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REPORT DISCLAIMER

No Warranty

This open-file report and accompanying documentation are provided “as is,” and the user
assumes the entire risk as to their quality and performance.

The Commonwealth of Pennsylvania makes no guarantee or warranty concerning the accu-
racy of information contained in the geographic data or accompanying documentation. The
Commonwealth of Pennsylvania further makes no warranties, either expressed or implied,
as to any other matter whatsoever, including, without limitation, the completeness or con-
dition of the product, or its fitness for any particular purpose. The burden for determining
fitness for use lies entirely with the user.

Although the text and map image have been processed successfully on a computer system at
the Bureau Geological Survey, the Commonwealth of Pennsylvania makes no warranty, ex-
pressed or implied, regarding the use of the report or accompanying documentation on any
other computer system, nor does the act of distribution constitute any such warranty.

Limitation of Liability

The user shall save the Commonwealth of Pennsylvania harmless from any suits, claims, or
actions arising out of the use of or any defect in the open-file report or accompanying
documentation.

The Commonwealth of Pennsylvania assumes no legal liability for the accuracy, complete-
ness, or usefulness of the open-file report and accompanying documentation. In no event
shall the Commonwealth of Pennsylvania have any liability whatsoever for payment of any
consequential, incidental, indirect, special, or tort damages of any kind, including, but not
limited to, any loss of profits arising out of use of or reliance on the geographic or geologic
data.

Use and Access Constraints
Not for commercial resale.

This open-file report is not designed for use as a primary regulatory tool in permitting and
siting decisions. It is public information and, as such, it may be used as a reference source
and may be interpreted by organizations, agencies, units of government, or others based on
needs; however, each user is responsible for the appropriate application of the data. Federal,
state, or local regulatory bodies are not to reassign to the Bureau of Geological Survey any
authority for the decisions they make using this report.

Endorsements

The use of trade, product, or firm names in this report is for descriptive purposes only and
does not imply endorsement by the authors or their employers.
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CONVERSION FACTORS

Multiply inch-pound units by To obtain SI units
Length
inch (in.) 254 millimeter (mm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
acre 0.004047 square kilometer (km?)
square foot (ft?) 0.09290 square meter (m?)
square mile (mi?) 2.590 square kilometer (km?)
Volume
gallon (gal) 3.785 liter (L)
cubic foot (ft%) 0.02832 cubic meter (m®)
Flow rate
foot per second (ft/s) 0.3048 meter per second (m/s)
cubic foot per day (ft3/d) 0.02832 Cubic meter per day (m*/d)
gallon per minute (gal/min) 0.06309 liter per second (L/s)
Pressure
atmosphere, standard (atm) 101.3 kilopascal (kPa)
inch of mercury at 60°F (inHg) 3.377 kilopascal (kPa)
pound per square inch (1b/in?) 6.895 kilopascal (kPa)
Radioactivity
picocurie per liter (pCi/L) 0.037 becquerel per liter (Bq/L)
Specific Capacity
gallon per minute per foot 0.2070 liter per second per meter
[(gal/min)/ft] [(L/s)/m]
Transmissivity
square foot per day (ft%/d) 0.09290 square meter per day (m%d)

Temperature in degrees Celsius (°C) may be converted to degrees Fahrenheit (°F) as follows: °F = (1.8x°C) + 32.
Vertical coordinate information is referenced to the North American Vertical Datum of 1988 (NAVD 88).
Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83).

Altitude, as used in this report, refers to distance above the vertical datum.

Specific conductance is given in microsiemens per centimeter at 25 degrees Celsius (uS/cm at 25°C).
Concentrations of chemical constituents in water are given in milligrams per liter (mg/L) or micrograms per
liter (png/L).
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EXPLANATION OF STRATIGRAPHIC, BEDDING,
FRACTURE, AND GEOPHYSICAL LOG HEADINGS

Depthu. e Depth, in feet below land surface (ft bls)

AGE e Geologic age

FOrm...ornerereceennes Stratigraphic formation

GAMMA ..corveereeeereenreees Gamma radiation log, in counts per second (CPS)

Neutron Porosity .......... Neutron-porosity log, in fraction of total volume occupied by pores or
voids (V/V)

Mag Suscep....couemeenreenes Magnetic susceptibility, in centimeter-gram-second (CGS) units x 105
(CGSE-5)

Bulk Density.....cccouunnennee Bulk density log, in grams per cubic centimeter (g/cc)

Bedding TN.......cccconuuun Tadpole plot of planar bedding features, oriented to True Geographic

North; red body of tadpole indicates dip angle (0 to 90 degrees) along
x-axis, and tail indicates the direction of dip (0 to 360-degree azimuth)

Bedding Stereo TN...... Lower-hemisphere, equal-area projection of poles for planar bedding
features, oriented to True Geographic North

Sonic Amplitude............ Color image of the sonic amplitude log, color darkens with higher
return-signal strength, in millivolts (MV)

SloWNesS.....occveereereenreenes Log of first arrival time of sonic signal, in micro-seconds (USEC)

(01110153 (NN Log of hole diameter measured by three-armed caliper, in inches (Inch)

Fracture Density ........... Number of fractures per 50-foot interval; blue indicates fracture asso-
ciated with transmissive fracture zone

Fracture TN....cccooeneenees Tadpole plot of planar fracture features oriented to True Geographic

North; body of tadpole indicates dip angle, and tail indicates the direc-
tion of dip; blue indicates fracture associated with transmissive frac-
ture zone

Fracture Stereo TN...... Lower-hemisphere, equal-area projection of poles for planar fractures,
oriented to True Geographic North

Blown Yield ......cccouuuunnee Flow rate of blown water during air-hammer drilling, estimate indi-
cated by black dots for flow in the 6-inch diameter hole and gray dots
for flow in the 8-inch diameter hole, in gallons per minute (gal/min).
Gray dots represent water measured in 8-inch hole plus the 150 gal-
lons per minute cased off above 500 ft bls in the 6-inch hole.

Blown Spec Cond............ Specific conductance of blown water during air-hammer drilling, mea-
surement indicated by black dots for samples in the 6-inch diameter
hole and gray dots for samples in the 8-inch diameter hole, in micro-
siemens per centimeter at 25 degrees Celsius (uS/cm @ 25°C).

FI1 ReS..ooreeereireereereens Log of fluid resistivity collected on date indicated by color [7/23
(orange), 7/25 (blue), 8/1 (gray), 9/3 (black),and 11/14 /2013 (pur-
ple) and 7/28/2014 (green)], in Ohm meters (Ohm-m)



FIRes SD ..o Fluid resistivity of specific-depth water sample collected on date and
under flow conditions as indicated by color above, in Ohm meters

(Ohm-m)
Spec Cond......cuvveerrerrennes Specific-conductance log collected on date indicated by color as above,
in microsiemens per centimeter at 25 degrees Celsius (uS/cm @ 25°C).
Spec Cond SD......cceneenee Specific conductance of specific-depth water sample collected on date

indicated as above, in microsiemens per centimeter at 25 degrees
Celsius (uS/cm @ 25°C)

Temp .o Temperature log collected on date indicated by color as above, in
degrees Celsius (°C)
Flow AmD ..o Vertical flow rate under ambient conditions; blue circle indicates

measured with electromagnetic flowmeter; blue box indicates mea-
sured with heat-pulse flowmeter; blue line indicates calculated from
flow-log analysis; in gallons per minute (gal/min)

Flow Pmp ... Vertical flow rate under pumped conditions; red dot indicates mea-
sured with electromagnetic flowmeter; red line indicates calculated
from flow-log analysis; in gallons per minute (gal/min)

Trans FL..eneens Transmissivity of fracture zone estimated from flow-log analysis,
indicated by light blue bar, in square ft per day (ft2/d)

Trans Pl.eeeeeennns Transmissivity of fracture zone estimated from packer-isolated specific-
capacity data analysis, indicated by purple segment, in square ft per
day (ft2/d)

Head FL...crrreriereennes Hydraulic head of fracture zone estimated from flow-log analysis

(light blue dot) and packer-isolated measurement (purple segment),
in ft above sea level (ft asl)

Head Pl Hydraulic head of fracture zone from packer-isolated measurement,
indicated by purple segment, in ft above sea level (ft asl)
Spec Cond PI................... Specific conductance of water sampled from packer-isolated interval,

indicated by purple segment, in microsiemens per centimeter at 25
degrees Celsius (uS/cm @ 25 °C)

Induction Cond............... Conductivity of the formation from induction log, in millisiemens per
meter (mS/m)

Induction Res.....ccuuuernnens Resistivity of the formation from induction log, in ohm meters (Ohm-m)

RWa ..o Formation water resistivity estimated for selected sandstone inter-

vals based on Archie’s Equation in ohm-meters: porosity derived from
log indicated in parentheses
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=1 Siltstone

i Shale

EXPLANATION OF LITHOLOGIC SYMBOLS

%4 Sandstone

| Argillaceous sandstone

Carbonaceouszone

The patterns for lithologic symbols used in figures 3, 6, 10,
17,and 26 are shown to the left. Symbol colors used in the
figures (not shown) are actual colors of the wet rock cut-
tings described in the office by staff of the Pennsylvania
Bureau of Geological Survey using Munsell rock colors
(Munsell, 2009).

EXPLANATION OF BEDDING AND FRACTURE TADPOLE SYMBOLS
| Dip dggrges |

D 15

Dip

30 45 60

azimuth N

W)#E

S

75 9

Tadpole symbols are used to designate the dip angle and direc-
tion of dip for bedding features and fractures in figures 3, 6, and
17. The position of the body of tadpole (red dot) left to right
relative to the scale “Dip degrees” indicates dip angle in degrees
between 0 (horizontal) and 90 (vertical). The black tail on the
body of the tadpole tail indicates the direction of dip (azimuth)
in degrees relative to True Geographic North. For the tadpole
shown at left, the fracture dips about 45 degrees to the north-
west at an azimuth of 315 degrees.

AUTHORS’ NOTE

The U.S. Geological Survey and the Pennsylvania Bureau of Geological Survey use dif-
ferent identifiers for the test hole described in this report. Water-related borehole tests and
analyses conducted in the test hole are archived by the U.S. Geological Survey as site iden-
tifier 412403076234801 and site name SU 168. Rock analyses are archived by the Bureau of
Geological Survey as ID# SUL113_0297.

xii



GEOHYDROLOGIC AND WATER-QUALITY CHARACTERIZATION
OF A FRACTURED-BEDROCK TEST HOLE IN AN AREA OF
MARCELLUS SHALE GAS DEVELOPMENT,

SULLIVAN COUNTY, PENNSYLVANIA

by
Dennis W. Risser,! John H. Williams,* and Aaron D. Bierly?

ABSTRACT

The stratigraphy, water-bearing zones, and quality of groundwater were characterized
in a 1,400-ft-deep test hole drilled during 2013 in fractured bedrock in Sullivan County, Pa.,
by collection and analysis of measurements made during drilling, geophysical logs, and
depth-specific hydraulic tests and water samples. The multidisciplinary characterization of
the test hole was a cooperative effort between the Pennsylvania Department of Natural
Resources, Bureau of Geological Survey (BGS), and the U.S. Geological Survey (USGS). The
study provided information to aid the bedrock mapping of the Laporte 7.5-minute quad-
rangle by BGS to help quantify the depth and character of fresh and saline groundwater in
an area of shale-gas exploration (described in this report), which could help gas operators
protect groundwater resources.

The Laporte test hole was drilled with air-hammer methods in an upland setting in the
headwaters of Loyalsock Creek in the Glaciated High Plateau section of the Appalachian
Plateaus physiographic province. Bedrock residuum and till were penetrated from land
surface to 8.5 ft, the Huntley Mountain Formation of Mississippian and Devonian age was
penetrated from 8.5 to 540 ft, and the Catskill Formation of Devonian age was penetrated
from 540 to 1,400 ft. Fractures, determined from optical televiewer, acoustic televiewer, and
video logs, were commonly encountered to 200 ft bls (below land surface), then decreased
exponentially with depth, except at a highly fractured zone from 637 to 644 ft bls. Most
fractures were along bedding planes and had a strike of about 243 degrees and dip about
4 degrees to the northwest, consistent with the test-hole location on the north limb of the
Muncy Creek anticline. Few fractures were noted below 650 ft.

The depths of fresh and saline water-bearing fracture zones were identified in the test
hole by geophysical-log analysis and were verified by pumping samples from zones isolated
with packers and by collecting samples in the open hole with a wire-line point sampler. Six
water-bearing zones associated with single or multiple fractures were identified at depths
of 130-135, 180, 267-275, 425, 637-644, and 1,003 ft bls. Under ambient conditions, fresh
water entered the hole from fractures at 130-135 and 180 ft bls, flowed downward and
exited at fractures from 267-275, 425, and 637-644 ft. When pumped at 16.2 gal/min, most
of the water from the open test hole was contributed from the fracture at 180 ft bls. Trans-
missivity, estimated from analysis of the specific-capacity data and flowmeter logs, is about

1U.S. Geological Survey.
ZPennsylvania Geological Survey.



850 ft2/d for the entire open hole, and about 60 percent of the transmissivity is contributed
from the fracture zone at 180 ft bls. The hydraulic heads in the deep water-bearing zones at
425 and 637-644 ft were about 100 ft lower than hydraulic heads in shallow water-bearing
zones at 180 ft bls and above, indicating a large downward vertical hydraulic gradient.

Water samples pumped from fracture zones isolated by packers at and above the water-
bearing zone at 450 ft bls were fresh with dissolved-solids contents of 105 mg/L or less. The
sample isolated at 637-644 ft bls was probably affected by leakage around packers, but the
specific-conductance samples collected during drilling that were believed to be representa-
tive of the fracture zone at 637-644 ft bls indicated slightly saline water. Below the 637-644
ft zone, a flowmeter log in the open hole did not detect any vertical flow, and the temperature
log approached the geothermal gradient, indicating little ambient fluid flow and minimal
fracture transmissivity below this depth. A petrophysical-log analysis using estimates of
formation water resistivity from Archie’s Equation indicated an apparent transition from
fresh to saline water in the sandstones occurs between 450 to 900 ft bls, with saline water
indicated below 900 ft.

Small seeps of saline water were delineated at 958, 989, and 1,003 ft bls by a time series
of specific-conductance logs, and a discrete-point water sample at 990 ft bls with total
dissolved-solids concentration of 19,900 mg/L verified that highly saline water was present
below 900 ft bls. Occurrence of saline water at a depth of about 900 ft bls is below altitude
of streams within 3 to 5 miles of the test hole but is about 930 ft above the altitude at the
mouth of Loyalsock Creek where is enters the West Branch Susquehanna River at Montours-
ville, Pa. The depth to saline water in this test hole is close to depths estimated at two other
deep test holes drilled by the BGS in upland settings in Bradford and Tioga Counties in north-
ern Pennsylvania.

The saline water from 990 ft bls had a chemical composition similar to Appalachian Basin
brines that had been diluted with fresh water. Predominant ions in the saline water were
sodium, chloride, and calcium. Trace constituents of strontium, bromide, barium, lithium,
and molybdenum were all more than 5,000 times greater than in freshwater samples from
167 or 270 ft bls. Methane concentration in the saline water sample from 990 ft was 120
mg/L. The concentration ratios of methane to higher-chain hydrocarbon gases and isotopic
ratios of 13C/12C and 2H/'H of methane indicate that the gases are likely of thermogenic
origin. In the sample from 990 ft bls, the 13C/12C of methane was less negative (-34.81 per
mil) than 13C/12C of ethane (-37.1 per mil). Isotopic reversals such as this are generally found
in gases from rocks older than the Catskill Formation, so its recognition in a natural upland
setting at relatively shallow depth could be important when interpreting isotopic results to
identify the origin of stray gas in the area.

INTRODUCTION

The Pennsylvania Department of Conservation and Natural Resources, Bureau of Geo-
logical Survey has been drilling deep exploratory test holes in several areas in northeastern
Pennsylvania. Geologic information from the test holes is used to assist geologic mapping



(described in separate reports) done as part of STATEMAP, a component of the National Co-
operative Geologic Mapping Program (U.S. Geological Survey, 2019a). Although the primary
purpose for the drilling is to obtain detailed geologic information, the test holes also have
been used to obtain hydrologic and water-quality information about the fractured-bedrock
aquifers by means of cooperative studies between BGS and the U.S. Geological Survey (USGS).
Results from investigations of a 1,664-ft-deep core hole in western Bradford County (Glea-
son test hole) and a 1,513-ft-deep core hole in south-central Tioga County (Cherry Flats test
hole) have been summarized by Risser and others (2013) and Williams and others (2015),
respectively.

PURPOSE AND SCOPE

This report describes investigations of a 1,400-ft-deep test hole in the Laporte 7.5-minute
quadrangle in southeastern Sullivan County during 2013-14 to determine the depth and
characteristics of fresh and saline groundwater in an area of shale-gas development, which
could help gas operators protect groundwater resources. Drilling logs, geophysical logs,
hydraulic tests, water-quality samples, and gas-isotopic data were collected and analyzed to
characterize the stratigraphy and lithologies, fractures, water-bearing zones, hydraulic prop-
erties, groundwater quality, and isotopic signatures of hydrocarbons penetrated by the test
hole.

DESCRIPTION OF THE LAPORTE TEST HOLE

The test hole is identified in this report as the Laporte test hole because rock cuttings and
logs from the hole were used to provide stratigraphic information for the geologic mapping
of the Laporte quadrangle. The Laporte test hole was located at 41.400914 degrees north
latitude, 76.396756 degrees west longitude (NAD 83). The location is within Pennsylvania
State Game Lands 13 in southeastern Sullivan County, about 5.2 mi east of Laporte (Figure 1).
The site was selected to obtain the most complete stratigraphic section possible for rocks
exposed within the quadrangle (i.e., starting in the youngest bedrock possible) and for ease
of access. Land-surface altitude at the test hole site is about 2,329 ft.

The Laporte test hole was drilled to a depth of 1,400 ft bls in a broad upland setting in
the headwaters of Lopez Creek, near the divide between Loyalsock Creek and Muncy Creek
watersheds. The test hole was situated on the northern limb of the Muncy Creek anticline
that trends NE-SW (Faill, 2011). The hole penetrated the Huntley Mountain Formation and
Catskill Formation.

The bottom of the Laporte test hole at 1,400 ft bls corresponds to an altitude of 929 ft,
which is below the altitudes of local and regional streams that are drains for the groundwater
system. The bottom of the test hole is about 1,300 ft below the altitude of Lopez Creek, the
nearest local stream and about 700 ft below Loyalsock and Muncy Creeks, the larger streams
that drain the region surrounding the test hole. Although the test hole penetrates much
below the surface-water drainage, it is completed about 6,000 ft above the Marcellus Forma-
tion, the development of shale gas from which has increased interest about the depth of over-
lying fresh groundwater resources.
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Figure 1. Location of the Laporte test hole in southeastern Sullivan County, Pa. The Muncy Creek
anticline is south of the test-hole location and generally trends northeast-southwest.



METHODS

The methods used to drill the test hole and to collect and analyze the rock cuttings,
geophysical logs, and depth-specific hydraulic properties and water-quality samples are
described in the following sections.

DRILLING

The Laporte test hole was drilled during July 15-22, 2013, using air-hammer methods.
The test hole was initiated by drilling a 10-inch hole through unconsolidated material and
weathered bedrock and setting an 8.875-inch ID steel surface casing to a depth of 40 ft. bls.
Beginning at 40 ft bls, an 8-inch-diameter hole was drilled to 500 ft bls. At that depth, drilling
halted temporarily while the hole was cleaned by flushing with compressed air for two
hours, which discharged water to the surface at a rate of about 150 gal/min. After flushing,
a temporary 6.25-inch ID steel casing was set from land surface to 500 ft bls to lessen the
quantity of water entering the open hole that could jeopardize the ability of the air-rotary
drill rig to evacuate the water and cuttings as the hole was deepened. Drilling was completed
by advancing a 6-inch-diameter hole from 500 ft bls to total depth of 1,400 ft bls. After drill-
ing, the entire hole was developed by flushing with compressed air and foam to clean the
hole and ensure that the water would be as clear as possible for subsequent imaging of the
borehole. Finally, to prepare the hole for study, the 6.25-inch steel casing was removed. The
final disposition of the hole was: 8.875-inch steel casing from 0 to 40 ft bls, 8-inch open hole
from 40 to 500 ft bls, and 6-inch open hole from 500 to 1,400 ft bls. After investigations at
the test hole were completed, it was filled with bentonite grout to a depth of 219 ft bls on
September 12, 2014. On April 10, 2017, the upper 219 ft of the test hole was reconstructed
with 2.5-inch-diameter PVC casing and screen for use as a monitoring well in the Pennsyl-
vania Groundwater Quality Monitoring Network.

MEASUREMENTS DURING DRILLING

During air-hammer drilling of the Laporte test hole, compressed air forced the rock cut-
tings and water from the test hole to the surface, where they were routed away from the test
hole into a hydrocyclone to separate cuttings from water. Cutting samples were collected at
the cyclone to represent the rocks penetrated every three ft during drilling. They were briefly
described, labeled, and bagged in the field. A detailed physical description of the cuttings was
later prepared in the office by BGS, using standard methods and including such characteris-
tics as lithology, Munsell color, grain size, grain shape, relative carbonate content, abundance
of carbonized material, and other pertinent information. A detailed description and geologic
log of rock cuttings from the test hole are available upon request from BGS.

The flow rate of water blown to the surface during drilling was estimated in a ditch down-
stream from the cyclone with a calibrated bucket and stopwatch when the driller blew water
out of the hole before installing a new 20-ft section of drilling rod. The specific conductance
and temperature of the blown water also was measured with a multiparameter water-quality
meter as it discharged from the cyclone.



Water used for drilling was obtained from Ellis Creek about 3 miles north of the test hole.
The water had a very low concentration of dissolved solids, as indicated by the specific
conductance of the water in the creek of less than 20 uS/cm at 25°C as measured on July 16,
2013.

GEOPHYSICAL LOGS

Caliper, deviation, nuclear, electric, induction, sonic, image, and fluid logs were collected
from the test hole. The nuclear logs were gamma, neutron, and gamma-gamma logs. Electric
logs were self-potential, single-point resistance, and normal resistivity. The image logs were
video, acoustic televiewer, and optical televiewer. The fluid logs were temperature, fluid
resistivity, and flow. The geophysical logs were collected between July 23,2013, and July 28,
2014 (Table 1). Geophysical logs collected and processed by ARM Geophysics under contract
with the BGS are designated as such in Table 1.

The geophysical logs collected for this study are available for download in Log Ascii Stan-
dard (LAS) and Portable Document Format (PDF) formats from the USGS Geol.og Locator
(U.S. Geological Survey, 2019b). The geophysical logs are briefly summarized below. Addi-
tional information on these types of geophysical logs is presented in Kelley (1969), Keys
(1990), and Rider and Kennedy (2011).

Caliper logs record hole diameter and are collected with a probe equipped with one or
three spring-loaded arms. Changes in test hole diameter may be correlated to drilling and
construction procedures, competency of lithologic units, and fractures. Stationary flowmeter
measurements were collected in competent intervals above and below potential fracture
zones as identified on the caliper and optical and acoustic televiewer logs.

Deviation logs measure the vertical deviation and spatial trajectory of the test hole with
two inclinometers and a three-component magnetometer. The deviation logs are used to
correct the apparent orientation of structural features identified on the acoustic and optical
televiewer logs to their true orientation.

Gamma logs measure the amount of gamma radiation emitted by the formation sur-
rounding the test hole. Clay-bearing rocks commonly emit relatively high gamma radiation
because they include weathering products of potassium feldspar and mica and tend to con-
centrate uranium and thorium by ion absorption and exchange. Naturally occurring sources
of gamma radiation include potassium-40 and daughter products of the uranium- and
thorium-decay series. The vertical resolution of the gamma tool is 1 to 2 ft. The gamma log
was used in the delineation of lithology, specifically identification of sandstone, claystone,
and carbonaceous zones.

Neutron logs measure the number of neutrons received at a detector from a neutron
source in the probe after the neutrons have interacted with the formation surrounding the
test hole. The majority of the neutron interactions are in response to the amount of hydrogen
present, which is largely a function of the water content. Total formation porosity was
estimated from the neutron log. Neutron logs commonly correlate with gamma logs because
zones with high estimated porosities (low neutron count rates) are commonly associated
with clay-bound water.
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Gamma-gamma logs measure the bulk density of the formation surrounding the test
hole based on the attenuation of radiation emitted from a gamma source and received at two
detectors. The gamma-gamma log was converted to quantitative estimates of density.

Spontaneous-potential logs (sometimes referred to as SP or self-potential) measure the
electrical potentials that develop in the test hole at lithologic and water-quality interfaces.
Spontaneous potential is largely a function of chemical reactions that occur within the test
hole fluids and the type and quantity of clay present. Electrochemical effects tend to result
from the migration of ions from more concentrated to less concentrated fluids.

Single-point resistance logs measure the electrical resistance from points within the
test hole to an electrical ground at land surface. In general, resistance increases with in-
creasing grain size and decreases with increasing test-hole diameter, fracture density, and
dissolved-solids concentration of the water. Single-point resistance logs are affected by the
dissolved-solids content of the test hole fluid. The single-point resistance log was used in the
delineation of lithology and fracture zones.

Normal-resistivity logs measure the electrical resistivity of the rocks and water sur-
rounding the test hole. Electrical resistivity measurements consist of short-normal (16
inches) and long-normal (64 inches) resistivities, or near and far resistivities, respectively,
that have two different volumes of investigation. Electrical resistivity measurements are
affected by the clay content and porosity of the rocks and by the dissolved-solids concen-
tration of the pore fluid. The normal-resistivity logs are most effective in formations having
high electrical resistivities (low conductivities).

Magnetic-susceptibility logs measure the concentration of magnetite and other mag-
netic minerals present in the rocks surrounding the test hole. The magnetic susceptibility log
was used in the delineation of lithology and mineralogy along with gamma, gamma-gamma,
and neutron logs.

Full-waveform sonic logs measure the amplitude and transit time of acoustic waves
transmitted through rocks and water surrounding the borehole. The sonic tool is equipped
with a single transmitter operated at a frequency of 24 kHz and dual receivers spaced
approximately 2 and 3 ft from the transmitter. Compressional wave slowness, in units of
microseconds per foot (the inverse of velocity) was estimated from the acoustic travel times.
Slowness is affected primarily by rock elastic properties and commonly correlates with
density. Slowness also increases substantially where rocks are highly fractured.

Induction-conductivity logs measure the electrical conductivity of rocks and water
surrounding the test hole. The induction tool, which is operated at a frequency of 40 kilohertz
(kHz), has a focused radius of investigation and a vertical resolution of about 2 ft. The tool
response generally is not affected by the electrical properties of the test hole fluid for dia-
meters less than 8 inches. Electrical conductivity measurements are affected by the clay
content and porosity of the rocks and by the dissolved-solids concentration of the pore fluid.
Induction-conductivity logs are most effective in formations having high electrical conduc-
tivities (low resistivities). The induction-conductivity log was converted to an induction-
resistivity log and used along with the gamma and neutron porosity logs to estimate fluid
resistivity of the pore fluid in selected sandstone intervals through application of Archie’s
Equation (Archie, 1942).



Video logs record images of the test hole collected with a submersible color camera.
Video logging techniques and equipment are described by Johnson (1996). Down-looking
fisheye views of the test hole and side-looking views of the test-hole wall were recorded. The
video logs were used to identify lithology, bedding and fractures, test-hole-wall staining, and
water flow including cascading water above the water level, particle movement below the
water level, shimmering fluid indicating saline water, and bacterial growth. For this test hole,
the true depth of the video logs is estimated by multiplying the displayed depth by 1.0027 to
account for stretching of the cable.

Acoustic-televiewer (ATV) logs record a 360-degree magnetically oriented acoustic
image of the test-hole wall (Williams and Johnson, 2004). Acoustic-televiewer logs can be
collected in clear or turbid water. The ATV provides high-resolution information on test-
hole-wall roughness and the location and strike and dip of fractures or bedding within a
borehole such that structural features with widths greater than 0.02 ft (6 mm) can easily be
identified.

Optical-televiewer (OTV) logs record a 360-degree oriented optical image of the test-
hole wall (Williams and Johnson, 2004). The OTV logs can be collected above the water level,
and below water where the water is clear. Features with widths greater than 0.008 ft (2.4
mm) can be identified. 0TV logs were used to characterize bedding and fracture orientation,
and test-hole-wall staining.

Fluid-temperature logs measure the temperature of the air and water in the test hole.
Repeated temperature logs were collected from the test hole under ambient and pumped
conditions. Temperature gradients less than the geothermal gradient in the surrounding
rocks indicate intervals with vertical test hole flow. As test hole flow decreases, the tem-
perature gradient of the test hole water approaches the geothermal gradient. Downflow is
characterized by test hole water cooler than that in equilibrium with the geothermal gra-
dient. Conversely, upflow is characterized by test hole water warmer than that in equilibrium
with the geothermal gradient. The geothermal gradient is about 1°F (0.56°C) per 100 ft
(Keys, 1990). Temperature logs were used with the fluid-resistivity, specific conductance,
and flow logs to identify fracture zones and flow between them under ambient and pumped
conditions.

Fluid-resistivity logs measure the electrical resistivity of the water in the test hole. The
electrical resistivity of the water is related to its dissolved-solids concentration. Repeated
fluid-resistivity logs were collected under ambient and pumped conditions. Specific-conduc-
tance logs were calculated from the fluid resistivity and the temperature logs. Fluid-
resistivity and specific-conductance logs were used with the temperature and flow logs to
identify freshwater and saline-water fracture zones and flow between them under ambient
and pumped conditions.

Flow logs record the direction and rate of vertical flow in the test hole. Flow logs were
collected from the test hole under ambient conditions and while pumping at a constant rate
with quasi-steady-state drawdown. Heat-pulse and electromagnetic flowmeters were used
to measure vertical flow. The heat-pulse flow meter measures the travel time of a thermal
pulse between a set of upper or lower thermistors (Hess, 1982). The heat-pulse flowmeter,
which was used in a stationary mode with a flexible rubber diverter fitted to the nominal



diameter of the test hole, has a measurement range of 0.01 to 1.5 gal/min. The electro-
magnetic flowmeter (Young and Pearson, 1995) measures fluid velocity based on Faraday’s
Law, which states that the flow of an electrically conductive fluid through an induced mag-
netic field generates a voltage gradient that is proportional to its velocity. The electromag-
netic flowmeter, which was used in stationary and trolling modes with a flexible rubber
diverter, has a measurement range of 0.05 to 15 gal/min. The flow logs were used with the
temperature and fluid-resistivity logs to identify fracture zones and the direction and rate of
flow between zones under ambient and pumped conditions.

Table 1. Types of Geophysical Logs and Dates of Collection from the Laporte test hole, Sullivan

County, Pa.
(Agency: ARM, ARM Geophysics; USGS, U.S. Geological Survey; X, log collected; --, not collected.)
Agency or company collecting the geophysical logs and date(s) collected
Logs collected ARM USGS USGS USGS | USGS USGS USGS USGS
8/1-2/2013 7/23-25/2013 7/30/2013 8/5/2013 9/3/2013 11/7/2013 11/14/2013 7/28/2014
Three-arm caliper X X - - - - - -
Deviation X X - -- -- - - -
Natural gamma X X - - - - - -
Neutron X -- -- - - - - -
Gamma-gamma X - - - - - - -
Spontaneous potential X -- -- - - - - -
Sm.gle—pomt x 3 B B B B B B
resistance
Normal resistivity X -- -- - - - - -
M .
agnet}c. . _ X B B B 3 3 3

susceptibility

Full waveform sonic -- X -- - - - - -
I .

nductlo'n . 3 X B B i i ~ B
conductivity
Video -- -- X -- -- X -- -
Acoustic televiewer -- X -- - - - - -
Optical televiewer X X - - - - - -
Fluid temperature X X -- X X - X X
Fluid resistivity X X -- X X -- X X
Flow -- X -- -- -- - - -

The ambient and pumped flow logs were analyzed using the method described by Paillet
and others (1987) and Paillet (2000) to estimate the transmissivity and hydraulic head of
the fracture zones penetrated by the test hole. In this method, a best-fit match is developed




between measured and model-calculated ambient and pumped flows by iterative adjust-
ment of flow-zone transmissivity and hydraulic head in a numerical or analytical model. The
flow-log analysis method generally detects and quantifies the hydraulic properties of frac-
ture zones whose transmissivities are within 1.5 to 2 orders of magnitude of the most trans-
missive zone penetrated by the borehole (Paillet, 1998). The computer model FLASH (Flow
Log Analysis of Single Holes) developed by Day-Lewis and others (2011) was used to solve
for flow-zone transmissivity and head. The FLASH model code is based on the Thiem equa-
tion, which is a multilayer, analytical solution for steady-state radial flow to a single bore-
hole. The solution requires that the total borehole transmissivity or the radius of influence
isindependently estimated. The total transmissivity of the open test hole was estimated from
the specific capacity of the open hole.

AQUIFER ISOLATION WITH PACKERS

The principal water-yielding fractures in the test hole identified during drilling and by
analysis of the geophysical logs were temporarily isolated for water sampling and hydraulic
testing by use of a straddle-packer-and-pump system during August 6-29, 2014. The main
purpose for isolating the fractures was to enable the collection of water samples from dif-
ferent depth zones, but the packer system also allowed hydraulic tests to be conducted. Five
depth intervals were isolated by the packers (Table 2). Prior to installing packers, the condi-
tion of the slightly rugose test-hole wall created by the air-hammer was examined with the
video camera to verify that the borehole where the packer would sit was relatively smooth
and unfractured to improve the odds of achieving a good packer seal.

Table 2. Depth of the intervals temporarily isolated by the use of packers, major water-bearing
fractures isolated, and sample-pump setting in the Laporte test hole, Sullivan County, Pa.

Single or Depth, in ft below land surface
Zone straddle P acker Geologlc Intervals isolated Ma.J or water- Depth of sample
used to isolate Formation b K bearing fracture
the interval ¥ packers zone pump
1 single Huntley Mountain Above 172 130-135 167
2 straddle Huntley Mountain 172 to 197 180 180
3 straddle Huntley Mountain 263 to 288 267-275 270
4 straddle Huntley Mountain 418 to 443 425 437
5 straddle Catskill 621 to 646 637-644 640

Two packers were assembled on a 1.25-inch ID steel pipe and spaced to allow a 25-ft
interval of the test hole to be temporarily isolated (straddled). A 4-inch submersible pump
was installed on the steel pipe between the packers. The pump removed water from the
isolated interval and discharged it to land surface in a 0.75-inch ID polyethylene tubing
attached to outside of the 1.25-inch steel pipe. The packers were inflated with nitrogen from
a cylinder of the compressed gas. Hydraulic head was monitored above, within, and below
the straddled zone using barometrically compensated pressure transducers deployed within
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1-inch PVC pipes that were connected to nylon tubes open above, within, and below the
straddled zone (Figure 2).

The general procedure for isolating a zone was to position the packers straddling a water-
yielding fracture, inflate the upper packer and then inflate the lower packer while continu-
ously monitoring the hydraulic heads above, within, and below the isolated interval until a
quasi-steady-state equilibrium was reached. The length of time that the packers were left
inflated before the interval was tested ranged from 0.78 to 137 hours, depending on how
quickly the hydraulic head equilibrated after packer inflation. The isolated intervals were
then pumped at rates ranging from 1.3 to 10.6 gal/min so water samples could be collected.
Drawdown of water levels was recorded above, within, and below the isolated interval dur-
ing the pumping.

Lrr:> Water discharge

0.75-inch polyethylene
discharge tubing

1-inch PVC pipes 1
(blue) and 0.25-inch : H
nylon tubing (black) Valve diverting water

connected to Ve M to discharge tubing
monitor hydraulic

head above, within,
and below the J
isolated interval.

1.25-inch steel drop pipe

Figure 2. Schematic dia-
gram of packer assem-
bly used to isolate
water-yielding fractures
' in the Laporte test hole.

- 4-inch pump

— Slotted pipe

- Open hole
(Not to scale)

HYDRAULIC TESTS

Drawdown data were collected during pumping of the open hole and intervals isolated
with packers. Specific capacity and transmissivity were determined from analysis of the
drawdown data.
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Open-Hole Hydraulic Test

The open test hole was pumped at a constant rate of 16.2 gal/min for 60 minutes on July
25,2013, and water-level drawdown was recorded with a pressure transducer. The specific
capacity of the open hole was determined by dividing the pumping rate (Q) by the quasi-
steady-state drawdown (s) after one of hour of pumping. The transmissivity of the open test
hole was estimated from the specific capacity (Q/s) of the test hole from an equation from
Cooper and Jacob (1946) as described in Theis and others (1963). But instead of using the
nomograph in the Theis and others paper, the Cooper-Jacob equation (Eq. 1) was solved for
transmissivity (T) using an iterative approach after assigning a reasonable value for storage
coefficient (S).

T = i In [Z.ZSTt] Eq. 1
4TS r2s

Where:

T is transmissivity in ft squared per day,

Q is pumping rate in cubic ft per day,

s is drawdown in ft,

tis the time in days at which specific capacity is determined,

S is storage coefficient, dimensionless.

Transmissivity of the open hole also was estimated from the transient, late-time draw-
down data during pumping by use of the straight-line method of Cooper and Jacob (1946).
The solution for transmissivity is:

35.3
T = ¢ Eq. 2
As

Where:

T is transmissivity in ft squared per day,

Q is pumping rate in gallons per minute,

As is the drawdown per log cycle of time, in ft.

Isolated-Interval Hydraulic Tests

The specific capacity of each isolated interval was determined by dividing the average
discharge rate by the drawdown after about one of hour of pumping. The transmissivity of
the isolated interval was estimated from specific capacity by iterative solution of the Cooper
and Jacob (1946) equation as described above.

WATER-QUALITY SAMPLES

Samples were collected from five depth zones that had been isolated with packers (Ta-
ble 2) and at one discrete depth from within the open hole. Field and laboratory analysis of
water samples provided information about the quality of water in the test hole at specific
depths.

Samples were collected for analysis of field parameters, major ions, trace metals, radio-
chemicals, dissolved gases, and isotopic composition. The pH, water temperature, specific
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conductance, dissolved oxygen, oxidation-reduction potential, and turbidity were measured
in the field with a multiparameter meter. Alkalinity was determined by titration to an inflection-
point determined from titration in the field. Samples for analysis of major ions and trace
metals were sent to the USGS National Water Quality Laboratory (NWQL) in Denver,
Colorado. Samples for radiochemical analysis were sent to Eberline Services Inc., a private
laboratory under contract to the USGS NWQL. Samples for analysis of dissolved gases and
stable isotopes (except strontium) were sent to [sotech Laboratories, Inc. Strontium isotopes
were analyzed by the USGS Crustal Geophysics and Geochemistry Science Center. The ana-
lytical results are available from the USGS

National Water Information System database at https://nwis.waterdata.usgs.gov/usa/
nwis/qwdata/?site no=412403076234801.

Isolated-Interval Samples

Isolated-interval samples were collected from the test hole during August 7-29, 2013.
Water samples were obtained from 25-ft depth intervals that were temporarily isolated with
packers by a 4-inch-diameter submersible pump located between the upper and lower pack-
ers. The pump discharged water through a 0.75-inch polyethylene pipe. At the surface, the
discharge was split by use of a PVC valve so that a small quantity could be diverted to a multi-
parameter water-quality meter or to sample bottles. Prior to sampling, water from the iso-
lated interval was purged. The rate of discharge (pumping rate) was determined during the
purging period by volumetric method using a bucket and stopwatch. The discharge from the
isolated interval was monitored until three volumes of water were removed from the iso-
lated interval and stability of the field water-quality parameters (specific conductance, tem-
perature, pH, and dissolved oxygen) was reached within about +/- 5 percent. Sample bottles
were filled within a covered chamber, processed according to protocols outlined in Wilde
and others (2002-2009), preserved with acid and chilled (as required), and shipped to the
laboratory by overnight express.

Discrete-Point Samples

Two discrete-point samples were collected from the Laporte test hole at a depth of 990
ft bls. The first point-sample at 990 ft bls was collected on September 5, 2013, after the
isolated-interval samples had been completed and the packers had been removed. The sec-
ond sample was collected nearly one year later on July 28, 2014, to determine if the salinity
at that depth had increased. The samples were collected under ambient (non-pumping)
conditions by the use of a stainless-steel point sampler. The sample depth of 990 ft bls was
determined by analysis of the geophysical logs, flowmeter, temperature, fluid-resistivity, and
specific-conductance logs to be representative of saline water in the test hole at 900 ft bls
and below. The sample at 990 ft bls would capture hydrocarbon gases rising from the main
inflow at 1,003 ft bls. The point sampler was used because the depth exceeded our capacity
for packer use.

The point sampler used in this study was lowered to the sampling depth where the inlet
valve was remotely controlled through the wireline, which opened and closed the intake port
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of the sampler, allowing as much as two liters of water to be collected. The valve was opened
for about 5 minutes while the sampler filled with water; then the valve was closed, and the
sampler was raised to the surface. About four liters of water was needed for laboratory analy-
sis of the selected analytes.

After retrieving the point sampler at the surface, water was transferred into the appro-
priate sampling containers, processed according to protocols outlined in Wilde and others
(2002-2009), preserved with acid and chilled (as required), and shipped to the laboratory
by overnight express. Transfer of unfiltered samples was accomplished by opening the dis-
charge port and allowing water to drain from the sampler into bottles. For samples requiring
filtration, a 6-inch length of Teflon-lined tubing and a capsule filter with 0.45-micron-size
pores was attached to the discharge port of the point sampler. A cylinder of ultra-pure nitro-
gen gas was attached to the intake port of the point sampler, and nitrogen gas was used to
push sample water through the capsule filter, which eliminated the need to open the sampler
to the atmosphere. Samples for gases and stable isotopes were collected by draining water
from the point sampler or pushing it with nitrogen gas directly into a gas-sample “Isobag”
without opening the sample intake port to the atmosphere.

Field properties were measured as soon as possible after water was transferred out of
the point sampler and into the sample cup of the multiparameter meter, but the water sam-
ples had warmed; degassing was noted; and the values for temperature, dissolved oxygen,
and oxidation-reduction potential were drifting. Thus, these field values for the point sam-
ples are not completely representative of the water at depth for those parameters.

One field blank was collected to evaluate contamination from field equipment and sam-
pling procedures. The field blank was prepared by pouring reagent-grade inorganic-free
water into the stainless-steel point sampler, then transferring the water into the appropriate
sample containers in the same procedure described above for the specific-depth environ-
mental samples.

GEOHYDROLOGIC CHARACTERIZATION

The geohydrology of the Laporte test hole was characterized through an analysis of drill
cuttings, geophysical logs, and aquifer-isolation tests. The bedrock stratigraphy and lithology,
fractures, and water-bearing intervals penetrated by the test hole are discussed in the fol-
lowing sections.

STRATIGRAPHY AND LITHOLOGY

The stratigraphy of the Laporte test hole was characterized mainly by analysis of the drill
cuttings, with supporting information from natural-gamma, caliper, optical imagery, and
other geophysical logs. In descending order (youngest to oldest), the test hole penetrated
siliciclastic sedimentary rocks of the Lower Mississippian and Upper Devonian Huntley Moun-
tain Formation and Upper Devonian Catskill Formation (Figure 3). Cuttings were archived at
the Bureau of Geological Survey’s Middletown office. They are available for public review
and scientific research upon request.
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Figure 3. Logs of stratigraphy, lithology, gamma, neutron porosity, magnetic susceptibility, bulk
density, and bedding orientation in the Laporte test hole, Sullivan County, Pa. (Explanation of log
headings, units, symbols, and colors are presented on pages x—xii.)

Huntley Mountain Formation

The Huntley Mountain Formation was penetrated from about 8.5 to 540 ft bls. The over-
lying surface to 8.5 ft consisted of unconsolidated sediment (till and bedrock residuum). The
Huntley Mountain Formation is a transitional unit between the underlying Catskill Forma-
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tion and the overlying Burgoon Formation. The Huntley Mountain Formation consists of sand-
stone, siltstone, and claystone. In fresh rock, sandstones range in color (Munsell, 2009) from
medium dark gray (N4) to very light gray (N8). Minor quantities of brownish-gray (5YR 6/1)
sandstone were observed in relation with red-bed intervals. In weathered rocks (dominantly
in the upper 20 ft), colors ranged from very pale orange (10YR 8/2) to dark yellowish brown
(10YR 4/2) and yellowish gray (5Y 7/2). Sandstones range from very fine to coarse grained
with most being fine to medium grained. A low density of scattered detrital mica flakes is
common. Sandstones are locally slightly calcareous. A calcareous zone was observed from
approximately 310 to 315 ft bls. Rare carbonaceous debris is present, and very thin coaly
lenses were observed at approximately 180 ft bls and 409 ft bls (Figure 4). Pyrite was ob-
served in association with the coaly lenses.

Thin, medium-dark-gray (N4) to medium-gray (N5) shales were observed throughout
the Huntley Mountain Formation. Five red-bed intervals composed chiefly of grayish-red (5R
4/2) claystone and siltstone with subordinate amounts of light-olive-gray (5Y 6/1), bluish-
gray (5B 6/1) and greenish-gray (5G 6/1) claystone and siltstone were noted. A few fos-
silized rootlets were observed. Red-bed intervals can be interbedded with other lithologies
mentioned above and range from 15 to 29 ft thick.

Figure 4. Test-hole cut-
ting with fossilized plant
stem impression (left half)
and coal material (right
half). Note the near 90°
cleats in the coal. Cutting
was sampled from be-
tween 178 and 181 ft bls.
Note: mm = millimeter.

Catskill Formation

The Catskill Formation occurs from about 540 ft bls to the total depth of the hole at 1,400
ft bls. The Catskill Formation is distinguishable from the Huntley Mountain Formation by
more abundant and thicker red-bed packages. The Catskill Formation has proportionally
thinner and fewer gray sandstones than the overlying Huntley Mountain Formation.

Red beds within the Catskill are composed chiefly of grayish-red (5R 4/2) siltstone and
claystone as well as brownish-gray (5YR 4/1 to 5YR 6/1) sandstone. The brownish-gray
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sandstones are mostly very fine to medium grained, slightly micaceous to micaceous, and
locally calcareous. Subordinate amounts of medium-gray (N5) to very light gray (N8) sand-
stone like those in the Huntley Mountain Formation were observed. Within one of these gray
sandstone intervals, cuttings of very pale orange (10YR 8/2), coarsely crystalline calcite vein
with clear quartz crystals were observed at approximately 638 to 642 ft bls (Figure 5).

Figure 5. Test-hole cut-
ting from a calcite vein
(right half) with clear
quartz crystals (upper left
corner). Cutting was sam-
pled from between 640
to 642 ft bls.

FRACTURES, BEDDING, AND BREAKOUTS

The distribution and orientation of fractures, bedding features, and breakouts, from the
bottom of the casing at 40 ft bls to the total depth of the hole at 1,400 ft bls, were determined
through the analysis of the optical televiewer log, modified by information from the acoustic
televiewer and video logs. Fracture density (number of fractures divided by the depth inter-
val length) for 50-ft intervals is shown by the bar graph in Figure 6. Fracture density in-
creased with depth from the base of casing to 100 ft bls, then generally decreased with depth
to the bottom of the hole except for a notable increase at the highly fractured zone from 637
to 642 ft bls. The interval from 50 to 200 ft bls was most fractured; about 21 fractures were
penetrated every 50 ft in that interval. Below 642 ft bls there is a marked decrease in fracture
density to about 1.6 per 50 ft of hole. A plot of the cumulative frequency of fractures with
depth shows that fractures decrease exponentially with depth (Figure 7). About 80 percent
of the fractures penetrated by the test hole were low-angle features dipping less than 20
degrees in all directions (Figure 8). About 6 percent of the fractures had steep dips (greater
than 45 degrees) to both the northwest and southeast.

Bedding features penetrated by the test hole were planar with noticeable crossbedding.
The mean strike of bedding planes was about 243 degrees (N67E) with a mean dip of about
4 degrees northwest (Figures 3 and 8B). Although displaying scatter due to the low bedding
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angle and abundant crossbedding, the mean bedding orientation was consistent with the
position of the test hole on the northern limb of the Muncy Creek anticline (Figure 1).
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Figure 6. Logs of stratigraphy, lithology, gamma, caliper, sonic amplitude and slowness, and
fracture density and orientation in the Laporte test hole, Sullivan County, Pa. (Explanation of log
headings, units, colors, and symbols are presented on pages x—xii.)
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ding planes penetrated by the Laporte test hole, Sullivan County, Pa.
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Breakouts are formed by spalling of bedrock fragments from the open test-hole wall
parallel to the modern-day direction of minimum horizontal stress exerted on the rocks.
Breakouts were clearly identified at various depths within the Catskill Formation. For exam-
ple, the vertically aligned pairs of borehole-enlargement features discontinuously present
on the ATV log from 756 to 808 and 880 to 938 ft bls presumably are breakouts (Figure 9).
These features were oriented similarly to breakouts more clearly identified in the test holes
in Bradford and Tioga Counties (Risser and others, 2013; Williams and others, 2015), in
which the water was much less turbid, allowing better imaging of the test-hole walls. The
breakout orientation in the Laporte test hole indicated that the direction of maximum modern-
day horizontal stress on the rocks is at an azimuth of about 70 degrees (northeast to south-
west), which is consistent with regional estimates presented by Zoback and Zoback (1980).
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WATER-BEARING FRACTURES

The transmissive water-bearing fractures penetrated by the test hole were identified
through measurements of water discharge from the hole during drilling and through analysis
of the fluid-temperature, fluid-resistivity, specific-conductance, fluid-flow, and video logs, in
conjunction with the fracture descriptions presented in the previous sections (Figure 10).
Six water-bearing zones associated with single or multiple fractures were identified at
depths of 130-135, 180, 267-275, 425, 637-644, and 1,003 ft bls.

Depth Form Gamma Blown ield Upper Blown Spec Cond Upper Caliper FIRes Spec Cond Temp Flow Amb
) ' * ) . f L } } |
o CPs 300 0 Galmin 200 10 10000 & Inch 9 01 Ohm-m 1000 10 100000 28 DegC 14 18 Gal/min 18
Blown ield Lower Blown Spec Cond Lower Flres 5D Spec Cond 5D Flow Pmp
| ' ) Py

0.1 Ohm-m 1000 10 100000 -18 Gal'min 18

Ay e

Figure 10. Logs of stratigraphy, lithology, gamma, caliper, fluid resisitivty, temperature, specifc
conductance, flow, and fracture orientation in the Laporte test hole, Sullivan County, Pa. (Ex-
planation of log headings, units, symbols, and colors are presented on pages x—xii.)
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Fracture Zone 1—130 to 135 ft

The freshwater-bearing zone at 130-135 ft bls was associated with several bedding-
related fractures and a steeply dipping fracture in interbedded sandstone and carbonaceous
shale (Figure 11). The air-blown yield from the zone was about 5 gal/min during drilling.
After completion of the test hole, the fluid-flow logs showed that about 1 gal/min of water
entered from the zone and flowed down under ambient (non-pumping) conditions. Some of
the downflow was cascading, which could be seen on the video log. When the open test hole
was being pumped at 16.2 gal/min, about 4 gal/min entered from the zone. The water level
in the open hole during the study fluctuated across this fracture zone, which probably caused
the yield from the zone to vary.
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Figure 11. Water-bearing zone at 130-135 ft bls associated with steeply dipping and bedding-
related fractures in interbedded sandstone and carbonaceous shale: A) optical-televiewer image,
B) acoustic-televiewer image, and C) video image.
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Fracture Zone 2—180 ft

A major freshwater-bearing zone was identified at 180 ft bls where the test hole pene-
trated a large, subhorizontal fracture in sandstone as shown by an enlargement of the hole
on the caliper log (Figure 10) and on image and video logs (Figure 12). The air-blown yield
from this fractured zone was about 100 gal/min during drilling, by far the greatest yield of
all the penetrated zones. After completion of the test hole, the fluid-flow logs showed that
the zone yielded more than 7 gal/min of downflow under ambient open-hole conditions, and
more than 12 gal/min of upflow along with about 6 gal/min of downflow when the open test
hole was pumped at 16.2 gal/min.
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Figure 12. Water-bearing zone at 180 ft bls associated with subhorizontal fractured zone in sand-
stone: A) optical-televiewer image, B) acoustic-televiewer image and C) video image.
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Fracture Zone 3—267 to 275 ft

The water-bearing zone at 267-275 ft bls was associated with multiple bedding-related
fractures in sandstone above a contact with red shale as shown by an enlargement of the
hole on the caliper log (Figure 10) and on image and video logs (Figure 13). The air-blown
yield attributed to this zone during drilling was about 20 gal/min. After completion of the
test hole, the fluid-flow logs showed that about 3 gal/min of the downflow exited the zone
under ambient open-hole conditions, which was reduced to less than 1 gal/min when the
open test hole was pumped at 16.2 gal/min.
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Figure 13. Water-bearing zone at 267-275 ft bls associated with bedding-related fractures in
sandstone above a contact with red shale: A) optical-televiewer image, B) acoustic-televiewer
image, and C) video images.
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Fracture Zone 4—425 ft

The water-bearing zone at 425 ft bls was associated with two bedding-related fractures
in sandstone as shown on image and video logs (Figure 14). During drilling, an increase in
air-blown yield of about 30 gal/min was attributed to this zone, although a substantial
amount of the increase may have been from further development of more transmissive
fracture zones above as drilling progressed. After completion of the test hole, the fluid-flow
logs showed that about 4.8 gal/min of the downflow exited at the zone under ambient open-
hole conditions. This rate of outflow from the test hole was only slightly reduced when it was
pumped at 16.2 gal/min. A change in slope on the temperature log also documents the water-
bearing zone at this depth (Figure 10).
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Figure 14. Water-bearing zone at 425 ft bls associated with bedding-related fractures in sandstone:
A) optical-televiewer image, B) acoustic-televiewer image, and C) video images.
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Fracture Zone 5—637 to 644 ft

The water-bearing zone at 637 to 644 ft bls was associated with multiple bedding-related
and higher angle fractures in green sandstone as shown by an enlargement of the hole on the
caliper log, large change in fluid resistivity and derived specific conductance, change in slope
of fluid-temperature log (Figure 10), and on image and video logs (Figure 15). During drill-
ing, the increase in air-blown yield attributed to this zone was 15 gal/min. After completion
of the test hole, the fluid-flow logs showed that about 0.4 gal/min of water flow down the
hole exited at this zone under ambient open-hole conditions. This rate of outflow was only
slightly reduced when the open test hole was being pumped at 16.2 gal/min.

DEPTH BELOW LAND SURFACE
g

-F.._,ﬁ.: -

Figure 15. Water-bearing zone at 637 to 644 ft bls associated with multiple bedding-related and
higher angle fractures in green sandstone: A) optical-televiewer image, B) acoustic-televiewer
image, and C) video images
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Fracture Zone 6—1,003 ft

No flow was detected by the flowmeter below the water-bearing zone at 637-644 ft bls,
and the temperature gradient below that zone to the bottom of the test hole approached the
geothermal gradient (Figure 10), indicating minimal fracture transmissivity in this interval.
Also, the video log collected on July 30, 2013, showed poor visibility below 640 ft bls, indi-
cating little vertical fluid flow within the test hole. A thin bedding fracture at 1,003 ft bls was
associated with a very small inflow of saline water under ambient open-hole conditions as
indicated by a large change in fluid resistivity and derived specific conductance at that depth
(Figure 10). The saline-water inflow resulted in streaks of reddish iron-oxide staining ex-
tending below several distinct points along the bedding-related fracture as shown on the
optical-televiewer log and video log collected on November 11, 2013, after the visibility in
the hole had improved. The iron-oxide staining of the most prominent streak also extended
above the fracture (Figure 16). Less prominent streaking also was seen on the video from
several bedding-plane fractures at about 958 and 989 ft bls. The specific conductance of the
saline inflow was 29,300 uS/cm at 25°C as indicated by the specific-depth sample collected
at 990 ft bls on July 28, 2014. The time series of fluid-resistivity and specific-conductance
logs collected between July 23, 2013, and July 28, 2014, indicated apparent downward and
upward flow of the saline water. The slow downward movement of the saline water could be
the result of the greater density of the saline-water inflow compared to the water in the test
hole after drilling. Upward movement of saline water could be caused by diffusion or advec-
tion by rising methane-gas bubbles.
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Figure 16. Bedding-related fracture at 1,003.2 ft bls associated with saline-water inflow: (A) optical-
televiewer image, (B) acoustic-televiewer image, and (C) video image.
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HYDRAULIC PROPERTIES

The hydraulic head, specific capacity, and transmissivity of the open-hole and individual
fractured water-bearing zones penetrated by the test hole were characterized by water-level
measurements, analysis of flow logs during ambient and pumping conditions, and by
isolated-interval tests. The hydraulic properties of the open test hole and individual isolated
water-bearing fractures penetrated by the test hole are presented in Figure 17 and are de-
scribed below.

Open Hole

Hydraulic heads in the open 1,400-ft-deep test hole were determined from periodic mea-
surements of the water level under static, ambient (non-pumping) conditions between July
2013 and July 2014. Water levels measured during that period fluctuated about 15 ft, ranging
from a high of 131.0 ft bls on July 25, 2013, to a low of 146.27 ft bls on November 7, 2013.
These water levels correspond to hydraulic heads of about 2,198 to 2,183 ft above sea level,
respectively. The hydraulic head in the open test hole represents a composite of the hydrau-
lic heads from the individual water-yielding fractures penetrated by the test hole.

The specific capacity of the open test hole was 3.9 (gal/min)/ft with a quasi-steady-state
drawdown of 4.2 ft after pumping at 16.2 gal/min for approximately 1 hour. The total trans-
missivity of the test hole estimated from the specific-capacity data by iterative solution of
Eq. 1 was 850 ft?2/d for the 8-inch diameter test hole and an assumed aquifer storage coef-
ficient of 0.0005. The total transmissivity of the test hole estimated from the late-time draw-
down data using the straight-line method of Cooper and Jacob (1946) was 440 ft2/d (Figure
18), which was about half of the value from the specific-capacity estimate.

Water-Bearing Fracture Zones

Estimates were made of the hydraulic head, specific capacity, and transmissivity for five
individual fractured water-bearing zones. The estimates were derived from open-hole flow-
log analysis and by isolating zones with packers.

Open-Hole Flow-Log Analysis

Estimates of hydraulic head and transmissivity for individual water-bearing fracture zones
were made by use of the computer model FLASH (Day-Lewis and others, 2011) for open-
hole flow-logs collected on July 25, 2013. The values of hydraulic head and transmissivity of
the individual water-bearing zones used in the FLASH model produce simulated vertical
flows in the open hole that are compared to measured values from the flowmeter log for
ambient and pumping conditions as shown in Figure 19.
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Figure 17. Logs of stratigraphy, lithology, gamma, caliper, fracture and water-bearing fracture
orientation, and transmissivity, hydraulic head, and specific conductance of water-bearing zones
in the Laporte test hole, Sullivan County, Pa. (Explanation of log headings, units, colors, and sym-
bols are presented on pages x—xii).
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Isolation of Intervals With Packers

Estimates of hydraulic head, specific capacity, and transmissivity for individual fractures
were also made by isolating the fractured water-bearing zones with packers. Figures show-
ing the water levels for the isolated interval and the intervals above and below the isolated
interval are presented, and a summary of the results for each interval is provided below.

Isolated interval 1 (172 ft and above)—A single packer was set at a depth of 172 ft bls
on August 6, 2013, to isolate the interval from that depth to the static water level of about
138 ft bls. The intent was to isolate the fractured water-bearing zone previously identified
at 130-135 ft bls, but the water level was below those fractures at the time of the test though
some water may have been cascading from 130-135 ft bls. The water level above the packer
rose about 4.8 ft to 133 ft bls 47 minutes after packer inflation. The isolated interval was
initially pumped at 15 gal/min, which drew the level down below the transducer setting and
then below the pump after only about 6 minutes of pumping (Figure 20). The pump was shut
off for 28 minutes, then was restarted and the interval was pumped for 68 minutes at 1.3
gal/min, during which a water sample was collected at 17:30 (Tables A1-A4). Specific capacity
after 1 hour of pumping was about 0.07 (gal/min)/ft, and transmissivity estimated from this
specific capacity value was about 12 ft2/d.
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Figure 20. Water levels during the hydraulic test of isolated interval 1 from 137.8 to 172 ft bls in
the Laporte test hole, Sullivan County, Pa.
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Isolated interval 2 (172-197 ft bls)—Both packers were inflated the evening of August 6,
2013, to isolate the depth interval from 172 to 197 ft bls, which included the fractured water-
bearing zone previously identified at 180 ft bls. The packers remained inflated overnight to
allow for heads to equilibrate. The static water level was 137.9 ft bls prior to packer inflation.
About 14 hours after inflation, the water level in the isolated interval had risen about 13.8 ft
to 124.1 ft bls; the level in the upper interval had risen 17.3 ft, and the level in the lower
interval had declined 17.3 ft (Figure 21). The isolated interval was pumped at 9.9 gal/min
for 70 minutes. After 1 hour, the water level in the isolated interval declined 4.7 ft resulting
in a specific capacity of 2.1 (gal/min)/ft. Transmissivity estimated from this specific capacity
value was about 490 ft2/d. During pumping, hydraulic heads in the upper and lower intervals
declined very slightly. The decline in the lower interval was a continuation of the trend caused
by packer inflation and does not indicate a connection with the pumped interval. The small
water-level decline of about 0.25 ft in the upper interval is difficult to assess; because of an
equipment malfunction only periodic measurements were made. The decline might be caused
by a slight hydraulic connection to the isolated pumped interval. A water sample was col-
lected on 8/7/13 (Tables A1-A4).
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Figure 21. Water levels during the hydraulic test of isolated interval 2 from 172 to 197 ft bls in
the Laporte test hole, Sullivan County, Pa.
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Isolated interval 3 (263-288 ft bls)—Both packers were inflated the afternoon of
August 7, 2013, to isolate the depth interval from 263 to 288 ft bls, which included the
fractured water-bearing zone previously identified at 267-275 ft bls. The packers remained
inflated overnight to allow for heads to equilibrate. The static water level was about 136 ft
bls prior to packer inflation. About 15 hours after inflation, the water level in the isolated
interval had declined about 8 ft to 144 ft bls; the level in the upper interval had risen 16 ft,
and the level in the lower interval had declined about 68 ft. The level in the lower interval
dropped below the transducer during equilibration, but the transducer was lowered before
pumping began (Figure 22). The isolated interval was pumped on 8/8/13 for 108 minutes
in steps of about 5, 8, and 12 gal/min. The average rate was about 10.6 gal/min.

After 1 hour, the water level in the isolated interval declined 10.4 ft resulting in a specific
capacity of about 1.2 (gal/min)/ft for a pumping rate of 12 gal/min. Transmissivity estimated
from this specific capacity value was about 220 square ft/day. During pumping, hydraulic
head in the lower intervals declined as continuation of the trend caused by packer inflation
and does not indicate a connection with the pumped interval. The water level in the upper
interval increased about 0.85 ft, which probably indicates some leakage from the discharge
tubing. A water sample was collected on 8/8/13 at 09:30 (Tables A1-A4).
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Figure 22. Water levels during the hydraulic test of isolated interval 3 from 263 to 288 ft bls in
the Laporte test hole, Sullivan County, Pa.
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Isolated interval 4 (418-443 ft bls)—Both packers were inflated the afternoon of
August 8, 2013, to isolate the depth interval from 418-443 ft bls, which included the frac-
tured water-bearing zone previously identified at 425 ft bls. The packers remained inflated
for 2 hours to allow for heads to equilibrate. The static water level was about 136.3 ft bls
prior to packer inflation. About 2 hours after inflation, the water level in the isolated interval
had declined about 101 ft to 237 ft bls; the level in the upper interval had increased 4.5 ft,
and the level in the lower interval declined about 44 ft (Figure 23). The level in the lower
interval is not believed to be correct; it should be at or lower than the head in the isolated
interval because the fluid conductivity log does not suggest any upward flow (Figure 10).
Most likely, the access tubing used to monitor the lower interval was leaking from above the
upper packer, causing the water level bls for the lower interval to be too high. The isolated
interval was pumped on 8/8/13 for 218 minutes at a rate that declined from 8.6 to 7.7
gal/min. After 1 hour, the water level in the isolated interval declined 14 ft resulting in a
specific capacity of about 0.56 (gal/min)/ft for a pumping rate of 7.9 gal/min. Transmissivity
estimated from this specific capacity value was about 119 ft2/d. During pumping, hydraulic
head in the lower interval declined as a continuation of the trend caused by packer inflation
and does not indicate a connection with the pumped interval. The water level in the upper
interval increased about 0.85 ft, part of which was from a continuation of the pre-pumping
trend caused by packer inflation. Because the field water-quality parameters did not stabilize
during pumping, the chemical analysis of the water sample that was collected is not included
in Tables A1-A4 because it is probably not representative of the isolated interval. The pack-
ers were left inflated in the test hole until August 12, 2013, at which time the isolated interval
was again pumped at an average rate of 7.8 gal/min for about 85 minutes. Field parameters
of the discharged water were stable at that time, so a sample was collected on August 12,
2013, at 10:55 (Tables A1-A4).
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Isolated interval 5 (621-646 ft bls)—Both packers were inflated the late afternoon of
August 28, 2013, to isolate the depth interval from 621 to 646 ft bls, which included the
fractured water-bearing zone previously identified at 637-644 ft bls. The packers remained
inflated for 15 hours to allow for heads to equilibrate. The static water level in the open hole
was 138.3 ft bls prior to packer inflation. About 15 hours after inflation, the water level in
the isolated interval had declined about 90 ft to 228 ft bls; the level in the upper interval had
increased 0.2 ft, and the level in the lower interval declined about 1.9 ft (Figure 24). The level
in the lower interval is not believed to be correct because in previous attempts to isolate this
interval, leaks in the PVC access pipes were detected. Most likely, leaks in the access pipe
used to monitor the lower interval had not been fixed; however, the head change in the
packed-off interval indicates it has been isolated.

The isolated interval was pumped on 8/29/13 for 374 minutes at a rate that began at 1.3
gal/min and decreased to 0.8 gal/min during the first 310 minutes and was only about 0.3
gal/min during the last 64 minutes. The average rate was about 0.96 gal/min. After 1 hour,
the water level in the isolated interval declined 93 ft resulting in a specific capacity of about
0.01 (gal/min)/ft for a pumping rate of 1.3 gal/min. Transmissivity estimated from this spe-
cific capacity value was about 1 ftz/d.

During pumping, the water level in the upper interval increased about 0.82 ft, which
probably indicates leakage from the discharge tubing. The water level in the lower interval
declined 0.7 ft during the first hour and was 6.9 ft lower by the end of the test, indicating a
hydraulic connection with the pumped interval. The field water-quality parameters did not
stabilize during pumping, but a water sample was collected and analyzed (Tables A1-A4).
The sample is probably not fully representative of the water from fractures in this depth
interval because of the apparent hydraulic connection with the lower interval.
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Summary of Hydraulic Properties

A summary of the observations for yield and estimates hydraulic properties are shown
in Table 3. Differences in the results for the six water-bearing fracture zones are discussed
below.

The hydraulic-head of the water-bearing fracture zone from 130-135 ft bls was 2,199 ft
above sea level (asl) as estimated from the open-hole flow-log analysis and was 2,196 ft asl
when measured after isolating with a single packer. These hydraulic heads were several ft
higher than the contemporaneous composite head of the open test hole. The transmissivity
of the water-bearing zone from 130-135 ft bls estimated from FLASH analysis of the open-
hole flow logs was about 158 ft2/d. This was much greater than the transmissivity of the
fracture zone of 12 ft2/d estimated from the specific capacity value of 0.07 gpd /ft after 1 hour
of pumping from the interval isolated with a packer. Partial dewatering of the fracture zone
that occurred between the open-hole logging and isolated-interval testing, as reflected by
the declining open-hole water levels and the observed decrease in cascading water, is
believed to account at least in part for the differences in estimates of transmissivity of this
water-bearing zone.

The hydraulic head of the water-bearing fracture zone at 180 ft bls was 2,201 ft asl as
estimated from the open-hole flow-log analysis and was 2,208 ft asl when measured after
isolating the interval with packers. These hydraulic heads were 3 and 17 ft higher, respect-
tively, than the contemporaneous composite head of the open test hole at the time of each
test. This is consistent with ambient flow measurements in the open hole showing that this

Table 3. Summary of air-blown yield, ambient flow, estimates of hydraulic properties, and dissolved-
solids concentration of water-bearing fracture zones isolated by packers in the Laporte
test hole, Sullivan County, Pa.

[NAVD, North American Vertical Datum of 1988; mg/L, milligrams per liter; >, greater than]

From open-hole flow-log analysis on July From analysis of pumping from zones isolated with
Air-blown 25,2013 packers during August 8-29, 2013
Water- yield
beari timated at Specifi
earing  estimated a Ambient Estimated . pect ,IC Transmissivity
fractured surface ) ) . Hydraulic capacity .
R X flow, in hydraulic Estimated estimated from Total
zone, in feet during L head after 1-hour . .
o . gallons head transmissivity, . X X 1-hour specific dissolved
belowland drilling, in ) ) . . altitude, in of pumping, o .
per minute altitude,in  insquare feet . capacity, in solids, in
surface  gallons per feetabove ingallons
minute and feet above per day NAVD 88 er minute square feet per mg/L
direction  NAVD 88 P day
per foot
ZONE 1 .
(130-135) 5 linflow 2,199 160 2,196 0.07 12 35
ZONE 2 .
100 >7 inflow 2,201 550 2,208 2.1 490 21
(180)
ZONE 3
20 3 outflow 2,192 140 2,185 1.0 220 28
(267-275)
ZONE 4
30 4.8 outflow 2,098 11 2,087 0.56 120 105
(425)
ZONES 15 0.4 outflow 2,099 1 2,099 0.01 1 209
(637-644) 4 outtio ' ' :
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fracture zone contributed more than 7 gal/min of downflow. The transmissivity of the water-
bearing zone at 180 ft bls estimated from FLASH analysis of the open-hole flow logs was
about 546 ft2/d. This agreed closely to the estimate of transmissivity of 490 ft2/d from the
specific capacity value of 2.1 gpd/ft after 1 hour of pumping from the interval isolated with
packers. Both analyses support the measurements of yield during drilling showing that this
was the most productive of all the penetrated water-bearing zones. The results indicate that
about 60 percent of the open-hole transmissivity is from this fracture zone.

The hydraulic head of the fractured water-bearing zone from 267-275 ft bls as estimated
from the FLASH analysis of the open-hole flow-logs was 2,192 ft asl and was 2,185 ft asl when
measured after the interval was isolated with packers. These hydraulic heads were about
6 to 8 ft lower than the contemporaneous composite head of the open test hole at the time
of each test. This is consistent with ambient flow measurements in the open hole showing
that these fractures received about 3 gal/min of downflow. The transmissivity of the water-
bearing zone from 267-275 ft bls was 135 ft2/d from analysis of the open-hole flow log and
was about 221 ft2/d as estimated from the specific capacity value of 1.0 gpd/ft after 1 hour
of pumping from the interval.

The hydraulic head of the fractured water-bearing zone at 425 ft bls estimated from the
FLASH analysis of the open-hole flow-logs was 2,098 ft asl and was 2,087 ft asl when
measured after the interval was isolated with packers. These heads were about 100 ft lower
than the contemporaneous composite heads in the open test hole at the time of each test.
This indicates a large downward vertical hydraulic gradient and is consistent with ambient
flow measurements in the open hole showing that this fracture zone received about 4.8
gal/min of downflow. The transmissivity of the 425-ft water-bearing zone was about 11 ft2/d
as estimated from analysis of the open-hole flow log and 119 ft2/d as estimated from the
specific capacity value of 0.56 (gal/min)/ft after 1 hour of pumping from the interval. Be-
cause the specific conductance of the discharged water did not stabilize during pumping on
August 8, 2013, it is possible that leakage into the isolated interval during pumping may have
caused the high estimate of transmissivity from the specific-capacity data.

The hydraulic head of the water-bearing zone from 637-644 ft bls was 2,099 ft asl esti-
mated from the FLASH open-hole flow-log analysis and was 2,099 ft asl when measured after
the interval was isolated with packers. These heads were about 100 ft lower than the con-
temporaneous composite heads of the open test hole. This is consistent with ambient flow
measurements in the open hole showing that these fractures received about 0.4 gal/min of
downflow. The transmissivity of the fracture zone at 637-644 ft bls was less than 1 ft2/d as
estimated from analysis of the open-hole flow log and was 1 ft2/d as estimated from the spe-
cific capacity value of 0.01 (gal/min)/ft after 1 hour of pumping from the interval.

The hydraulic head values of water-bearing fractures at depths greater than 644 ft bls
are difficult to determine because the fracture transmissivities of the fractures are so small.
The head for the interval below 644 ft had not equilibrated when the 637-644 ft fracture
zone was isolated with packers, but it appeared that the head might be higher for the interval
below 644 ft than in the zone from 637-644 ft bls. The successive increases in specific
conductance in the interval from 644 to 1,003 ft bls also suggest a possible upward hydraulic
gradient causing slow advection of saline water from the fracture at 1,003 ft to the fractured
water-bearing zone at 637-644 ft bls (Figure 10).
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WATER-QUALITY CHARACTERIZATION

Changes in the chemical quality of water in the test hole with depth were investigated in
a multistep approach. Initial indications of water quality were determined by analysis of
specific-conductance measurements during drilling. After drilling was complete, geophysical
logs of fluid resistivity and flow identified six fracture zones where water entered or exited
the test hole. Differences in dissolved-solids concentration of transmissive zones that con-
tributed flow were identified. Finally, five transmissive fracture zones were isolated with
packers to a depth of 646 ft bls and water-quality samples were pumped from specific
depths; water representing inflow from the sixth fracture zone was sampled at 990 ft bls
with a depth-specific point water sample from the open test hole. Results of the chemical
analyses are in Tables A1-A4 in the appendices of this report.

SALINITY

The salinity of water in the test hole was characterized indirectly by measurements of
specific conductance and fluid resistivity and directly by laboratory analysis of total
dissolved solids. These measurements were made first for water returns during drilling,
then by analysis of geophysical logs and collection of depth-specific samples.

Measurements During Drilling

The specific conductance of the water blown to the surface with the rock cuttings during
drilling provided an initial indication of changes in water quality with depth. The water that
returned to the surface was a mixture of water yielded from the rocks and water added by
the driller. The specific conductance of the water added by the driller was very low to less
than 20 uS/cm at 25°C. Specific conductance of water blown during drilling from 132 to 492
ft bls ranged from 36 to 226 uS/cm at 25°C (Figures 10 and 25). When drilling reached 500
ft bls, the hole was cased to block off the water inflow. Water did not return to the surface
during drilling from 500 to 630 ft bls. Below 630 ft, the specific conductance of the blown
water, although highly variable depending on how much drilling water was mixing with
formation water in the sample, was much greater than in the upper part of the hole. Specific
conductance from 631 to 1,400 ft bls ranged from 310 to 1,910 uS/cm at 25°C. The water-
bearing fracture zone from 637-644 ft bls appeared to yield water with specific conductance
ranging from about 1,350 to 1,910 uS/cm at 25°C. Assuming the blown water is mixed with
the fresh drilling water to some extent, the best estimate of specific conductance for the
water-bearing fracture zone from 637-644 ft bls is probably close to the highest reading—
about 1,900 uS/cm at 25°C. The variable specific-conductance values below 650 ft bls proba-
bly represent water from the fractured zone at 637-644 ft mixing in various ratios with
water added by the driller.
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Formation-Water Resistivity

Below a depth of 660 ft bls, the induction-conductivity and induction-resistivity logs, re-
spectively, showed a significant increase and decrease relative to the gamma log. Shaded
overlays of the induction-conductivity and induction-resistivity logs with the gamma log
highlight this change (Figure 26). The increase in the induction-conductivity log values and
decrease in the induction-resistivity log values relative to the gamma log values suggest an
increase in the dissolved-solids content of the formation water.
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Formation water resistivity was estimated for sandstone intervals with gamma values of
less than 80 counts per second through application of Archie’s Equation (Archie, 1942).
Archie’s Equation is an empirical relation that states:

Rw=R.0O"™ Eq.3

Where:

Ry is formation water resistivity (ohm-m),
Rt is true formation resistivity (ohm-m),

@ is porosity (decimal),

m is cementation factor (dimensionless).

Values of true formation resistivity were derived from the induction resistivity log
(Figure 26). Values of porosity were derived from the neutron porosity log, which is affected
by not only the porosity of the formation but also its clay content. A cementation factor of
2.0, which is typical for consolidated sandstone, was assumed (Jorgensen and Petricola,
1994; Rider and Kennedy, 2011).

The application of Archie’s Equation to estimate water quality is complicated by the vari-
able clay content, presence of very fresh formation water in shallower intervals, low primary
porosity, and discrete fractured nature of the bedrock. Because of the effects of surface con-
duction, Archie’s Equation becomes invalid in a low-clay sandstone when fluid resistivity is
greater than about 10 ohm-m (Hearst and Nelson, 1985). An increasing clay content increases
surface conduction and lowers this threshold. The estimated formation water resistivities
for the selected sandstone intervals above 450 ft bls generally ranged from 5 to 20 ohm-m
(Figure 26). Between 450 to 900 ft bls, the estimated formation water resistivities generally
ranged from 1 to 5 ohm-m. Below 900 ft bls, the estimated formation water resistivities gen-
erally were less than 1 ohm-m. A formation water resistivity of less than 1 ohm-m at the
ambient formation temperatures of 10 to 15 degrees Celsius, as indicated by the temperature
logs, corresponds to a specific conductance of more than 12,200 to 13,300 puS/cm at 25°C.
The apparent transition from fresh to saline formation water between 450 and 900 ft bls that
was estimated using this petrophysical approach is consistent with the fracture zones at 425,
637-644, and 1,003 ft bls being freshwater, transitional, and saline water-bearing zones,
respectively.
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Figure 26. Logs of stratigraphy, lithology, gamma, induction conductivity, induction resistivity,
neutron porosity, and estimated formation water resistivity for selected sandstone intervals in the
Laporte test hole, Sullivan County, Pa. (Shading of induction-conductivity and induction-resistivity
logs relative to gamma log. Explanation of log headings, units, and symbols are presented on pages
X—Xii.)



Depth-Specific Samples

Water samples were collected from the five fractured water-bearing zones to a depth of
644 ft bls that were isolated by packers (Table 2) during August 6-29, 2013. Additional
depth-specific samples were collected in the open test hole at 990 ft bls by use of the point
sampler on September 5, 2013, and July 28, 2014.

The dissolved-solids concentrations of water samples collected from three fracture zones
from 130 to 275 ft bls that were isolated by packers were very low, ranging from 21 to 35
mg/L (Table A1). The concentration of dissolved solids in the sample from the water-bearing
fracture at 425 ft bls was greater (105 mg/L) but could be categorized as freshwater because
the dissolved-solids content is less than 1,000 mg/L (U.S. Geological Survey, 2019c). The
dissolved-solids concentration of the water sample from fractures at 637-644 ft bls was 209
mg/L, but that value is probably not representative of the water-bearing zone because the
specific conductance measured during purging of the interval continuously increased and
had not stabilized after 4 hours of pumping. A better estimate of the dissolved-solids concen-
tration of water from fractures at 637-644 ft bls is probably about 1,100 mg/L, derived as
60 percent of the highest specific-conductance value of the blown water shown on Figure 25
near that depth during drilling, which was 1,900 uS/cm at 25°C.

The dissolved-solids concentration of the deepest sample at 990 ft bls was 7,800 mg/L
on September 5, 2013, and 19,900 mg/L when sampled on July 28, 2014. In contrast to the
shallower freshwater samples, these deeper samples were moderately to highly saline
(Figure 27). The concentration increased because the water in the open test hole at that
depth was a mixture of the small seep of highly saline inflow from the fracture at about 1,003
ft bls with freshwater having specific conductance of less than 20 uS/cm at 25°C (dissolved
solids probably less than 6 mg/L) initially added by the driller to flush the test hole after
drilling. The water in the deep part of the hole below about 650 ft bls was made more saline
over time by the inflow of the highly saline seepage from 1,003 ft bls. From the time-series
of specific-conductance logs (Figure 10), it appears unlikely that the test-hole water column
had reached equilibrium on July 28, 2014; thus, water from the seep at 1,003 ft bls is proba-
bly more saline than indicated by the samples.

Alley (2003) points out that definitions of saline water are somewhat arbitrary because
water with dissolved solids in excess of 1,000 mg/L is used for drinking supply where better
supplies are not available, but water with dissolved solids in excess of 3,000 mg/L is gen-
erally too salty to drink. The secondary maximum contaminant level for dissolved solids in
drinking water is 500 mg/L (Pennsylvania Department of Environmental Protection, 2006;
U.S. Environmental Protection Agency, 2009). For Pennsylvania streams having designated
uses for public water supply (PWS) or coldwater fisheries (CWF), the general criteria for
total dissolved-solids concentration is 500 mg/L as a monthly average value, with a maxi-
mum of 750 mg/L (Commonwealth of Pennsylvania, 2014).
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MAJOR IONS

The major-ion composition of water samples from the Laporte test hole differed with
depth as illustrated on a trilinear diagram (Figure 28). The predominant ions are calcium
and bicarbonate in the four freshwater samples collected from isolated fractures at depths
of 425 ft or less (Table A1). The predominant ions are sodium and chloride in the two mod-
erately to highly saline water samples collected at 990 ft bls, with lesser amounts of calcium.
For comparison, the compositions of some other saline waters are plotted on Figure 28. The
relative percentages of major ions from the Laporte test hole at 990 ft bls are nearly identical
to the water discharging at Salt Spring in Salt Spring State Park in Susquehanna County
sampled by Warner and others (2012) and are similar in composition to oil- and gas-well
brines in western Pennsylvania reported by Dresel and Rose (2010).

The major-ion chemistry of the sample from fractures at 637-644 ft bls differed from the
waters in the test hole above and below (Figure 28). The sample was a sodium-bicarbonate-
chloride water, but it is not a simple mixture of the shallow calcium-bicarbonate water with
the deep sodium-chloride water. A mixture would plot in a straight line between the shallow
calcium-bicarbonate samples (blue symbols) and deep sodium-chloride samples (red sym-
bols) on the diamond plot in Figure 28, which it does not. The composition of the sample
from fractures at 637-644 ft bls has a greater concentration of sodium than expected for a
mixture. The extra sodium is probably the result of shallow calcium-bicarbonate recharge
water exchanging calcium ions for sodium ions as it moves downward through shales in the
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Catskill Formation. The water is transitional between the shallow sodium-bicarbonate fresh-
water samples and deep sodium-chloride saline-water samples. The chemical evolution for
groundwater of similar composition from Wayne County, PA was modeled by Senior and
others (2017).

EXPLANATION

Water sample from the Lycoming test hole 100
and depth of isolated fractured water-
bearing zone, in feet below land surface

A Zone 1--130-135
Zone 2 --180
Zone 3 -- 267 to 275
Zone 4 -425

Zone 5—-637-644
‘ Point samples -- 990

Other samples for comparison

* Salt Spring in Susquehanna
County

* Brines from oil and gas wells
in western Pennsylvania
(Dresel and Rose, 2011\

Calcium Chloride

Figure 28. Trilinear diagram depicting the major-ion composition of eight depth-dependent
water samples collected from the Laporte test hole, Sullivan County, Pa.

TRACE CONSTITUENTS AND RADIOCHEMICALS

Concentrations of trace constituents, gross alpha radioactivity, gross beta radioactivity,
and radon analyzed in filtered water samples from the Laporte test hole are listed in Table
A2. The trace constituents sampled from isolated fracture zones at 130-135, 180, 267-275,
425, and 637-644 and from a point sample at 990 ft bls are plotted in Figure 29. The trace
metals are arranged on the x-axis of the graph in order of largest to smallest concentrations
that were present in the highly saline sample from 990 ft bls on July 28, 2014. A few constitu-
ents detected at concentrations less than the reporting level are plotted at their reporting
levels; those results can be found in Table A2.
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Figure 29. Concentrations of metals and other trace constituents in water sampled from specific
depths between 167 and 990 ft bls in the Laporte test hole, Sullivan County, Pa.

The two moderately and highly saline water samples from 990 ft bls had higher concen-
trations of trace constituents than the freshwater samples from depths equal or less than
644 ft bls, except for zinc and uranium. The highest zinc concentration of 220 pg/L was in
the sample from the fracture zone at 130-135 ft bls and the highest uranium concentration
of 21.4 pg/L was in the sample from the fractures at 637-644 ft bls. Samples from interme-
diate fracture zones at 425 and 637-644 ft bls generally had trace-metal concentrations that
were between those found in the shallow and deep samples. Some trace concentrations were
especially elevated in the saline water samples from 990 ft bls relative to the freshwater sam-
ples from fractures between 130 and 275 ft bls. Concentrations of strontium, bromide, barium,
lithium, and molybdenum were all more than 5,000-times greater in the sample from 990
compared to the sample having the lowest concentration from fractures at 130-135 or 180
ft bls. Barium was present in the sample from 990 ft bls at 30 times the primary maximum
contaminant level (MCL) for drinking water of 2 mg/L, and arsenic was present at 15 times
its MCL of 10 pg/L (U.S. Environmental Protection Agency, 2009).

Chloride and bromide tend to be conservative constituents in groundwater that, once
dissolved, are not easily lost from solution by precipitation, ion exchange, or other reactions
(Davis and others, 1998). Thus, they are commonly used as tracers and indicators of dilution
or mixing of waters, provided that the concentrations in the end-member waters differ. Mix-
ing of waters causes a change in concentration of bromide or chloride in direct proportion
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to the mass loading from each end member. In the Laporte test hole, the ratio of chloride to
bromide fits on the theoretical mixing curve between freshwater and brine (Figure 30),
indicating that the source of elevated chloride in the sample is from saline porewater within
the Catskill Formation. Based on the chloride concentrations, the sample from fractures at
637 to 644 ft bls appears transitional between the shallow freshwater samples from frac-
tures at 130 to 425 ft bls and the saline samples from 990 ft bls.
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Figure 30. Relation between bromide and chloride concentrations in groundwater samples from
167 to 990 ft bls in the Laporte test hole, Sullivan County, Pa.

Mixing of the groundwater from 990 ft bls from this upland setting with dilute ground-
water would result in chloride/bromide ratios falling along the brine mixing curve that would
be difficult to distinguish from theoretical mixtures of freshwater with brines from the oil
and gas fields. This could complicate efforts to distinguish freshwater that has been contami-
nated by brine from leaking gas wells from freshwater that has mixed with naturally occur-
ring saline water from moderate depths of 990 ft bls.

Radiochemical analyses indicated that gross-alpha radioactivity exceeded the drinking
water MCL of 15 pCi/L in samples from fractures zones at 637 to 644 and 990 ft bls. Gross
alpha- and beta-particle activities are measures of the radioactivity in a water sample at-
tributable to the decay of alpha- or beta-emitting elements, respectively. Because of the high
concentration of total dissolved solids, concentrations of radium-226 could not be analyzed,
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but they probably were elevated based on the high gross-alpha counts. The radium-228
value of 24.1 picocuries per liter (pCi/L) alone from 990 ft bls exceeds the drinking water
MCL of 5 pCi/L (U.S. Environmental Protection Agency, 2009) for radium-226 plus radium-
228 activity (Table A2). Radon concentrations are greatest (1,330 to 1,560 pC/L) in the shal-
low samples from fracture zones at 130 to 135 and 180 ft bls, where radium and uranium
concentrations in water were smallest.

DISSOLVED GASES AND STABLE ISOTOPES

The concentrations of dissolved gases in groundwater samples from samples in fracture
zones between 130 and 990 ft bls in the Laporte test hole are given in the Table A3. Relative
concentrations are reported as mole percent of gas in the headspace extracted from water
for 10 hydrocarbon gases (C1 to Ceé alkanes and associated isomers) and six nonhydrocarbon
gases (argon, oxygen, carbon dioxide, carbon monoxide, hydrogen, and nitrogen). The con-
centrations of methane, ethane, and ethene dissolved in water were quantified and reported
as milligrams per liter.

Methane concentrations from fracture zones in the Huntley Mountain Formation at shal-
low and intermediate depths (130 to 425 ft bls) were either below detection or present at
only trace concentrations less than 0.002 mg/L. Neither ethane nor propane were detected
at these depths. Methane concentrations were elevated (14 mg/L) in the freshwater sample
collected from fracture zones in the Catskill Formation at 637 to 644 ft bls and in the moder-
ately saline sample from 990 ft bls (120 mg/L). Concentrations of ethane were much smaller—
0.14 mg/L and 8.0 mg/L—from the fracture zone at 637 to 644 ft and the sample at 990 ft
bls, respectively. Propane, isobutene, normal butane, and isopentane were detected in at least
one sample, but the dissolved concentrations of those gases in water were not quantified. The
ratio of the concentration of methane (C1) to the sum of the higher chain hydrocarbon gases
(C2to Ce) in mole percent was 192 for the sample from fractures at 637 to 644 ft bls and 27 for
the sample collected 990 ft bls (Figure 31). Ratios less than 100 (Osborn and others, 2011)
or 1,000 (Révész and others, 2012) have been used to typify methane of thermogenic origin.

The isotopic analyses of groundwater samples from the isolated fracture zone at 637-
744 ft bls and the point sample at 990 ft bls in the open test hole are listed in Table A4. Stable
isotope ratios were determined for 813C (carbon-13) in methane, ethane, propane, and dis-
solved carbon dioxide; 8D (deuterium) in methane and water; and 6180 (oxygen-18) in water.
The 813C (methane) was -37.17 and -34.81 per mil and dD(methane) was -192.9 and -194.6
per mil for samples collected at the fracture zone at 637-644 ft and point sample at 990 ft
bls respectively. The values are characteristic of gases with a thermogenic origin (Figure 32).

The 613C (ethane) was -36.1 per mil for the sample from 637-644 ft bls and -37.08 for the
sample from 990 ft bls. The 613C value for methane from 640 ft bls was more depleted in 13C
than for ethane (larger negative values), which is characteristic of gases from the upper
Devonian formations (Baldassare and others, 2014). However, the reverse is true for the
sample from 990 ft bls—the value for ethane is more depleted in 13C than the sample for
methane. This reversal is commonly seen in deeper gases from the middle Devonian strata,
including Marcellus Formation, but this sample documents an occurrence at an upland set-
ting at a depth of 990 ft bls in the upper Devonian Catskill Formation.
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Figure 31. Bernard plot showing the relation between §3C of methane and the ratio of methane
to the higher chain hydrocarbon gases (C2 to C6) in groundwater samples from 640 and 990 ft
bls in the Laporte test hole, Sullivan County, Pa. Marcellus Formation production-gas data from
gas wells in Sullivan County are from Reese and others (2013, table 7).
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Figure 32. Stable carbon and hydrogen isotopic ratios for methane in water samples from the
isolated fracture zone at 637 to 644 ft and point sample at 990 ft bls in the Laporte test hole,
Sullivan County, Pa. Marcellus Formation production-gas data from gas wells in Sullivan County
are from Reese and others (2013, table 7). Thermogenic, microbial, and fermentation fields are
from Breen and others (2007, figure 19), which was modified from Coleman and others (1993).
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[sotopic values for water (6Duzoand 5180n20) were analyzed for the groundwater samples
in the Laporte test hole and compared to the local meteoric water line (Kendall and Coplen,
2001). The results of the analyses put the samples on the local meteoric water line, near the
mean composition of precipitation sampled at Penn State (Figure 33) indicating that the
groundwater probably recharged during post-glacial times. The isotopic composition is sub-
stantially different than waters from brines from oil and gas wells in western Pennsylvania
reported by Dresel and Rose (2010, Table 7).
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Figure 33. Stable isotopic composition of oxygen and hydrogen of water for seven groundwater
samples from 160 to 990 ft bls from the Laporte test hole, Sullivan County, Pa., compared to
precipitation sampled at State College, Pa., and to brines from oil and gas wells in western Penn-
sylvania from Dresel and Rose (2010).

Strontium isotopes (87Sr/86Sr) were analyzed for the highly saline sample collected at
990 ft bls that represents water entering the test hole from a fracture in the Upper Devonian
Catskill Formation at 1,003 ft bls. The 87Sr/86Sr ratio of the sample was 0.71220, similar to
the range of 0.71000-0.71212 reported for the Marcellus Formation brines by Warner and
others (2012) in a study that used 87Sr/86Sr ratios to distinguish waters that might have
mixed with Middle Devonian Marcellus Formation brines. The similarity of 87Sr/86Sr in the
sample from Upper Devonian rocks in the Laporte test hole to Marcellus Formation brines
illustrates the ambiguity in applying 87Sr/86Sr ratios to determine the source of brine.
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ACTIVE GROUNDWATER FLOW AND
DEPTH OF FRESH AND SALINE WATER

The 1,400-foot-deep Laporte test hole is in a broad, upland setting at the headwaters of
the Loyalsock Creek watershed. In this setting near the watershed divide, groundwater moves
laterally and downward through fractured sandstone and siltstone. A petrophysical log
analysis by use of Archie’s Equation indicates the transition from freshwater to saline water
occurs between 450 to 900 ft bls (Figure 26). Water samples from isolated fracture zones at
130-135, 180, 267-275, and 425 ft bls are low-dissolved-solids, calcium-bicarbonate type
freshwaters from sandstones in the Huntley Mountain Formation, verifying the occurrence
of freshwater above 450 ft bls. Water sampled from a deeper fractured zone at 637-644 ft
bls in the Catskill Formation is slightly saline sodium-bicarbonate-chloride type water. The
relative increase in sodium and chloride concentrations in water from 637-644 ft bls, com-
pared to samples from shallower zones, indicates that the fracture zone is probably in the
lower, less active part of the groundwater flow system. Below 644 ft bls, few fractures are
encountered, the temperature log approaches the geothermal gradient, fluid movement
within the hole is very slow, and the hydraulic head equilibrates slowly when isolated by
packers, all of which signify that there is minimal fracture transmissivity and little active flow
below this depth. A low-permeability fracture penetrated at 1,003 ft bls in the Catskill For-
mation yields saline water. Saline water sampled at 990 ft bls has similar chemical charac-
teristics to brines reported by Dresel and Rose (2010) that have been diluted by mixing with
fresh water, and methane samples have isotopic signatures characteristic of thermogenic
gases from Devonian rocks. The presence of thermogenic methane gas with the saline water
at 990 ft bls in this upland setting is indicative of rocks that are not being flushed at that
depth by active circulation of fresh water. Thus, it is likely that most active fresh ground-
water flow occurs above 650 ft and that there is minimal flow below 900 ft bls at this upland
location. Saline water would be expected below 900 ft bls. This is about the same as the depth
of active groundwater flow found for the 1,664-ft-deep test hole in Bradford County and
1,513-ft-deep test hole in Tioga County (Risser and others, 2013; Williams and others, 2015).

A depth of saline water at 900 ft bls would be below the altitude of streams and ponds
within about 3 to 5 miles from the test hole that act as drains from the local groundwater
system, including Loyalsock Creek due north of the test hole (Figure 34). The lowest poten-
tial drain for the upland setting is at the mouth of Loyalsock Creek where it joins the West
Branch Susquehanna River at an altitude of about 500 ft asl, which is about 930 ft deeper
than the probable occurrence of saline water in the test hole.
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Figure 34. Schematic diagram showing direction of ambient fluid movement and altitudes of water-
bearing zones, and stream drainage in the vicinity of the Laporte test hole, Sullivan County, Pa.

SUMMARY

This report presents the results of a study to characterize the geohydrology and water
quality of the Laporte test hole in Sullivan County, Pennsylvania, by an integrated analysis of
measurements made during drilling, geophysical logging, and specific-depth groundwater
sampling. The stratigraphy of the fractured sedimentary bedrock penetrated by the test hole
is described; fractures and water-bearing zones are identified; and the chemical characteris-
tics of groundwater, including isotopic signatures of dissolved hydrocarbon gases, are analyzed.
The test hole was drilled in 2013 primarily to provide detailed geologic information for
mapping of the Laporte 7.5-minute quadrangle, but also as a cooperative study between the
Pennsylvania Bureau of Geological Survey and the U.S. Geological Survey described in this
report to investigate the depth and composition of fresh and saline groundwater in an area
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of development of shale gas from the Marcellus Formation. Information about the depth of
fresh groundwater could help gas operators protect groundwater resources. This is the third
report on results of investigations of deep test holes in northern Pennsylvania. Results from
a 1,513-ft-deep core hole in south-central Tioga County and a 1,664-ft-deep core hole in
western Bradford County have been previously reported (Risser and others, 2013; Williams
and others, 2015).

The Laporte test hole was drilled with air-hammer methods to a depth of 1,400 ft bls in
an upland setting within the Loyalsock Creek watershed, near its divide with Muncy Creek.
The hole was completed with 8.75-inch steel casing from 0 to 40 ft bls, with an 8-inch open
hole from 40 to 500 ft bls and 6-inch open hole from 500 to 1,400 ft. The test hole penetrated
unconsolidated bedrock residuum and till to a depth of 8.5 ft bls, the Huntley Mountain
Formation of Mississippian and Devonian age to a depth of 540 ft bls, and the Catskill For-
mation of Devonian age from 540 to 1,400 ft bls. Rock cuttings collected during drilling
showed that the Huntley Mountain Formation consists of gray sandstone with minor gray
shales and red-bed intervals of claystone and siltstone; the Catskill Formation has more
abundant and thicker red-bed intervals than the Huntley Mountain Formation that are chiefly
grayish-red siltstone and claystone with brownish-gray sandstone. Cuttings are stored in the
BGS core library in Middletown, Pennsylvania, and are available for examination upon request.

The distribution and orientation of fractures, bedding features, and breakouts were de-
termined by analyzing the optical televiewer log, modified by information from the acoustic
televiewer and video logs. Bedding features penetrated by the test hole were characterized
as planar with noticeable crossbedding. Bedding was estimated to have a strike of 243 de-
grees and dip about 4 degrees to the northwest, consistent with its location on the north limb
of the Muncy Creek anticline. Fractures were commonly penetrated from 50 to 200 ft bls
(density of about 21 fractures per 50 ft of hole), then generally decreased with depth to the
bottom of the hole except for a notable increase at the highly fractured zone from 637 to 644
ft. Below 644 ft bls there is a marked decrease in fracture density to about 1.6 per 50 ft of
hole. About 80 percent of the fractures penetrated by the test hole were low-angle features
dipping less than 20 degrees in all directions. Breakouts, formed by spalling of rock from the
test-hole wall, were discontinuously present from 756 to 938 ft bls, indicating that the direc-
tion of maximum modern-day horizontal stress was at an azimuth of about 70 degrees.

The test hole penetrated multiple water-bearing zones with differing hydraulic heads
and transmissivity. The depths of water-bearing zones were identified by measurements of
water discharge during drilling and analysis of geophysical logs. Six major water-bearing
zones associated with single or multiple fractures were identified at depths of 130-135, 180,
267-275, 425, 637-644, and 1,003 ft bls. Under ambient conditions, freshwater from sand-
stones in the Huntley Mountain Formation enters the test hole from fractures at 130-135,
180, 267-275, and 425 ft bls, moves downward, and exits the hole at a transmissive fracture
zone from 637-644 ft bls in the Catskill Formation. When pumped at 16.2 gal/min, most of
the water was contributed from the fracture at 180 ft bls. The hydraulic heads in the water-
bearing fracture zones at 425 and 637-644 ft bls were about 100 ft lower than hydraulic heads
in shallow water-bearing zones at 180 ft bls and above. A time-series of specific-conductance
logs indicated seepage of saline water into the test hole from a low-permeability fracture
penetrated at 1,003 ft bls in the Catskill Formation, and image logs showed streaks on the
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test-hole wall indicating inflow at that depth, and from several bedding-plane fractures at
about 958 and 989 ft bls.

Transmissivity, estimated from analysis of the specific-capacity data and flowmeter logs,
was about 850 ft2/d for the entire open hole, and about 60 percent of the transmissivity was
contributed from the fracture zone at 180 ft bls. Below 644 ft bls, few fractures were
penetrated by the test hole and the temperature log approaches the geothermal gradient
indicating that there is minimal fracture transmissivity and active flow below this depth.

Specific-depth samples of groundwater were collected from this upland test hole by iso-
lating the water-bearing fractures at 130-135, 180, 267-275, 425, 637-644 ft bls with packers.
The dissolved-solids concentrations of water samples collected from isolated intervals in-
dicated that all samples collected at depths down to 425 ft bls are fresh water with dissolved
solids less than 1,000 mg/L. The dissolved-solids concentration of the water sample from
fractures 637-644 ft bls was probably affected by leakage of water from above the packer.
However, the specific conductance of the water blown to the surface from that depth during
drilling indicates that the water is slightly saline, with a dissolved-solids concentration of
about 1,100 mg/L. A groundwater sample was collected with a wireline point sampler at 990
ft bls; the dissolved-solids concentration of that sample was 19,900 mg/L when sampled on
July 28, 2014, which is highly saline. The saline water sampled at 990 ft bls had a chemical
composition similar to Appalachian Basin brines that had been diluted with fresh water.
Predominantions in the saline water were sodium, chloride, and calcium. The trace elements
strontium, bromide, barium, lithium, and molybdenum were all more than 5,000 times greater
than in freshwater samples from 130-135 or 180 ft bls. The major-ion chemistry of the
sample from fractures at 637-644 ft bls differed from the waters in the test hole above and
below. The sample was a sodium-bicarbonate-chloride water, but it is not a mixture of the
shallow calcium-bicarbonate water with the deep sodium-chloride water. Rather, it probably
evolved when recharge water flowed downward through shales in the Catskill Formation,
exchanging calcium ions for sodium ions, then mixed with saline pore fluids. However, some
leakage through the straddle-packer seal during pumping could have affected this sample
chemistry.

Methane concentrations in groundwater samples were 14 mg/L in the freshwater sample
collected at 640 ft bls and 120 mg/L in the saline sample from 990 ft. The concentration
ratios of methane to higher-chain hydrocarbon gases and isotopic ratios of 13C/12C and 2H/1H
of methane indicated that the gases are likely of thermogenic origin. The 13C/12C of methane
was less negative (-34.81 per mil) than the 13C/12C of ethane (-37.1 per mil) in the gas sample
collected from 990 ft bls, which is the reverse of what is normally expected in gases from the
Catskill Formation in Pennsylvania. This isotopic reversal is generally found in gases from
rocks older than the Catskill Formation, so recognition of this occurrence could be useful in
the interpretation of isotopic results for identifying gas origin.

A petrophysical log analysis using estimates of formation water resistivity from Archie’s
Equation indicated an apparent transition from fresh to saline water in the sandstones occurs
between 450 to 900 ft bls, with saline water indicated below 900 ft bls. This range was
consistent with the distribution of freshwater-bearing zones sampled from 130 to 425 ft bls,
transitional water-bearing zone at 637-644 ft bls, and saline water-bearing zone at 1,003 ft
bls. A depth of saline water at 900 ft bls would be below the altitude of the streams and ponds
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that act as drains for the local groundwater system and is just below the altitude of the Loyal-
sock Creek due north of the test hole. A depth of saline water at 900 ft bls would be below
the altitude of the streams and ponds within about 3 to 5 miles from the test hole that act as
drains for the local groundwater system. The lowest potential drain for the upland setting is
the mouth of Loyalsock Creek where it enters the West Branch Susquehanna River at an
altitude of about 500 ft asl, which is about 930 ft below the probable depth of saline water in
the test hole.
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