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Delineation of Fractures, Foliation, and Groundwater of the
Bedrock at a Geothermal Feasibility Site on Roosevelt Island,
New York County, New York

Abstract
Advanced borehole-geophysical methods were used to investigate the hydrogeology of
the crystalline bedrock in three boreholes on Roosevelt Island, New York County, New York.
Cornell University was evaluating the feasibility of using geothermal energy for a future campus
at the site. The borehole-logging techniques were used to delineate bedrock fractures, foliation,
and groundwater-flow zones of the Fordham Gneiss in test boreholes at the site.
Three fracture populations dominated by small (0.04 in or less) fractures were delineated
in the three boreholes. A sub-horizontal population with low to moderate dipping fractures, a
northeast dipping population with moderate to high angle fractures, and a small northwest
dipping high angle fracture population. One large southwest dipping transmissive fracture
underlies the entire study area with a mean dip azimuth of 235º southwest and a dip angle of 31º
(N325ºW 31ºSW). The mean foliation dip azimuth was 296º northwest with a mean dip angle of
73º (N26ºE 73ºNW).
Groundwater appears to flow through a network of fractures dominated by a large
fracture underlying the site that is affected by tidal variations from the nearby East River. The
total number of fractures penetrated by each borehole was 95, 63, and 68, with fracture indices of
0.26, 0.20, and 0.20 in GT-1 (NY292), GT-2 (NY293), and GT-3 (NY294), respectively.
Aquifer test data indicate the specific capacity of boreholes GT-1 (NY292), GT-2
(NY293), and GT-3 (NY294) was 1.9, 1.5, and 3.7 gal/min/ft, respectively. The large
contribution of flow from the leaking casing in borehole GT-3 (NY294) caused the doubling in
specific capacity compared to boreholes GT-1 (NY292) and GT-2 (NY293). The
transmissivities of the large fracture intersected by the three boreholes tested (GT-1, GT-2, and
GT-3), calculated from aquifer-test analyses of time-drawdown data and flowmeter differencing,
were 133, 124, and 65 feet squared per day (ft2/d), respectively. Gringarten analysis indicated
the large fracture intersects a low transmissivity boundary or distant fracture network with an
average transmissivity of 69 ft2/d, this distant hydraulic boundary averages about 200 ft away
from boreholes GT-1 and GT-2.
Field measurements of specific conductance of the three boreholes under ambient
conditions at the site indicate an increase in conductivity toward the southwest part of the site.
Specific conductance was 5, 6, and 23 millisiemens per centimeter (mS/cm) in boreholes GT-2,
GT-3, and GT-1, respectively.
Three borehole radar reflection logs collected at each of the boreholes indicated increased
penetration with depth and the large fracture intersecting all three boreholes was imaged as far as
80 ft from the boreholes. A borehole radar attenuation tomogram from GT-1 to GT-2 indicated
the large fracture intersected by the boreholes extends between the boreholes with a low angle
southwest dip.
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Introduction
The Cornell Geothermal Feasibility site is along the southwestern corner of Roosevelt
Island, New York County, New York (fig. 1). Roosevelt Island is a narrow island, 0.15 miles
wide and 2 miles long, in the East River between Manhattan Island and Queens County, Long
Island, New York. A network of three bedrock observation boreholes were drilled by Cornell
University to determine the feasibility of using geothermal energy for the heating and cooling of
a future campus planned for the site. The bedrock borehole network provided a unique
opportunity to study the fractures, foliation, and groundwater flow system of the Fordham Gneiss
and test advanced borehole geophysical methods in water-bearing metamorphic rock.

Borehole Network
Three 6-inch (in.) diameter boreholes were logged by using geophysical methods to
obtain hydrogeologic data on the bedrock within the Cornell Geothermal Feasibility site (table 1;
fig.1).
Table 1: Site information for boreholes within the Cornell Geothermal Feasibility site on Roosevelt Island, New York
County, New York.
[NYSDEC, New York State Department of Environmental Conservation; USGS, U.S. Geological Survey;
NAVD 88, North American Vertical Datum of 1988; °,',", degrees, minutes, seconds]

Cooperator
Identifier
GT-1
GT-2
GT-3

NYSDEC
Identifier
NY292
NY293
NY294

USGS Identifier
404518073572501
404518073572502
404518073572401

Lattitude North
40° 45' 18.003"
40° 45' 18.573"
40° 45' 18.877"

Longitude West
73° 57' 25.382"
73° 57' 25.110"
73° 57' 24.503"

Measuring
Point
Elevation (ft) Depth (ft)
14.88
400
17.16
347
16.71
369

Each of the three boreholes GT-1 (NY292), GT-2 (NY293), and GT-3 (NY294) were
cased with steel in the upper 25 to 34 feet (ft) below land surface (BLS) through unconsolidated
sand and gravel, and 3 to 6 ft into competent bedrock. Air-hammer drilling was used to
complete GT-1 (NY292), GT-2 (NY293), and GT-3 (NY294) in open bedrock at depths of 400
ft, 347 ft, and 369 ft, respectively.
Digital recorders were installed in each borehole to record water level (hydraulic heads
referenced to the North American Vertical Datum of 1988 [NAVD 88]) and temperature data at
regular intervals (fig. 2). One digital recorder was installed as a temporary tidal gaging station
about one mile north of the study area in the East River to measure the tidal cycle of the river
(fig. 2). Tidal fluctuations at the East River tide gage averaged about 6 ft. Analysis of the
ambient (non-pumping) water levels in the three boreholes indicates GT-1 (NY292) and GT-2
(NY293) had the largest tidal influences from the East River and GT-3 (NY294) the least
amount. Bedrock groundwater levels fluctuated on average in GT-1 (NY292) and GT-2
(NY293) by about 1 ft, and in GT-3 (NY294) by about 0.5 ft (fig. 2). The boreholes appeared to
have a 15 minute delay in tidal influences compared to the East River tide gage. Analysis of the
water levels during aquifer tests indicates negligible tidal influences in all three boreholes.
Aquifer test data were analyzed using commercial software (Duffield, 2007). Field
measurements of specific conductance were taken using a handheld-downhole meter in standing
water.
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Hydrogeology
New York County is underlain by a high-grade metamorphic bedrock sequence
consisting of gneiss, schistose-gneiss interlayered with granite, and marble (Baskerville, 1992,
1982) (Merguerian, 1996). Baskerville (1982) mapped the study area bedrock as the Fordham
Gneiss. The Fordham Gneiss consists of alternating black and white layers of silicate minerals
(quartz, plagioclase, biotite, muscovite, microcline, and garnet). Gneiss is considered a poor to
moderate groundwater producer compared to other bedrock units in the New York City area
(Asselstine and Grossman, 1955). Within the study area the bedrock is overlain with
unconsolidated sand and gravel.

Borehole-Geophysical Logging
Borehole-geophysical logs collected and analyzed in this investigation included natural
gamma (gamma), single-point-resistance (SPR), short-normal and long-normal resistivity (R),
mechanical caliper, magnetic susceptibility (MAG), temperature, specific conductance (SpC),
pH, uncalibrated redox state, acoustic televiewer (ATV), optical televiewer (OTV),
electromagnetic (EM) and heat-pulse flowmeters, borehole radar reflection, and borehole radar
tomography (Keys, 1990; Stumm and others, 2007, 2013; Williams and Johnson, 2004; Lane and
others, 2001; Zhou and Fullagar, 2001). The flowmeter logs were analyzed through techniques
of Paillet (1998, 2000, and 2001). Borehole radar reflection uses both antennas in the same
borehole, and can image reflected energy off of changes in materials, such as water or air filled
fractures in the bedrock (Lane and others, 2001). The borehole radar reflection logs were used to
determine if any large fractures that did not intersect the boreholes were present surrounding the
boreholes. Borehole radar tomography uses antennas placed in separate boreholes, and energy is
transmitted between the antennas over the area between the boreholes (Lane and others, 2004).
This technique was used in northern Manhattan to image fracture zones in the Inwood Marble
between two boreholes (Stumm and others, 2013). A water-quality tool measuring SpC,
temperature, pH, and redox state was field calibrated (with the exception of redox state) and used
to provide quantitative measurements of potential inflow or outflow in a borehole under ambient
and pumping conditions which has been shown to be an effective tool in delineating transmissive
fracture zones (Stumm and others, 2001, 2004, 2007, 2013).

Geologic-Structure Analysis
Faults, fractures, and foliation penetrated by each borehole were delineated from the
analysis of OTV logs. Fractures were classified as small (0.04 in. or less), medium (greater than
0.04 to 0.39 in.), and large (greater than 0.39 in.) on the basis of the apparent aperture or width of
the opening. Fracture and foliation measurements were adjusted to true north and plotted as
poles to planes in stereonets to analyze population orientations (fig. 1).

Delineation of Fractures, Foliation, and Groundwater
Faults, fractures, and foliation were interpreted from OTV, gamma, SPR, R, MAG and
caliper logs. The boreholes penetrated foliated and moderately fractured rock with one large
southwest dipping fracture that was encountered in each borehole. This large fracture was the
dominant groundwater producing fracture within the Cornell Geothermal Feasibility site.
However, borehole casings that were not grouted into bedrock allowed groundwater from the
unconsolidated water-table aquifer overlying the bedrock to flow into two of the three boreholes.
6
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Borehole Analysis
Observation borehole GT-1 (southernmost borehole NY292) had a measuring point
elevation of 14.88 ft (fig. 1). A 6 in. steel casing was installed to a depth of 30 ft below land
surface (BLS), with 6 ft of casing into competent bedrock. The borehole had a diameter of 6 in.
in bedrock to a depth of 400 ft (-385 ft elevation).
Groundwater levels were measured in GT-1 (NY292) manually during field visits and at
regular intervals using digital recorders (fig. 2). Recorder data indicate groundwater levels in
GT-1 (NY292) fluctuate an average of 1 ft with a 15 minute lag time due to tidal influences of
the East River. Water-level elevations during pre-pumping conditions, from February 11th 2014
through February 19th 2014, had a mean of 0.96 ft (median was 0.96 ft) and ranged from a low of
0.32 ft to a high of 1.72 ft. Field measurements of specific conductance had a mean of 23 mS/cm
at 25 °C during ambient conditions.
Analyses of the OTV and ATV logs indicate the mean foliation dip azimuth is 290°, with
a dip angle of 69° towards the northwest (N20°E 69°NW)(fig. 1). Foliation dip azimuth and dip
angle is consistent throughout the borehole (fig. 3). A total of 95 fractures were detected and
analyzed with the OTV log. The borehole has a fracture index of 0.26, which is the quantity of
fractures divided by the length of borehole open to bedrock. Most of the fractures were small,
six were medium fractures, and one was a large fracture. One medium fracture was at 69 ft BLS
while the rest were clustered between 350 and 358 ft BLS (fig. 3). Three fracture populations
dominated by small (0.04 in or less) fractures were delineated in the boreholes. A sub-horizontal
population with low to moderate dipping fractures, a northeast dipping population with moderate
to high angle fractures, and a small northwest dipping high angle fracture population. The large
fracture was penetrated at 369 ft BLS with a dip azimuth of 230° and a dip angle of 30° toward
the southwest (N320°W 30°SW) (fig. 3).
Borehole geophysical logging of borehole GT-1 (NY292) indicates gamma log responses
below 150 ft BLS decreased likely reflecting lithologic/mineralogic changes in the bedrock (fig.
3). SPR and R log responses increased from 30 ft to about 60 ft BLS due to a decrease in
bedrock weathering with depth (fig. 3). A significant decrease in SPR and R log responses at
369 ft BLS correlate with a large fracture detected at that depth by ATV, OTV, and caliper logs
(fig. 3). Five minor faults were detected on the OTV logs. Borehole radar reflection logging
indicated increased penetration with depth, which correlated with the R logs (figs. 3 and 4). The
large fracture was imaged as far as 80 ft beyond the borehole dipping toward the southwest (fig.
4).
Fluid and flowmeter logs were collected from borehole GT-1 (NY292) under ambient
(pre-pumping) and pumping conditions. The ambient and pumping fluid and flowmeter logs
were analyzed through techniques of Paillet (1998, 2000, and 2001). Under ambient
conditions, fluid temperature ranged from 16 °C near the surface to about 13.5 °C at the bottom
of the borehole (fig. 3). Under pumping conditions, the fluid temperature decreased and the fluid
specific conductance increased indicating the large fracture at 369 ft BLS produces colder and
more saline water (fig. 3). The pH log indicated a slight deflection at 369 ft BLS under pumping
conditions (fig. 3). The deflection of the temperature and specific conductance logs at 45 ft BLS
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may be due to fresher groundwater at the upper part of the borehole from a small leakage at the
base of casing (fig. 3).
Heat-pulse flowmeter logging under pumping conditions indicates a slight increase of
flow due to leaking casing at 30 ft BLS (fig. 3). The majority of the pumped flow is from the
large fracture at 369 ft BLS. Flow differencing analysis of the flowmeter data estimates 82
percent of the borehole transmissivity is from the large fracture and 18 percent is from the
leaking casing.
Borehole GT-1 (NY292) was pumped at a rate of 5.4 gal/min for three hours. The
borehole had a total drawdown of 2.82 ft and a specific capacity of 1.9 gallons per minute per
foot (gal/min/ft). During the aquifer test, drawdown was measured and the pumping rate was
checked periodically. The time-drawdown and pumping rate data were entered into a computer
program for aquifer-test analysis (Duffield, 2007).
Cooper-Jacob confined-aquifer analysis (Cooper and Jacob, 1946) of the early-time
drawdown data of pumped borehole GT-1 (NY292) indicates the total borehole transmissivity is
172 feet squared per day (ft2/d). Proportioning this total transmissivity by flow differencing
analysis of flowmeter data indicates the estimated transmissivity of the large fracture is 141 ft2/d
and that of the leaking casing is 31 ft2/d. Cooper-Jacob analysis of the later-time drawdown data
indicates the transmissivity of the lower transmissivity boundary (distant fracture network) is 75
ft2/d. Theis analysis (Theis, 1935) of the early-time drawdown data indicates the total
transmissivity of the borehole is 160 ft2/d. Proportioning this total transmissivity by flow
differencing analysis of flowmeter data indicates the estimated transmissivity of the large
fracture is of 131 ft2/d and that of the leaking casing is 29 ft2/d. Theis analysis of the later-time
drawdown data indicates the transmissivity of the distant fracture network is 63 ft2/d.
Time-drawdown data from borehole GT-1 (NY292) as an observation borehole and GT-2
(NY293) as the pumping borehole plots as three slopes. The first slope is due to borehole
storage effects, the second slope is due to the effect of the large fracture, and the third slope is
due to the effect of the lower transmissive boundary (distant fracture network). Cooper-Jacob
analysis of this data coupled with flow differencing analysis of the flowmeter data indicates the
large fracture has a transmissivity of 129 ft2/d and storativity of 2.6 x 10-4, the leaking casing has
a transmissivity of 28 ft2/d, and the distant fracture network has an estimated transmissivity of 74
ft2/d and storativity of 4.6 x 10-4.
Cooper-Jacob and Theis analyses of the time-drawdown data and flow differencing
analysis of the flowmeter data indicates the large fracture underlying the site at borehole GT-1
(NY292) had an overall mean estimated transmissivity of 133 ft2/d and a storativity of 2.6x10-4
and the leaking casing had an overall estimated transmissivity of 29 ft2/d. Cooper-Jacob and
Theis analyses of the pumping, time-drawdown, and distance-drawdown data indicate the low
transmissivity boundary or distant fracture network had an overall average transmissivity of 71
ft2/d and a storativity of 4.6x10-4.
A Gringarten single-fracture analysis of time-drawdown data allows the estimation of the
radial extent of a subhorizontal fracture from a pumping borehole (Gringarten and Ramey,
1974). Using the results of the Cooper-Jacob, Theis, and flow-differencing analyses as a guide
and assuming an aquifer thickness of 400 ft, the Gringarten analysis indicates the large
transmissive fracture penetrated by borehole GT-1 (NY292) radially extends about 220 ft, before
intersecting the distant fracture network.

10

22nd Conference on the Geology of Long Island and Metropolitan New York, Stony Brook University, April 11, 2015

Observation borehole GT-2 (middle borehole NY293) had a measuring point elevation of
17.16 ft (fig. 1). A 6 in. steel casing was installed to a depth of 34 ft BLS, with three ft of casing
into competent bedrock. The borehole has a diameter of 6 in. in bedrock to a depth of 347 ft
(-330 ft elevation), 23 ft shallower than originally drilled due to a partial collapse of the borehole
at 347 ft BLS.
Groundwater levels were measured in GT-2 (NY293) manually during field visits and at
regular intervals using digital recorders (fig. 2). Recorder data indicate groundwater levels in
GT-2 (NY293) fluctuate an average of 1 ft with a 15 minute lag time due to tidal influence from
the East River. Water-level elevations during pre-pumping conditions, from February 11th 2014
through February 19th 2014, had a mean of 0.75 ft (median was 0.68 ft) and ranged from a low of
0.23 ft to a high of 1.58 ft. Field measurements of specific conductance had a mean value of 5
mS/cm during ambient conditions.
Analyses of the OTV log indicate the mean foliation dip azimuth is 299°, with a dip angle
of 73° towards the northwest (N29°E 73°NW) (fig. 1). Foliation dip azimuth and dip angle is
consistent throughout the borehole (fig. 5). A total of 63 fractures were detected and analyzed
with the OTV log. The borehole had a fracture index of 0.20. All of the fractures were small
except for one medium fracture at 153 ft BLS and a large fracture at 345 ft BLS (fig. 5). Three
minor faults were detected. A large fracture was penetrated at the base of the borehole in the
caliper log (fig. 5). Due to a partial collapse of the borehole at this depth a measurement of the
strike and dip of the large fracture was not possible. Trigonometric analysis of the large fracture
penetrated at the two adjacent boreholes (GT-1 and GT-3) indicates this large fracture is the
same as those penetrated in the other boreholes and would intersect this borehole at about 345 ft
BLS. Three fracture populations dominated by small (0.04 in or less) fractures were delineated
in the borehole. A sub-horizontal population with low to moderate dipping fractures, a northeast
dipping population with moderate to high angle fractures, and a small northwest dipping high
angle fracture population (fig. 1).
Borehole geophysical logging of borehole GT-2 (NY293) indicates variations in the
gamma log with depth probably due to mineral variations in the bedrock (fig. 5). The MAG log
shows some minor variations except at 330 ft to 340 ft BLS where there was a large increase in
magnetic susceptibility (fig. 5). The SPR and R log responses were consistently resistive
throughout the borehole except for a minor conductive deflection at 50 ft BLS and at a major
conductive (low resistivity) zone near the bottom of the borehole at 345 ft BLS (fig. 5). A large
fracture was detected by caliper and ATV logs at 345 ft BLS. The OTV log could not image the
large fracture due to a partial collapse of the borehole at that depth preventing the imaging
portion of the probe from reaching that depth. Borehole radar reflection logging indicated
increased penetration with depth which correlated with the R logs (figs. 4 and 5). The large
fracture was imaged as far as 80 ft beyond the borehole dipping toward the southwest (fig. 4).
Fluid and flowmeter logs were collected from the borehole under ambient (pre-pumping)
and pumping conditions. The ambient and pumping fluid and flowmeter logs were analyzed
through techniques of Paillet (1998, 2000, and 2001). Under ambient conditions, fluid
temperature ranged from 13 to 16 °C, and the fluid specific conductance ranged from 2 to 4
mS/cm at 25 °C (fig. 5). A deflection was observed with both logs at 34 ft BLS possibly due to
minor casing leakage. The pH and redox logs under ambient conditions indicated a similar
deflection at 34 ft BLS (fig. 5). Under ambient conditions, no flow was detected by the heatpulse flowmeter. Another deflection in the ambient pH and redox logs at 153 ft BLS may be due
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to minor groundwater flow (below the detection limit of the heat-pulse flowmeter) from a
medium fracture detected at that depth (fig. 5). A major deflection in the pumping redox log was
indicated at 345 ft BLS where the large fracture was detected (fig. 5). Under pumping
conditions, the temperature log indicated a reduction in fluid temperatures. EM flowmeter
logging under pumping conditions indicates that almost all of the pumped flow is produced from
the large fracture at the bottom of the borehole (fig. 5). Possible groundwater flow from the 153
ft BLS fracture and the base of the casing (34 ft BLS) were below the detection limit of the
flowmeters and were not quantifiable. For the hydraulic analysis, it was assumed that the large
fracture accounted for 100 percent of the total borehole transmissivity.
Borehole GT-2 (NY293) was pumped at a rate of 5.2 gal/min for 4 hours, and had a total
drawdown of 3.52 ft and a specific capacity of 1.5 gal/min/ft. During the aquifer test, drawdown
was measured and the pumping rate was checked periodically. The time-drawdown and pumping
rate data were entered into a computer program for aquifer-test analysis (Duffield, 2007).
Cooper-Jacob confined-aquifer analysis (Cooper and Jacob, 1946) of the early-time
drawdown data of the pumped borehole GT-2 (NY293) indicates the transmissivity of the large
fracture penetrated at 345 ft BLS is 117 ft2/d, Cooper-Jacob analysis of the later-time drawdown
data indicates the transmissivity of the distant fracture network is 62 ft2/day. Theis confinedaquifer analysis (Theis, 1935) indicates the large fracture transmissivity is 112 ft2/d, and the
distant fracture network transmissivity is 58 ft2/d.
A time-drawdown analysis was completed using GT-1 (NY292) as the pumping
borehole and GT-2 (NY293) as the observation borehole. The drawdown versus time plot has
three slopes. The first slope, within the first 10 minutes of the test, is largely affected by
borehole storage; the second slope, from 10 to 60 minutes, influenced hydraulic properties of
large fracture from 10 to 60 minutes; and the third slope from 60 minutes until the end of the test
is influenced by the hydraulic properties of the low transmissivity boundary (distant fracture
network). Cooper-Jacob confined-aquifer analysis estimates a transmissivity of 142 ft2/d and a
storativity of 2.7 x 10-4 for the large fracture; a transmissivity of 81 ft2/d and a storativity of 4.7 x
10-4 for the distant fracture network.
Averaging all of the Cooper-Jacob and Theis analyses indicates the large fracture
underlying the site at borehole GT-2 (NY293) had an overall average estimated transmissivity of
124 ft2/d and a storativity of 2.7x10-4. Averaging all of the Cooper-Jacob and Theis analyses of
the pumping, time-drawdown, and distance-drawdown data indicates the distant low
transmissivity boundary or fracture network had an overall mean transmissivity of 67 ft2/d and a
storativity of 4.7x10-4.
A Gringarten single-fracture analysis was completed to estimate the radial extent of the
large fracture penetrated by borehole GT-2 (NY293) (Gringarten and Ramey, 1974). Using the
results of the Cooper-Jacob and Theis analyses as a guide and assuming an aquifer thickness of
400 ft , the Gringarten analysis estimates that the large transmissive fracture penetrated by the
borehole radially extends about 175 ft before intersecting the distant fracture network.
Observation borehole GT-3 (northernmost borehole NY294) had a measuring point
elevation of 16.71 ft (fig. 1). A 6 in. steel casing was installed to a depth of 29 ft BLS, with 5 ft
of casing into competent bedrock. The borehole has a diameter of 6 in. in bedrock to a depth of
369 ft (-352 ft elevation).

13

22nd Conference on the Geology of Long Island and Metropolitan New York, Stony Brook University, April 11, 2015

Groundwater levels were measured in GT-3 (NY294) manually during field visits and at
regular intervals using digital recorders (fig. 2). Recorder data indicate groundwater levels in
GT-3 (NY294) fluctuate an average of 0.5 ft with a 15 minute lag time due to the tidal influence
of the East River. Water levels during pre-pumping conditions, from February 11th 2014 through
February 19th 2014, had a mean of 0.57 ft (median was 0.51 ft) and ranged from a low of 0.14 ft
to a high of 1.30 ft. Field measurements of specific conductance had a mean value of 6.0 mS/cm
during ambient conditions.
The ATV, OTV, and caliper logs indicated a large fracture at 331 ft BLS. Analyses of
the OTV log indicate the mean foliation dip azimuth is 302°, with a dip angle of 76° toward the
northwest (N32°E 76°NW) (fig. 1). Foliation dip azimuth and dip angles were very consistent
throughout the borehole (fig. 6). A total of 68 fractures were detected and analyzed with the
OTV log. The borehole had a fracture index of 0.20. All of the fractures were small except for
one medium and one large fracture at 336 ft and 331 ft BLS, respectively (fig. 6). OTV analysis
of the large fracture at 331 ft BLS indicates the fracture has a dip azimuth of 239°, and a dip
angle of 32° toward the southwest (N329°W 32°SW) (fig. 1). Three vertical fractures and one
fault were detected. Three fracture populations dominated by small (0.04 in or less) fractures
were delineated in the borehole. A sub-horizontal population with low to moderate dipping
fractures, a northeast dipping population with moderate to high angle fractures, and a small
northwest dipping high angle fracture population (fig. 1).
Borehole geophysical logging of GT-3 (NY294) indicates the gamma log response was
variable to a depth of 265 ft BLS where it became very low due to minor lithologic/mineralogic
changes in the bedrock (fig. 6). The MAG log was very unresponsive until a large deflection at
285 ft to 300 ft BLS. The SPR and R logs indicated slightly weathered bedrock at the bedrock
surface to about 75 ft BLS (fig. 6). Below 75 ft BLS, the logs were very uniform indicating
resistive bedrock except at a large and medium fracture where the logs indicated conductive
zones at 331 ft and 336 ft BLS, respectively (fig. 6). Borehole radar reflection logging indicated
increased penetration with depth which correlated with the R logs (figs. 4 and 6). The large
fracture was imaged as far as 60 ft beyond the borehole dipping toward the southwest (fig. 4).
Fluid and flowmeter logs were collected from borehole GT-3 (NY294) under ambient
(pre-pumping) and pumping conditions. The ambient and pumping fluid and flowmeter logs
were analyzed through techniques of Paillet (1998, 2000, and 2001). Analysis of the fluid and
flowmeter logs indicates significant leakage at the base of casing likely from the unconsolidated
aquifer overlying the bedrock. Two major zones of transmissivity were measured; one at the base
of casing at 29 ft BLS and the second at the large fracture at 331 ft BLS. Under ambient
conditions, the fluid temperature log indicates a temperature range of 16°C at the surface to 14°C
at the bottom of the borehole (fig. 6). A slight deflection of the temperature log indicates the
large fracture at 331ft BLS. The ambient specific conductance log indicated a deflection at 28 ft
BLS due to a leaking base of casing (fig. 6). The ambient pH and redox logs both had
deflections at the base of casing and the 331 ft BLS large fracture. A slight deflection under
ambient conditions was indicated in the redox log at 203 ft BLS. This appears to correlate with a
slight decrease in upflow measured from the heat-pulse flowmeter under ambient conditions
from 228 to 178 ft BLS. However, the lack of temperature log deflections at this depth and the
potential for tidal influenced water levels during the ambient flowmeter logging suggest no
transmissive fractures are at that depth.
Under pumping conditions, the temperature log had deflections at the 331 ft BLS large
fracture, and at the base of casing (29 ft BLS) (fig. 6). The pumping specific conductance log
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indicates a large increase in specific conductance below 203 ft BLS, which was probably caused
by a saltwater front moving up the borehole from the large fracture during pumping.
Heat-pulse flowmeter logging under ambient conditions indicates upward flow from the
large fracture at 331 BLS to the base of casing at 29 BLS (fig. 6). EM flowmeter logging under
pumped conditions indicates the majority of the pumped flow is from the leaking casing and the
rest from the large fracture. Flow differencing analysis of the flowmeter data estimates 76
percent of the borehole transmissivity is from the leaking casing and 24 percent is from the large
fracture.
Borehole GT-3 (NY294) was pumped at a rate of 5.2 gal/min for 3.6 hours, and had a
total drawdown of 1.42 ft and a specific capacity of 3.7 gal/min/ft. This specific capacity is
nearly double or more than that of boreholes GT-1 (NY292) and GT-2 (NY293) due to the
significant leakage from the base of casing. During the aquifer test, drawdown was measured
and the pumping rate was checked periodically. The time-drawdown and pumping rate data were
entered into a computer program for aquifer-test analysis (Duffield, 2007).
Analysis of the time-drawdown data from pumped borehole GT-3 (NY294) is
complicated by the very large influence of the leakage at the base of casing as compared to the
large fracture. The leakage likely is from the unconsolidated aquifer, which is unconfined, so
there is uncertainty whether to characterize the borehole as unconfined or confined.
Accordingly, the time-drawdown data was analyzed by both confined and unconfined aquifer –
test methods.
A drawdown versus time plot for pumped borehole GT-3 (NY294) has three slopes. The
first 3 minutes are dominated by borehole storage; from 3 to 35 minutes the hydraulics are
influenced by the leaking casing and large fracture, and after 35 minutes until the end of the
aquifer test the hydraulics appear to be influenced by lower transmissivity boundaries.
Cooper-Jacob confined-aquifer analysis (Cooper and Jacob, 1946) of the early-time
drawdown data after borehole storage effects dissipate, estimates a total borehole transmissivity
of 379 ft2/d. The transmissivity estimated from the Cooper-Jacob analysis of later-time
drawdown affected by lower transmissivity boundaries reduces to 261 ft2/d. Theis analysis
(Theis, 1935) of the early-time drawdown data after borehole storage effects dissipate, estimates
a total borehole transmissivity of 363 ft2/d (Theis, 1935). The transmissivity estimated from the
Theis analysis of later-time drawdown affected by lower transmissivity boundaries reduces to
277 ft2/d. Moench unconfined-confined analysis (Moench, 1997) of the time-drawdown data
estimates the transmissivity of the borehole as 320 ft2/d.
Cooper-Jacob, Theis, and Moench analyses indicated an overall estimated average
transmissivity of 354 ft2/d for the borehole after the effects of borehole storage and before the
effects of lower transmissivity boundaries. Proportioning this total transmissivity by flow
differencing analysis of flowmeter data indicates the estimated transmissivity of the leaking
casing is 269 ft2/d and the large fracture is 85 ft2/d. Cooper-Jacob and Theis analyses indicate an
overall average transmissivity of 269 ft2/d for the lower transmissivity boundaries.
Proportioning this total transmissivity by flow differencing analysis indicates the estimated
transmissivity of the the leaking casing is 204 ft2/d and for the large fracture is 65 ft2/d.
Cross-borehole flow analysis (Williams and Paillet, 2002) provides a method for
determining the hydraulic connection between boreholes that penetrate multiple transmissive
zones. Stationary electromagnetic-flowmeter measurements were collected at 1-second intervals
between the base of casing and the large fracture in borehole GT-3 (NY294) during and
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following pumping of borehole GT-2 (NY293). Pumping from the large fracture in borehole
GT-2 (NY293) reversed the borehole flow between the large fracture and the base of casing in
GT-3 (NY294) from a very small upflow to about 4 gal/min of downflow (fig. 7). These crossborehole flow results indicate a strong hydraulic connection along the large fracture penetrated
by the two boreholes.

Borehole Radar Reflection
Directional borehole radar reflection is a method where a transmitting antenna sends a
pulsed electromagnetic wave into the formation, and reflections are measured by an array of four
receiving loop antennas at 90 degrees to each other (Falk, 1992, Lane and others, 2001). The
reflections image features within the formation, including bedrock fractures, which do not
necessarily intercept the borehole.
Bedrock fractures can be mapped with strike, dip, and projected intercept depth to the
axis of the borehole. The data are sorted into images every 10 degrees radially for graphical
interpretation. The fracture will appear strongest in the direction of dip, and weakest ±90
degrees. Borehole radar reflection was used to determine if large fractures that did not intersect
the boreholes were surrounding the boreholes.
Borehole radar reflection data were collected in 3 boreholes: GT-1, GT-2, and GT-3. The
data were collected using a 60 Megahertz (MHz) directional receiver and a 22 MHz
omnidirectional transmitter. A calibrated three-component magnetometer within the receiver
determined the orientation of the four receiving antennas.
Although the borehole radar reflection method can image features that do not intercept
the borehole, only three reflectors that do not intercept the boreholes were identified. In general
all three boreholes had the least amount of radar penetration (highest attenuation) in the upper
100 ft of the borehole and the greatest penetration deeper than 200 ft BLS (fig. 4). The large
southwest dipping fracture was imaged as far as 80 ft away from the boreholes. All three
borehole radar reflection logs verified the trigonometric and OTV structure measurements that
the large fracture underlies the entire study area and intersects each of the three boreholes (fig.
4).

Tomography
Two borehole-radar velocity tomographic (100 MHz) data sets were collected, one from
borehole GT-1 to GT-2, and a second from GT-2 to GT-3 (fig. 1). However, due to the complex
geometries created by the deviated boreholes, only the GT-1 to GT-2 tomogram was considered
useable. The tomographic data from GT-1 and GT-2 were inverted for attenuation using
commercial software (Zhou, 2007) (fig. 8). In the GT-1 to GT-2 attenuation tomogram one
linear area of high attenuation that connects both boreholes correlates with the saltwatersaturated southwest-dipping fracture delineated by the OTV and borehole radar reflection logs at
369 ft BLS at GT-1 and 345 ft BLS at GT-2. Other areas of minor radar attenuation were
indicated that may correlate with geology variations and or small sub-horizontal fractures (fig.
8).
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Summary and Conclusions
A network of three bedrock boreholes at the Cornell Geothermal Feasibility Site on
Roosevelt Island, New York County, New York provided a unique opportunity to study the
fractures, foliation, and groundwater flow system of the Fordham Gneiss and test advanced
borehole geophysical logging methods in water-bearing metamorphic rock.
Three 6-inch (in.) diameter boreholes were logged to obtain hydrogeologic data on the
bedrock within the Cornell University Geothermal Feasibility site. Air-hammer drilling was
used to complete GT-1 (NY292), GT-2 (NY293), and GT-3 (NY294) in open bedrock at depths
of 400 ft, 347 ft, and 369 ft, respectively.
The mean pre-pumping hydraulic head of the fractured bedrock groundwater system
ranged from a low of 0.57 ft at GT-3 (NY 294) to a high of 0.96 ft at GT-1 (NY 292). Analysis
of the ambient (non-pumping) water levels in the three boreholes indicates that the nearby East
River influences water levels in GT-1 (NY292) and GT-2 (NY293) by 1 ft, and GT-3 (NY294)
by 0.5 ft. The boreholes appeared to have a 15 minute delay in tidal influences compared to the
East River tide gage.
Three fracture populations dominated by small (0.04 in or less) fractures were delineated
in the three boreholes. A sub-horizontal population with low to moderate dipping fractures, a
northeast dipping population with moderate to high angle fractures, and a small northwest
dipping high angle fracture population. One large southwest dipping transmissive fracture was
found to underlie the entire study area with a mean dip azimuth of 235º southwest and a dip
angle of 31º (N325ºW 31ºSW). The total amount of fractures found in each borehole was 95, 63,
and 68, with fracture indices of 0.26, 0.20, and 0.20 in GT-1 (NY292), GT-2 (NY293), and GT-3
(NY294), respectively. The mean foliation dip azimuth was 296º northwest with a mean dip
angle of 73º (N26ºE 73ºNW).
The aquifer test data indicate the average specific capacity of wells GT-1 (NY292), GT-2
(NY293), and GT-3 (NY294) was 1.9, 1.5, and 3.7 gal/min/ft, respectively. The large
contribution of flow from the leaking casing in well GT-3 (NY294) caused the doubling in
specific capacity compared to wells GT-1 (NY292) and GT-2 (NY293). Using the aquifer test
and time-drawdown data the large fracture underlying the site has a mean transmissivity of 133
ft2/day, 124 ft2/day, and 65 ft2/day at GT-1 (NY292), GT-2 (NY293), and GT-3 (NY294),
respectively. Overall, the large fracture has a mean transmissivity of 107 ft2/day and a mean
storativity of 2.7x10-4. The transmissivity of the large fracture appears to reduce in value from
south to north at the site. Gringarten model analysis of both GT-1 (NY292) and GT-2 (NY293)
indicates a lower transmissive boundary or distant fracture network has an average transmissivity
of 69 ft2/day, storativity of 4.7x10-4 using both GT-1 (NY292) and GT-2 (NY293) data. The low
transmissivity boundary or distant fracture network averaged 200 ft away from the boreholes
GT-1 and GT-2. At well GT-3 (NY294) the aquifer test and flow differencing analyses indicate
that 76 percent of the transmissivity is from casing leakage.
In general all three boreholes had the least amount of radar penetration (highest
attenuation) in the upper 100 ft of the borehole and the greatest penetration deeper than 200 ft
BLS. The large southwest dipping fracture was imaged as far as 80 ft away from the boreholes.
All three borehole radar reflection logs verified the trigonometric and OTV structure
measurements that the large fracture underlies the entire study area and intersects each of the
three boreholes.
Borehole radar tomographic data from GT-1 and GT-2 were inverted for attenuation
using commercial software. In the GT-1 to GT-2 attenuation tomogram one linear area of high
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attenuation that connects both boreholes correlates with the saltwater-saturated southwestdipping fracture delineated by the OTV and borehole radar reflection logs at 369 ft BLS at GT-1
and 345 ft BLS at GT-2. Other areas of minor radar attenuation were indicated which may
correlate with geology variations and or small sub-horizontal fractures.
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