thare Is |1+tle potential for géo+herma| reservoirs above the Trenton In western
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and central New York. The low permeability of the predominantly shale units of
the Upper Ordoviclan (l.e., Lorralne and Queenston Formation) precludes their
utility as reservolrs. The |imestones and sandstones which occur in the Lower
Stlurian would possibiy have high enough temperatures in the south of the area,
but there Is little evidence to Indicate the presence of connate water In
extractable quantities. The Upper Silurian and Devonlan sequences should be

rejected as geothermal targets unless a convective system Is found.

The exploitation of low-temperature geothermal energy In sedimentary basins with
normal temperature gradients has been shown fo be economically feasible In several
areas of the world. Perhaps the best example Is in France where there has been
development of geothermal resodrces In the Paris Basin. Five levels within the
Paris basin have been found to be useful geothermal reservoirs. Water at
temperatures from 30° to 50°C Is extracted for heating purposes from two

levels of Lower Cretaceous sandstones approximately 800 to 900 meters deep. Upper
Jurassic |imestones and sandstones at about 1200 meters provide water temperatures
greater than 60°C and Middle Jurassic |Imestones at 1800 meters with water
temperatures greater than 80°C are also extensively exploited. The deepest

level conslisting of Triassic sandstones with water temperatures above 100°C at

about 2200 meters depth Is used to a lesser extent (Lejune and Varet, 1981).

The Appalachian Basin In New York can be compared to the Paris Basin In a general
way. |t will be shown that the higher gradient areas In New York are In the low
to Infermédiafe range of gradients, 20° to 50°C/km, found In the Paris Basin,

Information on flow rates of formation fluids In New York is scarce, but recent
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pump tests at the New York State Energy Research and Development Authority
(NYSERDA) geothermal test well in Auburn, New York,'produced a sustained flow of

100 to 150 gallons per minute (gpm). Spinner logs Indicated that one-tenth of

this water was from the Black River Form=z+lcn and the remalnder was from the

Theresa and Potsdam (Burton Krakow, personal communication}. Flow rates obtained
In the Paris Basin, ranging from 220 +o 1100 gpm, are greater than those that can
be expected In New York, but the flow rates obtained at Auburn are sufficient for
geothermal purposes. Enhancement of reservolr permeability by hydrofracturing or

acidification could possibly produce flow comparable to the lower French values.
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SECTION 3

PREVIOUS HEAT FLOW STUDIES

The work of Birch et al. (1968) and Lachenbruch and Sass (1977) has established
That the eastern United States is a reglon of lower heat flow compared to the
western United States. Birch et al,. (1968) found a linear relation between heat
production and heat flow and showed that there are heat flow provinces with
distinctly different heat flow from deep sources, and the depth of significant
heat production also varies. In the general sense, local variation in heat flow
Is Interpreted to be the result of dlfferent heat production within the upper
crust (Birch et al., 1968)., Using this empirical linear relation, Birch et al.
found that the heat flow from deep sources was 33 mW/M for the Eastern United

States.

Several studies have reported heat flow values In New York. Birch et al. (1968)
gave measured values ranging from 33 to 50 mw/m2 In eastern New York and the
Adirondacks (Figure 3-1), Urban (1970) reported a heat flow value of 63 mW/m2
near Balmat, New York and values of 67 and 80 mW/m2 In the Finger Lakes region.

He also estimated values ranging from 50 to 54 mW/m2 in western New York (Figure
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3-1 )c

Hodge et al. (1979, 1980, 1981) ldentified areas of higher-than-normal temperature
gradients In western and central New York using bottom-hole temperatures recorded
during logging operations of gas wells (Flgure 3-2). Apparent correlations of
thermal conductivity with |ithologic stratigraphy were used to model thermal
conductivity distributions in the area, and then with calculated temperature

gradients a heat flow map (Hilflker, 1981) was produced.
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SECTION 4

CONDUCTIVE HEAT FLOW - GENERAL THEORY

Heat flow at the earth's surface can be calculated using the equation for the
steady-state flow of heat in one-dimension in a thermally conducting, Isofropic

body. The heat flow equation is

Q = K (37/082) (4-1)

where Q is the heat flux in units of mW/mz, K’is the thermal conductivity in
unlfs of W/mOC, and aT/oz 1s the thermal gradient where z Is distance measured
vertically downward and T is temperature In units of °C/km (Jaeger, 1965). It

Is assumed that there are no internal sources of heat (e.g., radicactive elements
or chemical reactions) and therefore the heat flow Is constant over the measured
Interval. If the rocks composing the outer layers of the earth were of a
constant conductivity, then heat flow could be calculated simply by measuring the

temperature at any two depths and the thermal conductivity of the rock. This

simplification is usually not the case.
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| f the average geothermal gradient (G) Is measured using the temperature obtalned
at two depth, and thls gradlient Is taken In an area of horizontally layered rocks,
the heat flow can then be calculated If the K of each layer Is known. Conslider
the case where there are n discrete layers of conductivity KI""’ Kn and
thickness +1,..., Tn. Then a welghted mean harmonic conductivity (Kmh) of

the layered sectlon Is given by

t t, -1 -
lgnh=(t1+...+t)(--1+.-.+——) (4=2)
K, Ky

{Jaeger, 1965), and the heat flow is calculated by

Q=K © (4-3)
When continuous measurements of temperature at depth are available over the
section containing these layers, the gradient in each layer should be |inear
(i.e., oT/oz is constant) and the heat flow calculated from successive layers
should be constant. The ratio of one measured layer gradient to another will be
Inversely proportional to the ratio of their respective thermal conductivities, as

required by the assumption of steady-state heat flow.



SECTION 5

HEAT FLOW DETERMINATIONS

Temperature logs and conductivity samples for several boreholes (Figure 5-1) in
the study area were avallable for the calculation of heat flow. Two of these
boreholes were gas wells In which equilibrium temperatures were measured using a
hand-operated portable temperature probe consisting of a linearly responding
thermistor and 300 meters of coaxial cable In combination with a digital

multimeter.

Wells of this type are typlcally drilled using alr percussion drills for most of
thelr length. This drilling disturbs the actual temperatures by the circulation
of air and formation fluid from different levels which Is not at the same
temperature as the rock. These wells are then often cased, plugged at the bottom,
and may be left standing for a period of time before.they are complieted. During
this time equilibrium temperatures are reestablished; logging of these wells was

done at least three days after drilling and cementing of the casing took place.

5=1



-sisA[eue y3dop 3e dunlesadudl pue UOLIRULWUSIBP MO|[4

- A I L I i d i 4 4 i i A ' A A A A

103y 04 Pasn S| [OM O u0L3e207 - L-G d4nbLy

SY¥3L3UOTINH

—_——
0s Se 0

Hilin e

] BYiWI3e NH3 0@ uzopmuzmﬁ
NOLWHHINIE
3143 Iy

ooog! +
!

6zssl mm<q¢-

veet I26€l + nigiinge

I'ON 6€ 107+® N¥N8Ns
3ISNJYYASe

d31S3HI0Y e

OTYYIND

.2b

3

lamv

5=2



Another borehole used was the geothermal fesf well in Auburn, New York which was
drilled In February 1982. An Industrial temperature log was taken soon after
dritling operations ceased. The utlility of this log Is highly questionable.
Formation flulds with a very high salinity were circulated from a holding pond In
which they were accumulated. The surface temperature during the drilling was well
betow 0°C and the circulated brines were below 0°C also. This has created
noticeable disturbances In the temperature log. Repeated attempts to tog this
hole several months after drilling with the hand-cperated probe (with 600 meters
of cable) were folled by equipment fallure, though there are indications that
these logs may be of some use. A detailed equilibrium log was finally completed

to a depth of 2000 feet.

Thermal conductivity of rock chips collected during drilling operations was
measured using a needle probe apparatus constructed at State University of New
York at Buffalo from specifications provided by V. Vacquier (personal
communication). The detalls of the apparatus and the measuring technique are
described In Appendix B. Geophysical logs were avallable for porosity estimation
to correct the bulk rock conductivity measured to the actual in situ

conductivities.
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WELL #13571 - (WINSPEAR #1)

The Winspear #1 well Is located In the Middlebury Township in Wyoming County, New
York, (8375' south of 42° 52' 30" latitude and 3330' west of 78° 05! 00"
longitude). The temperature-depth data (Table C-1) plotted in Figure 5-2 shows a
distinct change in gradient at a depth of 232.5 m. This corresponds to the change
In lithology from the shales of the Middle Devonian Hamilton Group to the Mlddle
to Lower Devonlan Onondaga Limestone. Below this depth, the least squares
gradient is 15.3°C/km which contrasts sharply with the gradient of 31.2°C/km

over 130.6 - 232.5 m and 24.9°C/km over 86.0 - 130.6 m. Thermal conductivity
measurement (Table C-2) in smaller intervals selected on the basis of uniformity
of lithology show a definite Inverse relation to gamma-ray activity and gradient;
low conductivity sedimentary rocks, typically shales, display high gamma-ray
activity (an Indicator of relative shaleness) and relatively high gradients

h's
and calculated heat flow (Table C=3) in the major Intervals are shown in Figure

(Figure 5-3). The values for the gradients, mean harmonic conductivity (Km

5-4, The Kmh for the deepest interval is 2.7 W/mOC; and the calculated heat

fiow Is 41,3 mW/mZ. The shale Interval directly overlying the Onondaga has a

Kmh of 1.49 W/m°C and a heat flow value of 46.4 mW/mZ. In the shal lowest
Interval, Kmh Is 1.84 W/m°C and the heat flow is 45,7 mW/mZ. I+ would seem

that the contradiction between the similar heat flow values obtalned In the shale
unlfs and the lower |imestone value Indicated an error In measurement of elther
the gradient or conductivity (or both) in the Iimestone. |f this Is not true,
then the heat flow could be different due to the presence of heat producing
elements or fluld motions. When the heat flow value obtained in the deep Interval
Is used In conjunction with the measured conductivities of the predominantly

. limestone sequence below to project temperatures (Table C~2 and Figure 5-5), the
5-4
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deepest values obtained correlafe very well with observed bottom-hole temperatures
in this area (Figure 5-6). Unfortunately the Interval of projected temperatures

~ Is not very great and using the shale heat flow value only elevates the final
projected temperature by 0.75°C. Therefore, it is Impossible to determine by

this extrapolation whether the heat flow value In the Onondaga is accurate.

A consideration that must be made Is the chip technique of thermal conductivity
measurement. Blackwell and Steele (1981) report that conductivities of shales
measured by this technique are likely to be too high because of the anisotropic
conductlion of heat in the predominantly clay minerals which constitute the shale.
fn the measuring cell, the random orientation of the shale chips allows for
conduction along both high and low conductivity directions; the measured
conductivity Is then intermediate to these extremes. Although thelr results
(using a divided~bar apparatus) show much greater differences in the heat flow
measured in the shales compared to that in the carbonate sections, the calcareous
‘nature of the Hamllton shales may cause this effect to be less noticeable than In
the purer shales they measured (D. Blackwell, personal communlcaflon). Therefore,
41.3 mw/m2 has been chosen as the best value for heat flow measured at this

site.
WELL #15529 - (WELLS COLLEGE #1)

Wells College #1 is located In Ledyard In Cayuga County, New York (12000' north of
42° 421 30" tatitude and 19500' west of 76° 37! 30m longitude).
Temperature-depth data for this well (Figure 5-7 and Table C~4) was obtalned using

the hand-operated temperature probe to 302.6 m; deeper measurements are from a

5-9
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digitized Industrial temperature log. The change In gradient at 130 m from
43.8°C/km In the overlying Hamilton Group shales to 26.4°C/km In the Onondaga

L imestone Helderberg Group |Iimestones and dolostones, Is distinctive of this

I ithologic change. Since the conductivity of shales tends to be overestimated by
the chip technique, only samples below the Onondaga top (limestone and dolostones)
were measured (Table C=5). The/Kmh determined for the Interval from 130.6 to
302.6 meters Is 2.42 W/m°C. The heat flow determined for this site Is then 63.8
mw/m2 (Table C~6). This Is significantly greater than the heat flow determined
at the Winspear #1 well. Though the conductivity of the |imestones Is somewhat
lower here, the much higher gradients (approximately 10°C/km greater) are

indicative of higher than normal heat flow for this area.

AUBURN LOT 39 #1

The Auburn well was drilled as a geothermal test well by NYSERDA, In cooperation
with the DOE, In the town of Auburn In Cayuga County, New York (4950 ft. south of
42°57t 30" latitude and 800 ft. west of 76°321 30" longitude). The

temperature data was digitized from the Industrial log (Table C~7) that was
measured approximately 12 hours after drilling ceased (Figure 5-8). Disturbances
in the gradient are present above 425 m and below 1200 m. The shallower
disturbances are probably due to the circulation of groundwater in addition to
temperature effects due fto drilling while the deeper disturbances are likely due
to clrculation of the cold fluids from the holding pond. Negative gradients
encountered toward the bottom of the profile are identifled by the USGS from a

borehole televiewer log as sections of high fracture density. The gradlients may’

5-12



elep) L[3M 3S9] |BuM?d

Dm.mv

*(s|eA49quUL w Go'€ 3e BO| |eLagsnpul wo4j paz111blLp
Y1096 |# € 207 uangny 404 yzdep SNSUIA aunjedadud] - 8-G a4nbL4

(ENIST3T) F¥NLBYIIWIL

DN.N¢ om.mm ov.mm oo.mw om.mw 0c* L1,
T R s 4e (8]
X, z8/z /€ |8
3180 907
1o
0D
-
S
l
T
IS‘
P=
om
O
m
-
w
Tg
o~
O ¥
Oy
o
w
N
o
o
Iff
L.

000

5=13



be due to extensive drilling fluld Invasion as well as coollng effects due to

expanding gas (gas flow In the well is minor).

Since the recording of the industrial log, three separate temperature logs were
recorded using a portable temperature probe which was eased to 650 meters in the
hole. The temperature was measured on May 21, 1982, a second on May 30, 1982, and
a third on May 13, 1983, FEquipment problems were encountered during the first two
logging sessions and are manifested In the abbreviated first log (Table C~8) and
by data gaps In the second log (Table C=9)., Temperature versus depth plots for
these two logs appear In figure 5-9, Gas pressure bulldup was also a problem
durtng these flrst two logging runs with fwo to three minutes of flow after the
initial opening of the valve and up to elght hours of slow bubbling afterwards.
The we!l was allowed to stand open five hours and three hours, respectively,
before the temperature logs were performed. Gas bulldup was alsc apparent during

the logging sesslion of May 13, 1983,

Temperature versus depth plots resulting from all three of the individual logs are
shown In Figure 5=10. A comparicson of the plots indicates that temperatures on
the irdustrial log were elevated twelve hours after drilling ceased and above a
depth of about 500 meters. Above a depth of 300 meters, temperatures in this log
are disturbed for reasons previously mentioned. Disturbances are apparent In the
other logs, however, they occur much higher in the section. Below a depth of 400
meters, gradients appear to stabillze on all the logs reaching that depth. Plots
of the logs from May 30, 1982, and May 13, 1983, appear to have simlltar gradients
below 400 meters while lesser temperature gradlents are indicated by the

fndustrial Iog for the same zone. |t is this zone (400 to 600 meters) that Is
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most favorable for heat flow calcuiations because of the apparénf stability of the
temperature gradients. Since thermal conductivity measurements were lacking
between depths of 546 and 600 meters, a zone extending from 413 to 488 meters was
chosen for heat flow determinations., Heat flow values were determined by
multiplying the éverage gradient over the interval times the mean harmonic thermal
conductivity (2.31 W/m°C). A heat flow value of 54.2 mW/mz was‘defermlned

from the industrial log while heat flow values of 94.1 and 90.1 mW/m2 were
determined for the logs of May 30, 1982, and May 13, 1983, respectively. The
value determined from the Industrial log Is lower and Its value becomes even less
as the borehole temperature changes toward equilibrium temperature gradients. The
heat flow values determined from the other two logs are higher than those from

nearby wells, l.e., 63.8 mW/m2 at Wells College #1.

Thermal conductivity measurements were made on the samples available from this
well (Table C-10) in the belief that an equllibrium log would be obtained and heat
flow determined. These values are compared to the gamma-ray activity, P-wave
velocity, and temperature gradients (from the industrial log) in Figure 5-11, The
measured conductivity valués show a distinct Inverse relation to gamma-ray
activity and gradient as was demonstrated for the Winspear #1 well. A direct
relation to the P-wave velocity Is also evident, although the correlation is not
as obvious. The rapid change from the shales of the Lorraine Group to the

| iImestones of the Trenton Group at 1060 m produces an apparent decrease In
gamma-ray activity and Increase in P-wave velocity. Here thermal conductivity
changes from 2,31 W/m°C 1n the shale to 3,21 W/m°C upper Trenton |imestone.

At 1525 m, however, high gamma-ray slgnafure and very low selsmic velocities

correspond to the highest thermal conductivity value (5.8 W/m°C) measured. This
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depth corresponds to the top of the Potsdam Sandstone which typlically displays a
strong gamma "kick". The televiewer log (Figure 5-12) shows that this is an area
of high fracture density which could account for the low P~wave velocities
encountered. Therefore, any attempts made to develop empirical relations of
‘%herma! conductivity with other physical properties which are more easily measured
- In boreholes must conslder other effects which may be responsible for the observed

measurements.

An estimate for heat flow was made based on equilibrium temperatures obtained a
year after the cessation of drilling. The bottom-hole temperature recorded In

early April, 1982, was 52.2°C at a depth of 1587.7 meters., The average gradlient
from the deepest temperature recorded late In May, 1982, (29.990 at 596.0
meters) ls 22.5°C/km. The Kmh over this Interval fs 2.9 W/m°C. Therefore,

a heat flow value at least 65 mW/m2 is calculated for the Auburn well. This

value Is consistent with the heat flow obtained approximately 20 kilometers to the

south In the Wells College #1 well.
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SECTION 6

THERMAL CONDUCTIVITY AND HEAT FLOW MODEL FOR NEW YORK

The limited availability of sites for the direct measurement of heat flow makes It
desirable to develop a technique for predicting heat flow based on other data
sources. This Is necessary If temperature~at-depth distributions are to be
determined on a regional scale. A large source of data for estimation of
temperatures at depth is avallable from bottom~hole temperatures (BHT) recorded
during routine electrical logging of gas wells. These BHTs can be used in
cdnjuncfion with the mean annual surface temperature to estimate average
geothermal gradients. The presence of sfraflgraphic layers with dlffering
conductivities precludes, however, the simple projection of these gradients to
predict temperatures. The heat flow and the vertical conductivity distribution
must be determined If temperatures other than the BHT are desired. High
femperafure gradients may only be the result of the low conductivity of the
layers, as conductivity changes inversely with the gradient. Assuming incorrect

conductivity zones at depth will result In erroneous temperature determinations.

In order to determine the geothermal gradient at distributed sites across the

6-1



study area from BHTs and surface temperatures, a data set of 1066 bottom-hole
temperatures (Table C~11 and Figure 6-1) and 41 mean annual surface temperatures
recorded at National Oceanographic and Aeronautical Administration (NOAA) weather
stations in western and central New York and northern Pennsylvania (Table C~12)
were assembled. The NOAA mean annual surface temperature data were reduced to
temperatures at a sea level datum using an adiabatic lapse rate of 9.8°C/km
(Jaeger, 1965). Trend analysis of this temperature distribution throughout New
York and Pennsylvania resulted in a second~order trend surface as a best-fit model
(Figure 6-2). The mean annual temperature at each well site to be used for
gradient determination was then estimated by solving the polynomial equation for
the temperature at that location. The temperature was further corrected to
correspond to +hg mean annual value at the drill floor or Kelly bushing elevation
(from which the depth to BHT is typically measured). The average geothermal
gradient Is then determined by subtracting the BHT from the surface temperature

and dividing by the depth of the BHT.

In local regions, the gradient calculations and the temperature-depth data show
generally a consistent gradient and temperature-at-depth distribution. However,
Thére are also selective gradients that display much higher or lower gradients,
even for temperatures obtained at similar depths. There are many factors which
could be responsible for these deviations, most of which are very difficult fo
determine for a specific borehole. The presence of expanding gas (either natural

or H,) causes very noticeable depressions In temperatures. Compressed air,

2
formatlon fluids, water, or sometimes mud (for deeper wells) are circulated within
wells during rotary drilling to cool and lubricate the drill bit and flush the

chipé from the well. This drilling disturbance is also responsible for

6-2
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disequilibrium In BHTs. After drilling Is completed, casing is sometimes cemented
into place to seal zones of gas production, eliminate losses of gas into fractured
;formaflons, and prevent pollution of groundwater. The reaction heat of cement
hardening can elevate temperatures In selected zones In the wells. This factor
was more of a concern for the subsequent detalled logs which were run because the
cementing usually takes place after Initial logging operations. Other chemical
reactions, such as formation fluids from one zone reacting with fluids or rock in
another zone, are also a possible disturbance which would elevate the temperature
encountered. Water movement along fractures encountered in the sedimentary
section may also disturb the temperature. Fluldé which may be traveling up jJoint
or fault planes could elevate the temperature, while groundwater entering the well
can depress it. Finally, the accuracy of the BHT measurement Itself is unknown.
All of these factors must be considered when BHT data Is used in the estimation of

heat flow and temperatures.

Analysis of regional trends In the BHT and derived gradients was performed to
locate data which was probably disturbed, and eliminate it from the final
calculations. For example, well #6318 In western Erle County has a reported
natural flow of 40 thousand cubic feet a day (Kreidier et al., 1972). The
gradlent calculated for this well Is 19.8°C/km; gradients In this area are
general ly much higher (26°C/km) so this point was deleted. Four wells In
northern Cattaraugus County (#10577, #11066, #11147, #11148) are locafe& within a
five~square-kilometer area. Well #10577 has a calculated gradient of 17.2°C/km,
while the gradients in the others are 24.0, 23.3, and 23.9 respectively. The

probability of a disturbance In #10577 is obvious and, therefore It was deleted.
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I+ was noticed that sometimes wells with higher-than-normal gradients are
assoclated with |Inear topographic features which may be surface expressions of
possible faulting In the sedimentary section. Figure 6~3 shows the distribution
of wells In southern Chemung and Tioga Counties. Linear topographic features from
the Preliminary Brittle Structures Map of New York (lsachsen and McKendree, 1977)
are also shown. Well #10335 has a calculated gradient of 24.0°C/km with a
reported BHT of 47.8°C at a depth of 1678.8 m. Approximately seven kilometers

to the east, well #4350 has a reported BHT of 45.6°C at a depth of 1039.4 m.

The calculated gradient here Is 36.7°C/km. Taking Into account the fact that
#10335 goes through higher conductivity layers (ie., Onondaga and below) does not
reconcile the sharp increase In temperature gradient in #4350, When the gradient
of #10335 Is adjusted to the depth of #4350 using assumed conductivities of 1.67
W/m°C for the Devonian shales and 2.2 W/m°C for the deeper sequence, the
calculated gradient Is 26.2°C/km. Well #11931, approximately 12 kilometers to
the south, has a calculated gradient of 25.2°C/km. The BHT is 40.6°C at a

depth of 1297.2 m which Is at the same stratigraphic horizon as #4350. The
proximity of #4350 to a |inear topographic feature may indicate that upwelling
fluids along a possible fracture has elevated the temperature. This correlation
was seen In other wells in the study area, and these were deleted from further
calculations. The resulting BHT data set was considered to be the best possible
representation of temperature at depth for determining average geothermal gradient

distributions throughout the study area.

The presence of distinctive changes In gradient (and therefore conductivity) with

| ithostratigraphic layers (Figure 6-4) suggests that the vertical distribution of
6-6
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conductivity In the study area can be modeled based on well records of the depths
to the layer horizons. |If the conductivity and thickness of the layers Is known
for the location of a gradient estimate, then the mean harmonic conductivity of
the Interval the gradient passes through can be determined. Heat flow can then be
estimated based on this gradient and conductivity. The following discussion of

the method is Illustrated in Figure 6-5.

The average geothermal gradlient (G) is calculated by

o . BT " s
- 7 (6-1)
BHT
where TBHT is the bottom-hole temperature, TS Is the surface temperature, and
z is the depth of the BHT. The mean harmonic conductivity (Kmh) Is

BHT
calculated as in Equation 4-2. |f the ZouT is located some depth p below the

top of the iTh conductivity layer then the Kmh Is given by

- 1 .. ) -
Koh (tl + ...+ t. + p)( + .+ + ‘ (6-2)

where T1""’+l-1 are the thicknesses of the overlying conductivity layers and

K,,..., KI are the conductivities of each layer. Then heat flow can be

calculated as in Equation 4-3, Q = Kmh G. For the I*h layer the gradient Is
dT
(—) = = (6-3)
dzZ K

and the temperature at the top of the nJrh layer (Tn) Is
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Figure 6-5 - Thermal conductivity layer model for heat flow and

temperature at depth determinations (see text for symbol

descriptions).

6-10



. n-1 4T
n= oty Ezy tTg (6-4)
P=1

The temperature at a depth (m) below the top of the nJrh fayer is given by
hLodh LW aT (6-5)
T.= I ot (Gr L ﬁzlj S

i=1

The depth (dx) To a particular temperature (Tx) can then be found, if Tn <

T>< E_Tn+1 by

d = I +. o+ Ty - )
i

i=1 @r7dz 7, (6-6)

A five-layer conductivity model was chosen based on observed major gradient
changes in temperature logs which correlate with the tops of stratigraphic units
in western and central New York. These layers are: 1) the Devonian shales which
outcrop at the surface to the south of approximately 43° latitude, 2) the
Onondaga Limestone through the top of the Queenston Formation comprised mostly of
|imesToﬁes and dolostones with minor shale beds, 3) +the Queenston Formation
through the lLorraine Group which is composed primarily of shales in. the west

but becomes predominantly sandstone in the uppef part of the section in the east
of the study area, 4) the Trenton Group through the Potsdam Formation including
intertayered limestone and shales near the top and sandstones toward the base, %)
the crystalline Precambrian basement. Data for the tops of the Onondaga,
Queenston, Trenton and basement were compiled from various publications
(Commonwealth of Pennsylvania, 1960-1977; Flagler, 1966; Kreidler, 1959; Kreidler,
1963; Kreidler et al., 1972; Kreidler, 1975) and directly from drilling logs

(Table C-13). Structure contour maps of the depth below sea level to the tops of
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these formations were prepared from this data set, and trend surface analysis to

predict the depth of these formations was performed.

The thermal conductivity value used for the Devonian shales was chosen based on
the measurements made for the Winspear #1 well and the work of Urban (1970).
Urban reported a value of 1,67 W/m°C for fhebDevonian section encountered In
Himrod, New York. This Is inftermediate to the values of 1.84 and 1.49 w/m°C
which were obtained for the Winspear #1 well. These values were considered to be
greater than the actual in situ conductivity because of anlsotropic conduction
effects In the chip technique. Since Urban used cored samples measured on a
divided-bar apparatus, his value was considered to be a better overall

conductivity to assign to this layer.

A structure contour map of the top of the Onondaga Limestone was computer
generafed from 572 data points In Th? study area (Flgure 6-6a and Figure 6-6b).
This defines the base of the Devonlan and the top of the Onondaga-Medina
conductivity layers. Trend surface analysis showed that sixth-order polynomial
provided a best-fit model for this horizon (Figure 6-6¢c). Each BHT well to the
north of the Onondaga outcrop (approximately 200 m above sea level along 43°
latitude) was checked individually to make sure the absence of control in the
trend surface did not allow for prediction of an Onondaga horizon when it did not
actually exist. The thermal conductivity for this sequence from the Winspear #1
well Is 2,33 W/m°C. Examination of the ratio of gradlents between the Devonian
shales énd’#his layer Indicated that this may be slightiy high, probably because

of the variabillity of shale thicknesses, to apply to the entire area. A value of
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2.2 W/m°C was chosen based on these gradlent ratlos and the Devonian shale

value,

The structure contour map of the Queenston formation was prepared from a data set
of 311 points (Figure 6~7a and Figure 6-7b). From the work of Urban (1970) the

mean harmonic conductivity of the sequence from the top of the Queenston Formation

to the top of the Trenton group Is estimated to be 1.64 W/m°C for well #6668 In
western Niagara Couﬁfy. The measurements from the Auburn Lot 39 #1 well ylelded a
value of 2.65 W/mOC. The conductivity Is much higher here because the Queenston
Formation undergoes a facies change and contalns more sandstone beds to the east
than in the west. Since evaluating the nature of fﬁfs facles change would require
an extensive study In Itself, a simple |inear Increase In conductivity from 1.64
W/m°C In the west to 2.65 W/m°C In the east was assumed for this conductivity
layer. A fourth~order polynomial was calculated to predict +he{+op of the

Queenston horizon (Figure 6-7c).

The final conductivity layer in the sedimentary sequence is marked by the top of
the Trenton Group. A structure contour map of the top of the Trenton was prepared
from 152 avallable data points (Figure 6-8a and Figure 6-8b), and trend analysis
produced a third-order polynomial as a best-fit model (Figure 6-8c). The Trenton
Group Is predominantly |Imestone at the top and contains interlayered |Iimestones
and shales throughout the sequence. Below the Trenton and Intermingled with minor
shale layers are |imestones and dolostones whlch are present downyfo the basal
sandstones of the Theresa and Potsdam Formations. Below this, the crystalline

Precambrian basement is present. Though the relatively higher conductivity of the

6-16
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Theresa and Potsdam (see Table C;IO) suggests that another layer should be
Included, the absence of control for trend analysis of the Theresa top prevented
this because only 52 data locations were avallable for this structure contour map
(Figure 6-9a and Figure 6-9b), Inclusion of the Theresa and Potsdam units in the
final sedimentary conductivity layer was not significant to the determinations of
heat flow as few of the BHT wells penetrated to this depth. The Increase in the
mean harmonic conductivity of this layer due to thelr inclusion was unavoidable
but, since they generally comprise less than one fifth of the entire sequence,
this was seen to produce only a minor effect In the model. The thermal
conductivity value used for this layer was 2.95 W/m°C based on the measurement

of the samples from the Auburn well, The isopach map of the Lower Grdoviclan and
Cambrian units, which are potential geothermal reservoir rocks, shows an Increase

In thickness to the south of the state In figure 6-9c.

The structure con+§ur map of the Precambrian basement was prepared from 94 data
points (Figure 6-10a and Figure 6-10b). The probable variability of the basement
prevented the use of actual thermal conductivity measurements to apply a
conductivity value in this case. A value of 2.93 W/mOC, typical of gnelssic

rock, was assumed. The effect of this In the model Is generally seen only to the
north of 43° latitude In the determination of the depth to 50°C; It was

necessary fo‘projec+ the temperature-at-depth calculation past the basement top to
obtain 50°C here. A third-order trend surface was determined to be a best-fit

mode! for the basement top (Figure 6-10c).
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SECTION 7

HEAT FLOW AND SUBSURFACE TEMPERATURE DISTRIBUTIONS

The mean harmonic conductivity from the surface to the bottom of each BHT well was
calculated by solving the frend surface equations for the depth to each layer at
the well site, determining which layer the BHT was In, and applying this
information along with the conductivity data in Table 7-1 to Equation 6~2. The
heat flow then Is the average geothermal gradlent times the mean harmonic
conductlivity. The calculated heat flow was then computer contoured at 2 mW/m2
intervals (Figure 7-1). Values In the data set ranged from 34.3 to 83.1 mW/mz.
The Appalacian basin region generally displays heat flow in the range of 40 to 50
mW/mz, typlcal for the northeastern Unlted States, with a distinct positive
anomaly in the Auburn area. Very little correlation to gravity (Figure 7-2) or
magnetic (Figure 7-3) trends Is observed. Comparison with the site~specific heat
flow measurement shows that values obtained from the model are In excellent
agreement with the Wells College #1 value and the Auburn Lot 39 #1 estimate.

Slightly higher heat flow for the Winspear #1 area Is predicted by the model.

The heat flow values were then used in conjunction with the conductivity model to

71
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extrapolate the subsurface temperatures (Figure 7-4 through 7-8b). Based on the

possibility of a drilling disturbance depressing the observed bottom=hole
+empéra+ures, temperature dlstributions were also analyzed using a correction
factor to bottom-hole temperature developed by the American Assoclation of
Petroleum Gecloglists during their geothermal survey of North America (A.A.P.G.,
1971). Thelr study statistically derived a correction factor +o apply to
bottom-hole temperatures which are logged soon after cessation of drilling., The
correction was derived from equllibrium temperatures In 602 wells in west Texas
and southern Louisliana. The wells were reentered long after the drilling
disturbance had dissipated, gnd the BHT was measured, These temperatures were
then compared with the original BHT recorded, and an empirical relation of the
driliing dlsturbance to the depth of the BHT was established. The equation
derived to simulate the A.A.P.G, correction Is:

Z (OF/$+)) x (DEPTH)) -

2

BHTCOR = =1.055 (°F) + ((0.4485 x 10~

((0.1903 x 1077 (°F/$+2)) x (DEPTH
1

)) - (7-1)

((0.9250 x 10711 (°F/$+2)) x (DEPTH>))

where BHTCOR Is the correction factor In degrees Fahrenheit and DEPTH is the depth
to the BHT in feet. The problem with this relation is 1t was derlved from wells
In an area where drifling mud is employed for most of the drilling operation. The
wells drilled in New York, except for very deep ones, are drilled primarily with
compressed alr., 1+ cannot be expected that the transfer of heat from the borehole
wilt be as effective with alr as with mud; the conductivity of air is generally
several orders of magnitude less. Therefore, thls correction must be considered

to overestimate the boundary of the correction which should be made. Actual
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determination of an empirical corrective factor for air-drilled wells would
require logging the BHT In many wells at different depths over time.

Additionally, much of the information which would be necessary to properly apply a
correction (eg., length of actual drilling time, presence of formation fluids in
the well during drilling, time after cessation of drilling that the BHT was
recorded) Is commonly not avallable. A theoretical study of a corrective factor
for the wells In New York to determine the precision of the A.A.P.G. correction is

presented in the next section.

The depths (sea level datum) to 30°C (Figure 7-4a) and 50°C (Figures 7-5a, b)

were calculated from Equation 6~6. Similarly, the depths below the surface to
‘these temperatures were also mapped (Figure 7-4b and Figures 7-5c, d respectively)
as a general guldeline for the drilling depth to these temperatures; a
considerable topographic effect may exist in areas of these maps. Temperatures at
the top of the Trenton Group (Figures 7-6a, b), the top of the Theresa Formation
(Figures 7-7a, b), and the top of the basement (Figures 7-8a, b) were calculated
based on Equation 7-1. The depth that the temperature gradients had to be
extrapolated from was determined from the trend surfaces and structure contour
maps of these horizons (see Figures 6-8a through 6-10c). The general character of
all the maps, especially the depths to 30 and 50°C, mimics the heat flow map as
expected. Thirty and 50°C are encountered at shallower depths over areas of
higher heat flow. The temperature maps of the horizons show the additional effect
of Increasing depth toward the south superlmpoéed upon the elevated temperatures
in areas of relatively higher heat flow. |+ can also be seen that the increase In
temperature along the horizons toward the south becomes more rapid as a result of

Increased dip of the horizons In that area.
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Evaluation of the accuracy of the model in predicting the temperature at depth was
done by examining the actual temperature-depth distributions of bottom-hole
temperatures in varlous subareas of the study area (Figure 7-9). BHT versus depth
(sea level datum) was plotted, and theoretical gradients were calculated based on
a general heat flow value for the area obtalned from: 1) the heat flow map, 2)
average depths to the conductivity layer horizons In the area, and 3) the
conductivity model (Table 7-1). In some cases a shallow detalled temperature log
was avallable to use as an estimate for heat flow In the area and to provide a
point from which theoretical gradients could be projected (Appendix B). When
these were not avallable, the absolute temperature encountered along the gradient
is subject only to a best=fit approximation; the relative changes In gradient are
the Important factor. The temperatures which are encountered at shallower depths
will generally follow the theoretical gradient as they are extrapolated to greater
depths; the degree to which they approximate actual ftemperatures recorded at
greater depths (as they follow the changing gradient) is a measure of the accuracy
of the model. In the presence of a shallower temperature within the area of
"fix", the gradient provides an extra factor to check this accuracy. Testing the
mode! in this fashlon Is subject to Iimitations. Generally, temperature data is
concentrated at a particular depth. This is because the nature of oll and gas
exploration tends to concentrate on a "target" formation in an area which has
proven resources. These oll and gas targets are shallower, for the most part,
than the geothermal targets of interest. Deeper temperatures are available
though, and the areas Investigated were chosen based on their presence. There is
also the effécf of the éllghfly dipping horizon of the conductivity layers which
is not shown on these plots. This, in addition to the possible presence of

7-20



*(wnjep |9A3| ©aS) y3dap snsuaa Hg Buizrold Aq
SUOLINQLJU2SLP Yrdap 1@ aunjeudduie] 40 AJ2eundde Byl dULWeXd 03 pasn Seade JO SBUL[ING - 6-/ 4nbLd

oSL S9L oL 8L o8L .08
L L A ] e L 4 A vk Je A b A L A - L 1 - L L i
+ - INIOd dlbd SHILIWOTIM
. + + ¢ L
+ . o
+ +++##1
e . L 2t
+ + o+ . Lw*,u..
™ " ByIKI3e g + 4 4
NOLWGHANIA - - + -
++ + oy o
v L + + + - i
+ + 4 + + P + [~
. N N - + + o+
bt " fr
* + i ENCEREN RN 3
+ + ¥ A w
" + S5,
+ € + * T -
S R L
+ + I ¢ E * e e T I
. . ! - - - * Dwadnge
* + L+ + &nﬂﬂ x +
NERENE] + £ 7
3I8NJHYAC® + H1d3Q °SA 1HE BNILL0Td
HIlln @ X + ¥04 435N SHIYY 40 SINITLAG
+ 431S3HI0Y e .
. GI¥Y1IND 3IMBT




disequllibrium temperatures, causes the temperatures to spread out rather than

align along a gradient.

The plot of BHT versus depth for Area 1, near Auburn in Cayuga County, Includes
detalled temperatures measured In well #13784 (Figure D-1). The general heat flow
for the area is 70 mW/mz, while an estimated value for the detalled well Is 76
mW/mz; theoretical gradients for these values of heat flow are shown as dashed
lines. The average depths to the conductivity layers and the Theresa Formation in
the area were obtained from the structure contour maps and are noted on the
right-hand side of the plot as: 1) Onondaga (ON), 2) Queenston (QU), 3) Trenton
(TR), 4) Theresa (TH), 5) basement (BA). This format is followed for all 12 areas
investigated (Figures D-1 through D-12). The conductivities used for the layers
are gliven In Table 7-1. The Queenston conductivity, which changes from east to
west, for this area is approximately 2.63 W/m°C. Plotted gradients show good
agreement with the deeper temperature data. It can be seen that continuation of
the relatively higher gradient encountered in the detalled log, approximately
34.5°C/km, without regard for changing conductivity would have resulted in a
higher predicted temperature (63.2°C) for the top of the basement than the range
shown (52.6 - 55.9°C) by the gradients which change when a layer of differenf
thermal conductivity is encountered. Furthermore, 1f the average geothermal
gradlenfs from the surface temperature and the BHT had been extrapolated for the
shallower wells in the area, the range of predicted temperatures at the top of the
basement would be 62 to 80°C; this clearly contradicts the actual BHT values at
this depth. The temperature at the top of the basement mapped in Figure 7-8a for
this area coincides with the values obtained from the gradients which change with
conductivity.
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The other areas analyzed In thls manner show similar agreement to Area 1. Though
horizontal changes Iin the thermal conductivity of the layers undoubtedly exist,
the model provides a generally good constraint on the process of extrapolating
temperature at depth for the avallable BHT data. Without this constraint, the
temperatures derlved from near-surface gradients would not be meaningful in terms

of steady-state heat conduction through a medium of changing thermal conductivity.
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SECTION 8

THEORETICAL ESTIMATES OF BHT COORRECTION

Since the construction of heat flow maps and estimates of subsurface temperatures
relies on the accuracy of the estimated bottom—hole temperature (BHT), analysis of
the possible limits of the BHT correction are important. Farly studies by Kehle
(1973) used a large set of data from the Gulf Coast region to determine the BHT
correction. Recent studies by Leblanc et al. (1981) and by Middleton (1982)
evaluated the BHT correction by theoretical methods based on the solution of the
heat-conduction equaticn presented by Carslaw and Jaeger (1959). This study uses
thg solution of the BHT correction presented in Middleton (1982) with parameters

and conditions specifically based on the geology of New York State.

In New York, most oil and gas drilling is done by air percussion techniques
although some wells circulate water or mud. The important parameters to consider
when measuring BHT include rock conductivity and diffusivity, drilling media
conductivity and diffusivity, geometry of the borehole,»time elapsed since
circulation and drilling techniqde. Standard rcck densities and heat capacities
were used to define an upper and lower boundary of thekdiffusivities for
sedimentary rocks. Values of rock conductivities in New York State typically

range from 3.63 to 2.53 W/moc (Ecdge et al., 1979). The estimated diffusivities
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range from 010 to .006 cmz/s. The values of conductivity and diffusivity for

the mediums considered are listed in Table 8-1:

Table 8~1
Conductivity (W/mOC) Diffusivity (cmz/s)
Rock: Ilich 3.63 .010
T.ow 2.53 .005
Water .585 .0017
2ir .025 .18
Mud .920 L0022

The heat conduction equations governing temperature distribution in the borehole

(meditm 1) and the country rocks (medium 2) are:

2
3 1 3 ] 9
Immedior (1) 57 N1 T v ir ho- Kk st =0 (8-1)
In medivm {2) 32 T + 1 3 T - 1 3 T = 0 (8-2)
sve 2 = = 2 o= 2
r rar keot

where r is the distance from the center of the borehole, T is the temperature,

km is the diffusivity cf the rock, and kf is the diffusivity of the fluid in

the borehole.

The initial and boundary conditions assume that the temperature in the rock at a
distance unaffected by the drilling is Tf and the temperature in the borehole
initially is Tm’ The radius of the borehole is specified as "a". At the
contact of the borehole and the country rock, equal heat flow is required. Using

these conditions, the solution of the heat conduction equation in the borehole

(Equation 8-1) is:
8-2



Y
kmu t

To(rit) = T - (T, -1 ) 4 € JOI(U")J] (ua)du
11 —_

o]

(8-3)

The temperature at the bottom of the borehole at a specific time since cessation

drilling fluid circulation is BHT(t). This gives the conditions whereby

BHT(t) = T(t)

RHT, ., =T
init m

sc that at the center of the borehole (r = 0), the BHT at any time can be solved.

(BHT(t) - BHT = kgt
- 1n1t) = .. 4 e2 : J](uz)du (8-4)
(Tformation™ BHTinit) n2a ) u“TA(u) + B%(u)]
where:
A(W) = KIy (ua)J (kua) = (k/K)J, (ua)d, (kua)

fee}
—
o
=
i

: Kjl(ua)YO(kua) - (k/K)JO(ua)Yl(kua)

'
|

- (krn/kf)O.J
0.5
JO' Jl’ YO’ Yl are Bessel functions.

Bquation 8-4 was solved by Simpson's numerical integration technique. The Bessel
functions were evaluated by scientific rcutines on the State University of New

York at Buffalo CDC Cyber 170 system.
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When solving for the equilibrium BHT, it is essential that the initial temperature
of the medium, Tm’ used in drilling the borehole is different from the formation
temperature, Tf. Also, it has to be assummed that there is no further leakage

of this medium into the country rock after drilling has ceased. If the well is
casedG all the way down, this assumption is good. In terms of BHT stabilization,

leakage means eqguilibrium will take longer.

When the time after cessation of drilling is plotted against

( (BHT (t)-BHT,

lnit)/(T BHT )) (from Equation 8-4), the resultant

formation "-*init

curves (Figure 8-1) show how quickly BHT equilibrium is reached. A value of 1.0

‘ Thottam hole =
2 value of 0.0 represents the initial condition. From these

represents the situation where equilibrium has been reached, ie.
Tformation'
curves, qualitative estimations of how much time must pass before there are no
longer measurable differences between the bottom hole temperature and the
formation temperature can be made. As would be expected, different medium in the
boreholes behave guite differently in terms of the amount of time necessary to
equilibrate. 2ir eguilibrates in a matter of minutes, water and mud in a matter

of hours.

Thevvalidity of the numerical algorithm was checked against other methods of
measurement and the small differences in values found could be attributed to
numerical error. Some of these checks included matching the numerical algorithm
solution against the solution predicted by the one medium analytical solution.
That same solution was also tested against an analytical solution using a constant
temperature boundary condition when air was the medium in the borehole. To check
the validity of Figure 8-1, the very rapid equilibrium obtained with air in the

borehole was compared to the analytical solution for a constant temperature
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boundary condition and the solutions agreed.

The equilibrium curves in Figure 8-1 can be subdivided into four regions to
represent the various stages of temperature variation. Region I is when a very
small amount of time has gone by, the temperature gradient has not penetrated to
the borehole center and effectively the temperature of the input medium is being
measured. A rapidily changing temperature versus time curve represents Region II,
while Region IV is where the temperature approaches the equilibrium temperature of

T Region III is an intermediate stage between Regions II and IV. Ideally

fI
measurenments of bottom hole temperature should be made in Region IV where a

correction factor can be neglected.

Figure €-1 also shows that borehole medium diffusivity dominates equilibration.
For the case where water or mud is present, the borehcle medium measurements
should only be made a minimum of 12 hours after circulation has ceased. Where
only air is present, measurements can be made almost immediately after circulation

has ceased -

Equilibrium bottar-hole temperatures can be predicted if at least two well-spaced -
measurements are made when the temperatures are rapidly changing (Region II). For
water or mud this would be in the range of 1 -~ 12 hours after circulation has
ceaseG. A measurement every one to twce hours would probably yield reliable

predictions.
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SECTION 9
CONCLUSION

Changes in geothermal gradients observed In detailed temperature logs indicate
that vertical thermal conductivity changes must be considered if heat flow and
temperature-at-depth estimates In the region of central and western New York are
to be made. The measurement of conductivity of rock samples from wells in several
locations supports this conclusion. The horizontal extent of these vertical
conductivity changes was modeled based on the observation that gradient changes

- correlate with |ithology changes encountered In the stratigraphic section. The
average geothermal gradients obtained from mean annual surface temperature and
bottom-hole temperatures, In conjunction with the thermal conductivity model,
indicate that central and western New York is an area of generally uniform heat
flow (40 to 50 mW/mz). A distinct high heat flow anomaly In the north-central
part of New York near Auburn has a maximum amplitude of approximately 75 mw/mz.
The source of this anomaly may be due to convective upwelling along fractures that
extend Into the basement rocks. Site-specific heat flow determinations support

the heat flow values obtalined from the avallable BHT data.



Calculations from the basal Cambrian sandstones, the primary geothermal target,
Indicate that a significant area of potential low-temperature geothermal energy
exlsts. Using the limit of a minimum 50°C temperature, the 1300 meter depth to
the Theresa (sea level datum) generally defines the northern extent of the area.
Considering a maximum depth for economical drilling to be 3000 meters with present
technology, the 2500 mefgrs to the Theresa (sea level datum) forms the boundary to
the south. Temperatures In the range of 70 to 80°C are predicted for the

southern portion of the area. The presence of extractable fluids Is an important
consideration in targeting a potential geothermal site. Work by Robinson (1982)
indicates that zones of intergranular porosity as well as fractures exist within
the area targeted by the temperature and depth considerations. Reports of connate
water In the section suggest that extractable fluids should coinclde with these

porous zones.,

Confidence In the rellability of temperature estimates comes from the comparison
of +empera+urés extrapolated from shallow BHT readings to deep temperature
measurements in areas where both are avallable. An accuracy of 1500 Is

indicated by these comparisons. Where only shallow temperatures are available,
and In areas of sparse BHT data, the accuracy of the predicted temperature at
deeper levels Is highly dependent on the accuracy of the available data. The
conductivity model for the area provides a reliable constraint to extrapolate
average geothermal gradients, but only when the gradients themselves are correct.
Possible disturbances to the BHT (eg., drilling, gas expulsion, water circulation)
cause depressions or elevations of the gradient. This, in turn, will cause error
in the temperature-at~depth prediction. Application of a correction for driiling

disturbances cannot be made for all the available bottom-hole temperatures. The
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variability of the conditions present during the dritling and logging of the wells
prevents this. A recent check of well logs wiTh‘boffom—hole TemperaTurés in the
area of Friendship, N.Y. in Allegany County is one exampie of this problem. Two
of the wells which are present near here (#15738 and #11762) report salt mud in
the borehole. The use of drflling mud has probably éauséd a significant depression
of the BHT and, therefore, the calculated gradient. Heat flow for the area is
depressed because of the relatively low average gradient. The low calculated heat
flow (approximately 38 mW/mz),resulTs in a depression of extrapolated temperatures.
Problems such as this aré-difficufT'To assess in terms of the overall area.

(f a potential geothermal site is targeted, a thin test borehole of 200
to 300 meters in depth could be drilled for evaluation of the heat flow at the
site. The conditions in the well could be closely monitored to establish the
‘reliabIIITy of the ftemperature data. An estimate of heat flow and the extrapolation
of temperatures using the conductivity model and the measured temperature gradient
in the borehole could be made. This would prevent the expenditure of a targe sum

before performing a site-specific evaluation of the potential geothermal resource.
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CAPPENDIX A

THERMAL HISTORY OF HYDROCARBON SOURCE ROCKS

IN NEW YORK



The thermal history of western and central New York Is Important to an
understanding of the source of hydrocarbons in this area. |f hydrocarbon
source beds (typlcally shales) and reservoir rock (primarlly sandstones and
some carbonates) are present, then elevated temperatures are required for
hydrocarbon formation. Temperature of the source rocks must be between

65° to 150°C for organic material In source beds to be converted to
hydrocarbons (Klemme, 1975). Based on the heat flow data and sedimentary
depositional history, it Is possible to determine the thermal history for
western and central New York. The estimation of the thermal history of the
rocks can provide an evaluation as to whether temperatures were sufficlent
for production of hydrocarbons and also indicates the possible source beds

for hydrocarbon deposits found in this area.

Deposition of sediments causes an Increase in temperature at depth In the
rock layers already In place. |f a sedimentary layer of thickness H with
zero temperature Is instantaneously deposited on basement rocks at time t =

0 the temperature (T) at depth can be found by

T (y,t) = T, (y) +m/£‘f'<ierfc —¥ . jerfc Yizi) (A=1)
V4Kt V4Kt

where y Is the depth measured from the top of the basement, To (y) Is the
initial surface temperature, o is the gfadlenf which would be reached in
the sediments for infinite time (l.e., If Q is the equilibrium heat flow,

then & = Q/K where K Is the thermal conductivity of the sediments), Xis the



thermal diffusivity (taken to be uniform in the sediments and the
basement), and ierfc is the repeated integral of the error function (Birch

et al., 1968).

Differentiating
(A-2)
g%-= = erfc Y2 :
Gt
if H is a function of time then
+ -
T (y,t) = T, (y) += s%erfc [ LAE) 1 4 (h=3)
0 vict

where H (7) is a dummy variable for integration over time. If the rate
of deposition (U) is uniform beginning at t = 0, then H = UT and dH = U dT:

The temperature at depth is then

T (y,t) =T, (y) += Ut /" erfc

YT dT
o] V4|<it ; t

(A-4)

which can be evaluated by numerical methods (Birch et al., 1968).

Specific examples of the thermal hisfory in the study area can be shown by
constructing a depositional history using the structure contour maps
(Figures 6-10a, b, ¢ fo 7-4b) and approximate ages of deposition, and

assuming that the heat flow has not changed significantly since the



beginning of deposition. The depositional and thermal history for southern
Steuben County (42° 00' latitude and 77° 30! longltude) Is shown In

Figure A-1. |t Is assumed that the surface temperature at the time of
deposition was 20°C. The present average surface temperature in this

area, reduced to sea level using the adlabatic lapse rate of 9.8°C/km
(Jaeger, 1965), Is approximately 12° (Figure 6-2)., The area was at much
lower latitudes during sediment deposition (Windley, 1977) so 20°C is a
reasonable temperature to assume. The mean harmonic conductivity
calculated from the conductivity mode! for the sediments In this area Is
2.1 W/m°C (Table C-6) and the heat flow Is approximately 44 mW/m2

(Figure 7-5). Using an average sedimentary rock density of 2.5 gm/cm3
and heat capacity of 1.05 J/gmoC the thermal diffusivity value obtained is
k = 8 x 10-7 mz/sec. The equilibrium gradient in the sediment is « =
21°C/km. Deposition began in the late Cambrian (510 mya) and continued
(with some erosional unconformities) through the late Devonlan‘and early
Mississippian (300 mya) as shown by small outliers of Mississippian-age
rock In the south of the state. Maximum rock thickness was probably not
much greater than it Is today. Potential source beds exist In the shales
Interlayered with |imestones in the upper 200 meters of the Trenton Group,
the shales and shaley layers in the Queenston, and shales in the lower
portion of the Onondaga to Queenston sequence. Gas In this area is

» typically found In the Oriskany Sandstone approximately 30 meters below the
top of the Onondaga Limestone. The Onondaga has been suggested as a source
for the Oriskany gas (Landes, 1970) because it Is rich in organic matter.
The calculated thermal history implies that the femperafures‘necessary for

hydrocarbon formation, at least 65°C, were not reached in the Onondaga.

Unless the gas has migrated updip from the south where the depth of burlal
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(and therfore probably temperature) was greater, source beds below the

Queenston seem to be more probable.

In northern Ontario County (approximately 43° 00' latitude and 77° 30'
longltude), the thickness of sedimentary units Is less than to the south.
Though much of the Devonlan sequence‘ls missing because of erosion, an
estimated thickness of 900 meters has been assumed based on thinning trends
in the units still present. The mean harmonic conductivity Is
approximately the séme as to the south In Steuben County. Here the
calculated heat flow Is about 55 mW/m2 and the equllibrium gradient in

the sediments Is 26°C/km. As can be seen In the thermal and depositional
history in Figure A-2, the depth to a temperature level is less than to the
south because of the higher heat flow In the northern areas. A small
amount of sediment deposition results In the critical temperature of 65°C
occurring only up to the shales in the lower portion of the Queenston
Formation., Major gas production In this area Is from the Queenston

~ Formation and lower Onondaga Limestone. The calculated temperatures

suggest that the source beds were in the Queenston and below.

" The thermal histories of these two areas show the possible source beds for
hydrocarbons as well as discounting others as sources. The present-day
temperatures found at the top of the basement (Figure D-3) are lower than
predicted by the thermal history, but sdrface conditions have changed since
deposition ended. Northward migration, uplift and erosion, and glaclation

have caused lower surface temperatures which have depressed temperatures at
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depth. Other factors, such as changing heat flow, cannot be assessed by

this theoretical thermal history.
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APPENDIX B

THEORY AND METHODS OF THERMAL CONDUCTIVITY

MEASUREMENTS



The rate of heat transfer through solids depends on the physical properties of the
material. As a result of these properties, materials have a specific thermal

conductivity (K) which is deflned by

K =dck (B~-1)

where K Is In units of W/m°C, density, d, is in units of kg/m3, heat capacity,

c, Is In units of Joules/kgOC, and thermal diffusivity, kK, is in units of

mz/sec (Jaeger, 1965). Material which conducts heat equally in all directions

Is sald to be Isotroplic. if the rate of heat conduction depends on direction of
flow, then the material 1s anisotropic. When the rate differs from place to place
in the material, it Is heterogeneous. The variability of rock.conducftvlfy
general ly excludes 1t from being a truly Isotropic material, yet the assumption of
It being such is made to reduce complexities In heat flow calculation. In some

cases, anisotropy and heterogeneity must be considered.

Determination of K in rock is made by direct measurement. The method of
measurement chosen for this project Is the needle probe, based on the theory of an
infinitely long=~line heat source In an Infinite medium. The Increase In
temperature (T) at a polnt In an Infinite medium heated by a |ine source is given

by

Trt) = (@/2eK) 1 (r/2(kt) ) (8-2)

where q Is the heat per unit length of the liné source in units of W/m, r Is the
radial distance of the point from the line source In meters, + is the time from

when the heat was applied In seconds, and |(x) is the Modiflied Bessel Functlon.

B-2



The Bessel Function is equal to
I(x) = C - In x + — =-— 4+ - - (B-3)

where C is Euler's constant (Woodside and Messmer, 1961). For small values of

1/2)

x=(r/2(kt) ,» when t Is large and r Is small, terms of x2 and greater may be

neglected and the temperature increase T between times +1 and TZ Is given by
AT = (q/47K) In  (ty/t;) (B-4)

or, solving for K,

q n (t/t)
K = — (—=21) (B-5)
4n AT
(Woodside and Messmer, 1961). Therefore, by applying an Ideal [Ine source of heat

to an infinite medium, thermal conductivity can be measured by the change In
temperture over time at a point In the medium. A large length-to-diameter ratio
in the line source, le., greater than 30, allows for the approximation of an
Infinite llne source, and limiting the tine in?efval of temperature measurement to

before the heating effect reaches the surface of the sample allows for samples of

finite size (Woodside and Messmer, 1961).

The needle probe used as a |ine source of heat (catalog #K1137A, Fenwal
Electronics of Framingham, Massachusetts) consists of a hypodermic needle 63 mm
line and 1 mm in diameter which contains a loop of heater wire over the length of
the needle, with a resistance (R) equal to 2559.1 ohms/m. A thermistor with a

resistance of approximately 1000 ohms Is epoxied 25 mm from the tip of the probe.
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The heater wire and thermistor are connected to a five-pin plug which Is welded to

the needle.
The heat production in the heater wire is determined by
P=1 R (B~6)

where P is the power loss In the wire in W/m, 1 Is the current In amperes (A), and
R Is the resistance in ohms. For a constant current of 0.03A and constant R, the
P of the heater wire is 2.30 W/m. The temperature coefficient of resistance of
the heater wire Is so small that it is considered to be negligible over the
temperature range belng considered. Since the wire passes [tself in a loop, the g

of the source Is twice P or q = 4.60 W/m.

The rise in temperature is measured by the change In voltage (V) across the
thermistor. The voltage change Is a function of the resistance of the wire and It
it this resistance which Is sensitive to changes in temperature. The thermistor
was calfbrafed a thermostated water bath. A constant current of 0.03 A was
applied to the thermistor and the voltage was measured using a digital multimeter.
Temperature in the bath was measured using a préclsion-grade thermometer. The
plots of voltage versus temperature for the two probes used are shown In figures
B-1 and B~2. The llinear response of voltage to temperature Is evident from these
plots. Linear regressions of voltage versus temperature were determined and
values for AV/AT obtalned. For probe 1, Serial #15, a value of AV/AT = -0.0159
V/OC was obtalned with a correlation coeff!clehf of 0.9999., Probe 2, Serial

#23, gave a value of AV/AT = -0.0215 v/°C with a correlation coefficlent of
0.9998,
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The chip samples were obtained from well drilling. Since these chips do not
represent a solld medium, it Is necessary to saturate them with water so the
medlum surrounding the probe can be considered solid and Its K measured. The
conductivity of this rock chip-water mixture is related to the conductivity of the

geometric mean of Its constltuents by
K = K K (B=7)

where Km is the measured conductivity of the mixture, Kr Is the conductivity

of the rock chips or bulk rock conductivity, Kw Is the conductivity of water

(Kw = 0.598 W/m°C at 20°C), and g/is the volume fraction of water given by 97

= volume water/total volulme (Woodside and Messmer, 1961). This equation is also
used for calculating Is situ rock conductivity from the measured bulk rock
conducffvlfy and the porosity of the rock unit as defermined from porosity logs

taken In the borehole.

The rock chips are placed In cells made from 20 mls sections cut from graduated
cylinders sealed at one end with rubber stoppers. These were used because the
amount of well cuttings is often limited. Furthermore, It was found that it Is
necessary to sort the samples Into a uniform size range, -RP to +1%& so that the
volume fraction of water Is unlform throughout the mixture. The typical Qolume of
sample avallable after sorting is approximately 15 ml. The rock chips and cell
are welighed before and after saturation and the volume determined from the
graduated markings on the side of the cell, The volume fraction of water Is the

difference In weight before and after saturation divided by the volume.
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The needle probe Is Inserted through a hole In the rubber stopper at the base of
the cell and the sample Is tamped to Insure good contact around the probe surface.
The cell, with the probe inserted, Is then placed In an Insulating jacket and
éllowed to sit for 30 minutes so that any thermal disturbance is dissipated. The
heater current Is turned on when thermal equilibrium, as shown by a constant
voltage in the thermistor, is obtained. The voltage Is recorded at flve-second
intervals over a perlod of one minute. I+ Qas found In practice that the In + =~
voltage curve Is linear only over the 10- to 25-second Interval. The slope of the
curve in this time range calculated by |inear regression gives a value for In t/a
V. This is then mulflplled by the value of OV/AT for the particular probe. The
conductivity of the rock chip-water mixture can then be calculated using equation
B~5 by substitution of the value thus obtalned for (In Tz/*1)AAT and the value

of q. The bulk rock conductivity is then obtained from

r

17 -
K = (Km/Kw¢3 /1~y | (B~8)
which Is equation B-7 solved for bulk rock conductivity.

Samples for which thermal conductivity was measured by Paul Morgan (personal
communication) on an established divided-bar apparatus at Southern Methodist
Unlversity (SMU) In Dallas, Texas, were used to check the accuracy of the needle
probe apparatus. |In figure B-3, the plot of In t versus voltage Is shown for a
sample of St. Peter Sandstone measured on probe 1. Though the latter part of the
curve Is clearly non-linear (because of boundary effects), It was uncertain where
the true linearity existed in the 5- to 35-sec6nd range. Successlve calculations
on multiple runs of the samples determined that from 10 to 25 seconds the curve

produced Is finear and ylelds thermal conductivity values in excellent agreement

B-8
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with those measured on the divided-bar. The bulk rock conductivity values
obtained at SMU and on the needle probe are shown In figure B-4. The values
measured by the needle probe differ by no more than 9 percent from the average
divided=-bar values. This accuracy was considered to be adequate for use of the

needle probe apparatus In the measurment of thermal conductivity.
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APPENDIX C

TABLES: DETAILED LOG REDUCTION DATA
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CITY OF AUBURN LOT 39 #1
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Table C=11

N.Y. AND PA. BHT DATA
AND AVERAGE GRADIENTS
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Table C¢-11 continued
STATE CODE 031 - NEW YORK

COUNTY CODE LISTING

~N U e e

11
13
15
17
19
21
23
25
27
29
31
33
35
37
39
41
43
45
47
49
51
53
55
57
. 59
61

ALBANY 63  NIAGARA
ALLEGANY 65  ONEIDA
BRONX 67  ONONDAGA
BROOME 69 - ONTARIO
CATTARAUGUS 71  ORANGE
CAYUGA 73 ORLEANS
CHAUTAUQUA 75  OSWEGO
CHEMUNG 77  OTSEGO
CHENANGO 79  PUTNAM
CLINTON 81  QUEENS
COLUMBIA 83  RENSSELAER
CORTLAND 85  RICHMOND
DELAWARE 87  ROCKLAND
DUTCHESS 89  ST. LAWRENCE
ERIE 91  SARATOGA
ESSEX 93 SCHENECTADY
FRANKLIN 95  SCHOHARIE
FULTON 97  SCHUYLER
GENESEE 99  SENECA
GREENE 101  STEUBEN
HAMILTON 103  SUFFOLK
HERKIMER 105  SULLIVAN
JEFFERSON 107  TIOGA
KINGS 109  TOMPKINS
LEWIS 111  ULSTER
LIVINGSTON 113 WARREN
MADISON 115  WASHINGTON
MONROE 117  WAYNE
MONTGOMERY 119  WESTCHESTER
NASSAU 121  WYOMING
NEW YORK 123 YATES
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APPENDIX D

BHT AND DETAILED LOG DATA
AND GLOSSARY
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Figure D-1 - BHT and detailed log (#13784) data, Area 1 (dashed lines

are theoretical gradients for heat flow as given).
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Figure D=2 - BHT data, Area 2 (dashed line is the theoretical gradient
for the given heat flow).
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Figure D-3 - BHT data, Area 3 (dashed line is the theoretical gradient
for the given heat flow).
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Figure D-4 - BHT and detailed log (#13571) data, Area 4 (dashed lines are
theoretical gradients for heat flow as given).
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Figure D-5 - BHT and detailed log (#14423) data, Area 5 (dashed lines
area theoretical gradients for heat flow as given).
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Figure D-6 - BHT data, Area 6 (dashed line is the theoretical gradient
for the given heat flow). '
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Figure D-8 - BHT data, Area 8 (dashed line is the theoretical gradient

for the given heat flow).
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theoretical gradients for heat flow as given).



T T T

0 \ T L L] ¥
\\ ARER 10
i \ = .
. HF = 46 MN/Mxn2 _ ON
\
-200} \ ]
\
i \
\ 1
\
. -400} 3}} .
N )
ac i 4 - QU
Eﬂ - 1;—E: + .
1) +
z Rt T+
-600 | N .
= \
\
o ! \ -
Q \
\
3
TY ! \
= 800 . 1
\
— L .
5 \ ]
n \\
; -1000} \ TR
I \
= \
a. - ]
Y] \
(- \
-1200} \ ]
\
+ \
i + \ +TH
\
-1400} \ -
+ — BHT DRATA | \
\
! \ 4
\ BA
\
-1600 = : e

2s 35 45
TEMPERATURE (CELSIUS)

Figure D-10 - BHT data, Area 10 (dashed line is the theoretical gradient
for the given heat flow).
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Figure D-11 - BHT data, Area 11 (dashed line is the theoretical gradient

for the given heat flow).
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Figure D-12 _ 4T data, Area 12 (dashed line is the theoretical gradient
for the given heat flow).
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GLOSSARY

HF -  heat flow

BHT - bottom hole temperature

ON - Onondaga Limestone
QU - Queenston Shale

Tr - Trenton Limestone

TH - Theresa Sandstone

BA - basement



