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Abstract
Advanced borehole-geophysical methods were used to investigate the hydrogeology of the
crystalline bedrock in 36 boreholes on the northernmost part of New York County, New York, for the
construction of a utilities tunnel beneath the Harlem River. The borehole-logging techniques were used
to delineate bedrock fractures, foliation, and groundwater-flow zones in test boreholes at the site.
Fracture indexes of the deep boreholes ranged from 0.65 to 0.76 per foot. Most of the fracture
populations had either northwest to southwest or east to southeast dip azimuths with moderate dip
angles. The mean foliation dip azimuth ranged from 100º to 124º southeast with dip angles of 52º to
60º.
Groundwater appears to flow through an interconnected network of fractures that are affected by
tidal variations from the nearby Harlem River and tunnel construction dewatering operations. The
transmissivities of the 3 boreholes tested (USGS-1, USGS-3, and USGS-4), calculated from specific
capacity data, were 2, 48, and 30 feet squared per day (ft2/d), respectively. The highest transmissivities
were observed in wells north and west of the secant ring.
Three borehole-radar velocity tomograms were collected. In the USGS-1 and USGS-4 velocity
tomogram there are two areas of low radar velocity. The first is at the top of the tomogram and runs
from 105 ft below land surface (BLS) at USGS-4 and extends to 125 ft BLS at USGS-1, the second area
is centered at a depth of 150 ft BLS at USGS-1 and 135 to 150 ft BLS at USGS-4.
Field measurements of specific conductance of 14 boreholes under ambient conditions at the site
indicate an increase in conductivity toward the southwest part of the site (nearest the Harlem River).
Specific conductance ranged from 107 microsiemens per centimeter (μS/cm) (borehole 63C) to 11,000
μS/cm (borehole 79B). The secant boreholes had the highest specific conductance.

Introduction
The Harlem River Tunnel study area is in the northernmost part of New York County, New
York, along the banks of the Harlem River (fig. 1). A utility tunnel under construction by Consolidated
Edison, Inc. (ConEd) provided a unique opportunity to study the fractures and foliation of the Inwood
Marble, to evaluate fractures and groundwater flow as a way to increase safety during excavation, and
test advanced borehole geophysical methods in water-bearing metamorphic rock. A network of
boreholes was drilled within and surrounding a concrete access shaft (secant ring) to collect borehole
geophysical logs and water levels of the bedrock aquifer.
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Borehole Network
Thirty-six NX-sized (3-in. diameter) boreholes were geophysically logged to obtain
hydrogeologic data on the bedrock within the Harlem River Tunnel study area (table 1; fig. 2). Two
additional boreholes were not logged due to poor borehole conditions. Seven of the 38 boreholes
(USGS-1 through USGS-6 and 79B) were drilled to the proposed tunnel depth to provide access to
advanced borehole geophysical logs (deep boreholes) (fig. 2). Thirty-two of the 38 boreholes were
drilled through or directly adjacent to the concrete and steel access shaft (secant boreholes) from land
surface through the unconsolidated overburden and into bedrock.

Hydrogeology
Western Bronx and northern New York Counties are 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
Inwood Marble. The Inwood Marble in the study area includes alternating layers of silicate minerals
(phlogopite, quartz, diopside, and tremolite) within an assemblage of dolomitic marble, calcite marble,
and calc-schist (Merguerian and others, 2011). The gneiss is considered a poor to moderate
groundwater producer, whereas the marble is the most productive bedrock in Bronx County (Asselstine
and Grossman, 1955). Unconsolidated deposits more than 70 ft thick overlie metamorphic bedrock in
the area.
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Table 1. Site information for logged boreholes within the Harlem River Tunnel study area, New
York County, New York.
[NYSDEC, New York State Department of Environmental Conservation; USGS, U.S. Geological
Survey; NAD 83, North American Datum of 1983; °,',", degrees, minutes, seconds]
Local
NYSDEC
USGS
Well Identifier
Well Identifier
Well Identifier
Latitude North Longitude West
45B
NY270
405225073543505
40° 52' 25.248" 73° 54' 34.948"
50B
NY256
405225073543507
40° 52' 25.205" 73° 54' 34.822"
52B
NY264
405225073543535
40° 52' 25.165" 73° 54' 34.776"
52C
NY291
405225073543536
40° 52' 25.176" 73° 54' 34.743"
53B
NY276
405225073543508
40° 52' 25.139" 73° 54' 34.765"
54C
NY271
405225073543509
40° 52' 25.118" 73° 54' 34.715"
54D
NY284
405225073543510
40° 52' 25.115" 73° 54' 34.751"
56B
NY258
405225073543511
40° 52' 25.078" 73° 54' 34.747"
57B
NY274
405225073543512
40° 52' 25.049" 73° 54' 34.747"
58D
NY262
405225073543513
40° 52' 25.025" 73° 54' 34.761"
59B
NY278
405225073543514
40° 52' 25.006" 73° 54' 34.772"
61B
NY267
405225073543515
40° 52' 24.974" 73° 54' 34.812"
62E
NY283
405225073543516
40° 52' 24.956" 73° 54' 34.822"
63B
NY280
405225073543517
40° 52' 24.945" 73° 54' 34.865"
63C
NY260
405225073543518
40° 52' 24.924" 73° 54' 34.852"
64B
NY285
405225073543519
40° 52' 24.938" 73° 54' 34.880"
65B
NY273
405225073543520
40° 52' 24.931" 73° 54' 34.923"
66B
NY261
405225073543521
40° 52' 24.931" 73° 54' 34.963"
68B
NY277
405225073543522
40° 52' 24.934" 73° 54' 35.009"
70B
NY269
405225073543523
40° 52' 24.953" 73° 54' 35.078"
72B
NY265
405225073543524
40° 52' 24.974" 73° 54' 35.125"
74D
NY257
405225073543525
40° 52' 25.021" 73° 54' 35.171"
75B
NY281
405225073543526
40° 52' 25.035" 73° 54' 35.179"
76C
NY272
405225073543527
40° 52' 25.049" 73° 54' 35.225"
78B
NY266
405225073543528
40° 52' 25.096" 73° 54' 35.193"
79B
NY282
405225073543529
40° 52' 25.126" 73° 54' 35.189"
80B
NY259
405225073543530
40° 52' 25.144" 73° 54' 35.186"
81B
NY268
405225073543531
40° 52' 25.172" 73° 54' 35.168"
84B
NY254
405225073543532
40° 52' 25.219" 73° 54' 35.110"
86B
NY275
405225073543533
40° 52' 25.237" 73° 54' 35.057"
87B
NY263
405225073543537
40° 52' 25.248" 73° 54' 35.017"
88B
NY279
405225073543534
40° 52' 25.251" 73° 54' 34.991"
USGS-1
NY286
405225073543501
40° 52' 25.367" 73° 54' 34.589"
USGS-2
NY288
405225073543502
40° 52' 24.826" 73° 54' 34.614"
USGS-3
NY289
405226073543501
40° 52' 25.564" 73° 54' 35.118"
USGS-4
NY287
405225073543503
40° 52' 25.234" 73° 54' 35.326"
USGS-5
NY290
405225073543401
40° 52' 24.855" 73° 54' 34.462"
USGS-6
NY255
405225073543504
40° 52' 24.895" 73° 54' 34.556"
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Borehole-Geophysical Logging
Borehole-geophysical logs collected and analyzed in this investigation included natural gamma
(gamma), single-point-resistance (SPR), short-normal resistivity (R), mechanical caliper, magnetic
susceptibility (MAG), borehole-fluid temperature, borehole specific conductance (SpC), dissolved
oxygen (DO), pH, redox, optical televiewer (OTV), heat-pulse flowmeter, and borehole radar reflection
and tomography (Keys, 1990; Stumm and others, 2007; Williams and Johnson, 2004). Borehole radar
reflection uses two 60 Megahertz (MHz) directional 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). Borehole-radar velocity tomography uses 100 MHz antennas placed in separate
boreholes, and energy is transmitted between the antennas over the area between the boreholes (Lane
and others, 2004). A water-quality tool was used in a factory calibrated (not field calibrated) format to
provide representative or qualitative measurements of potential inflow or outflow in a borehole under
ambient conditions and not absolute quantitative water quality measurements. These methods have
been shown to be an effective tool in delineating transmissive fracture zones (Stumm and others, 2001a,
2001b, 2004, 2007).

Geologic-Structure Analysis
Foliation, fractures, and faults 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.

Delineation of Fractures, Foliation, and Groundwater-flow zones
Faults, fractures, and foliation were interpreted from OTV, gamma, SPR, R, MAG and caliper
logs. The boreholes penetrated foliated and moderately fractured rock with some highly fractured
zones. Every borehole penetrated one or more groundwater-flow zones consisting of medium and (or)
large open and transmissive fractures.

Borehole Analyses
The secant ring boreholes included a total of 31 boreholes (79B is excluded) that were
geophysically logged with the OTV. Most of these boreholes extended from 75 to about 94 feet below
land surface. Due to the shallow nature of the secant boreholes and the resulting lower number of
fractures, four quadrants (Quadrant-1 through -4) were drawn to group boreholes for analyses (fig. 2).
The Quadrant-1 boreholes, which included 50B, 52B, 52C, 53B, 54D, 54C, and 56B (fig. 2),
penetrated a total of 74 fractures. Most were small fractures with some medium and large fractures in
quadrant-1. Quadrant-2 boreholes included: 57B, 58D, 59B, 61B, 62E, 63B, 63C, 64B, 65B, and 66B
(fig 2). Quadrant-2 boreholes penetrated a total of 126 fractures. Quadrant-3 boreholes included: 68B,
70B, 72B, 74D, 75B, and 76C (fig. 2). Quadrant-3 boreholes penetrated a total of 113 fractures.
Quadrant-4 boreholes included 78B, 80B, 81B, 84B, 86B, 87B, 88B, and 45B (fig. 2). Quadrant-4
boreholes penetrated a total of 168 fractures. Stereonet analysis of the four secant quadrants indicates
one major population of fractures with a northwest to southwest dip azimuth and moderate to high dip
angles (fig. 2). Foliation penetrated by the boreholes in each of the quadrants was very uniform with the
majority having a southeast dip azimuth, and mean dip angles from 55º to 57º (fig. 3).
OTV analysis of the secant boreholes indicates voids were measured between the concrete and
the bedrock surface. Of the 28 measured boreholes drilled through concrete, 24 of these boreholes had
5
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large (2.6 to 54.6 inches) voids. Many of these voids seem to indicate a partial collapse of the
unconsolidated sediment into the boreholes.
Seven deep boreholes were drilled at the site, 79B, USGS-1, USGS-2, USGS-3, USGS-4,
USGS-5, and USGS-6 (fig. 2). Due to poor borehole conditions only 79B, USGS-1, USGS-3, and
USGS-4 were analyzed. The fracture indexes of the deep boreholes ranged from 0.65 to 0.76 per foot.
A total of 41 large fractures were detected in the boreholes. Only two faults were detected in the study
area boreholes. Stereonet analyses of the fractures detected in the secant ring and surrounding boreholes
indicate that most of the fractures were moderate to high angle (fig. 2). Two major fracture populations
were detected in the deep boreholes, with moderate to high dip angles. Most of the fractures were in a
population with dip azimuths toward the northwest to southwest. The secondary population had dip
azimuths to the east to southeast (fig. 2). Many fractures were detected throughout the study area with
dip angles in excess of 70º. The mean foliation dip azimuth ranged from 100º to 124º southeast with dip
angles of 52º to 60º (fig. 3).
Groundwater levels (hydraulic heads referenced to the North American Vertical Datum of 1988
[NAVD 88]) were measured in selected boreholes during geophysical field visits. The mean hydraulic
head of the fractured-rock ground-water flow system ranged from a high of 1.08 ft at USGS-3 to a low
of -5.80 ft at USGS-1. Digital recorder data indicates groundwater appears to flow through an
interconnected network of fractures that are affected by tidal variations from the nearby Harlem River
and tunnel construction dewatering operations.
The transmissivities of the 3 boreholes tested (USGS-1, USGS-3, and USGS-4), calculated from
specific capacity data, were 2, 48, and 30 ft2/d, respectively (Bradbury and Rothschild, 1985). In
general, the highest transmissivities were observed in wells north and west of the secant ring. Field
measurements of specific conductance (using a handheld meter downhole in standing water) of 14
boreholes at the site indicate an increase in conductivity toward the southwest part of the site (nearest
the Harlem River). Specific conductance ranged from 107 μS/cm (borehole 63C) to 11,000 μS/cm
(borehole 79B) (fig. 2). The secant boreholes had the highest specific conductance.
One of the deep boreholes USGS-1 was selected to illustrate the borehole geophysical log
analyses. Gamma log responses increases below 120 ft BLS and may be due to the location of
transmissive fractures and some lithologic changes (fig. 4). A significant decrease in SPR and R log
responses were indicated below 110 ft BLS, may be related to the increased fracturing and/or lithologic
changes in the marble below this depth (fig. 4). Decreases in the SPR log correlate with large and
medium fractures at 105, 133, 140, and 151 ft BLS (fig. 4).
Borehole radar reflection data collected in borehole USGS-1 had strong penetration below 80
feet but gradually decreased below 120 ft (fig. 5). Seven distinct reflectors were identified in the radar
data, four of the seven reflectors strike west-east. The strongest of the reflectors has a north-south strike
of 173 degrees, dipping 40 degrees from horizontal to the west.
The mean hydraulic head at borehole USGS-1 was -5.77 ft (median was -5.60 ft) NAVD 88.
The fluid temperature log has a slope change at 52 and 70 ft BLS indicating likely casing leakage at
these depths (fig. 4). The SpC log had similar changes. Minor changes in the pH and redox logs at 112
ft BLS did not appear to correlate to known transmissive fractures. The flowmeter logs were analyzed
through techniques of Paillet (1998, 2000, and 2001). Heat-pulse flowmeter logging during ambient
conditions indicate leakage from the casing and downflow to a zone of large fractures at 142 to 153 ft
BLS that dominate the transmissivity (fig. 4). Two major zones of transmissivity were measured; one at
the casing/adapter at 73.9 ft BLS and the second in a zone of large fractures at 142 to 153 ft BLS (fig.
4). The total borehole transmissivity was estimated to be 7 ft2/d. Flow differencing analysis indicated
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the leakage at the casing adapter contributed 67% of the transmissivity, and 33% was from the 142 to
153 ft BLS fracture zone. The transmissivity of the fracture zone was estimated to be 2 ft2/d.

Tomography
Three borehole-radar velocity tomograms (100 MHz) were collected. The tomograms were
inverted for travel time (velocity) using the back-projection method (Lane and others, 2004) as slowness
(time/distance), and converted to velocity (distance/time) (fig. 5). In the USGS-1 and USGS-4 velocity
tomogram there are two areas of low radar velocity. The first is at the top of the tomogram and runs
from 105 ft BLS at USGS-4 and extends to 125 ft BLS at USGS-1 which correlates with either a
mineralized southeast dipping zone sub-parallel to the foliation or southeast dipping medium fractures.
The second area is centered at a depth of 150 ft BLS at USGS-1 and 135 to 150 ft BLS at USGS-4 and
correlates with a subhorizontal large fracture. Areas of decreased velocity indicate more water in
fractures in the bedrock at 140 ft in USGS-1 and 135 ft BLS in USGS-4 (fig. 5).

Summary and Conclusions
A utility tunnel under construction in the northernmost part of New York County, New York
along the banks of the Harlem River provided a unique opportunity to study the fractures and foliation
of the Inwood Marble using advanced borehole geophysical methods.
Thirty-six NX-sized (3-in. diameter) boreholes were geophysically logged to obtain
hydrogeologic data on the bedrock within the Harlem River Tunnel study area. Two additional
boreholes were not logged due to poor borehole conditions. Seven of the 38 boreholes (USGS-1
through USGS-6 and 79B) were drilled to the proposed tunnel depth to provide access to advanced
borehole geophysical logs (deep boreholes). Thirty-two of the 38 boreholes were drilled through or
directly adjacent to the concrete and steel access shaft (secant boreholes) from land surface through the
unconsolidated overburden and into bedrock.
Stereonet analysis of the four secant quadrants indicates one major population of fractures with a
northwest to southwest dip azimuth and moderate to high dip angles. Foliation was very uniform with
the majority having a southeast dip azimuth, and mean dip angles from 55º to 57º.
OTV analysis of the secant boreholes indicates voids were measured between the concrete and the
bedrock surface. Of the 28 measured boreholes drilled through concrete, 24 of these boreholes had
small to very large (2.6 to 54.6 inches) voids. Seven deep boreholes were drilled at the site, 79B,
USGS-1, USGS-2, USGS-3, USGS-4, USGS-5, and USGS-6. Due to poor borehole conditions only
79B, USGS-1, USGS-3, and USGS-4 were analyzed. The fracture indexes of the deep boreholes ranged
from 0.65 to 0.76 per foot. Stereonet analyses of the fractures detected in the secant ring and
surrounding boreholes indicate that most of the fractures were moderate to high angle. Two major
fracture populations were detected in the deep boreholes, with moderate to high dip angles. Most of the
fractures were in a population with dip azimuths toward the northwest to southwest. The secondary
population had dip azimuths to the east to southeast. Many fractures were detected throughout the study
area with dip angles in excess of 70º.
The mean hydraulic heads of the fractured-rock groundwater flow system ranged from a high of
1.08 ft at USGS-3 to a low of -5.80 ft at USGS-1. Groundwater appears to flow through an
interconnected network of fractures that are affected by tidal variations from the nearby Harlem River
and tunnel construction dewatering operations. The transmissivity of the 3 boreholes tested (USGS-1,
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USGS-3, and USGS-4) were 2, 48, and 30 ft2/d, respectively. In general, the highest transmissivity was
observed in wells north and west of the secant ring. Two major zones of transmissivity were measured
using the heat-pulse flowmeter in USGS-1; one in the casing/adapter at 73.9 ft BLS and the second in a
zone of fractures at 142 to 153 ft BLS. Flow differencing analysis indicated the casing contributed 67%
of the transmissivity, 33% from the 142 to 153 ft BLS fracture zone. The bedrock transmissivity was
estimated to be 2 ft2/d in USGS-1.
Three borehole-radar velocity tomograms were collected. In the USGS-1 and USGS-4 velocity
tomogram there are two areas of low radar velocity. The first is at the top of the tomogram and runs
from 105 ft BLS at USGS-4 and extends to 125 ft BLS at USGS-1, the second area is centered at a
depth of 150 ft BLS at USGS-1 and 135 to 150 ft BLS at USGS-4.
Field measurements of specific conductance of 14 boreholes at the site indicate an increase in
conductivity toward the southwest part of the site (nearest the Harlem River). Specific conductance
ranged from 107 μS/cm (borehole 63C) to 11,000 μS/cm (borehole 79B). The secant boreholes had the
highest specific conductance.
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