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Preliminary Assessment of Water Chemistry Related to
Groundwater Flooding in Wawarsing, New York, 2009-11

By Craig J. Brown, David A. Eckhardt, Frederick Stumm, and Anthony Chu

Abstract

Water-quality samples collected in an area prone to
groundwater flooding in Wawarsing, New York, were analyzed
and assessed to better understand the hydrologic system and
to aid in the assessment of contributing water sources. Above
average rainfall over the past decade, and the presence of a
pressurized water tunnel that passes about 700 feet beneath
Wawarsing, could both contribute to groundwater flooding.
Water samples were collected from surface-water bodies,
springs, and wells and analyzed for major and trace inorganic
constituents, dissolved gases, age tracers, and stable isotopes.
Distinct differences in chemistry exist between tunnel water
and groundwater in unconsolidated deposits and in bedrock,
and among groundwater samples collected from some bedrock
wells during high head pressure and low head pressure of the
Rondout—West Branch Tunnel. Samples from bedrock wells
generally had relatively higher concentrations of sulfate
(SO,%), strontium (Sr), barium (Ba), and lower concentra-
tions of calcium (Ca) and bicarbonate (HCO,), as compared
to unconsolidated wells. Differences in stable-isotope ratios
among oxygen-18 to oxygen-16 (6'%0), hydrogen-2 to
hydrogen-1 (8°H), sulfur-34 to sulfur-32 (5*S) of SO,*, Sr-87
to Sr-86 (¥’Sr/*Sr), and C-13 to C-12 (3*C) of dissolved
inorganic carbon (DIC) indicate a potential for distinguish-
ing water in the Delaware—West Branch Tunnel from native
groundwater. For example, ¥’Sr/®Sr ratios were more depleted
in groundwater samples from most bedrock wells, as com-
pared to samples from surface-water sources, springs, and
wells screened in unconsolidated deposits in the study area.

Age-tracer data provided useful information on pathways
of the groundwater-flow system, but were limited by inherent
problems with dissolved gases in bedrock wells. The sulfur
hexafluoride (SF;) and (or) chlorofluorocarbons (CFCs)
apparent recharge years of most water samples from wells
screened in unconsolidated deposits and springs ranged
from 2003 to 2010 (current) and indicate short flow paths
from the point of groundwater recharge. All but three of the
samples from bedrock wells had interference problems with
dissolved gases, mainly caused by excess air from degassing
of hydrogen sulfide and methane. The SF, and (or) CFC
apparent recharge years of samples from three of the bedrock

wells ranged from the 1940s to the early 2000s; the sample
with the early 2000s recharge year was from a flowing artesian
well that was chemically similar to water samples collected at
the influent to the tunnel at Rondout Reservoir and the most
hydraulically responsive to water tunnel pressure compared to
other bedrock wells.

Data described in this report can be used, together with
hydrogeologic data, to improve the understanding of source
waters and groundwater-flow patterns and pathways, and to
help assess the mixing of different source waters in water
samples. Differences in stable isotope ratios, major and trace
constituent concentrations, saturation indexes, tritium con-
centrations, and apparent groundwater ages will be used to
estimate the proportion of water that originates from Rondout—
West Branch Tunnel leakage.

Introduction

Groundwater flooding of streets and residential base-
ments during fall 2008 in the Rondout Valley near the town of
Wawarsing, Ulster County, New York, prompted the New York
City Department of Environmental Protection (NYCDEP) to
ask the U.S. Geological Survey (USGS) to characterize the
groundwater-flow system of the area. Precipitation records
indicate that above average rainfall over much of the past two
decades, particularly over the past decade, has aggravated
flooding problems (Stumm and others, 2012). Additionally, a
segment of the Rondout—West Branch (RWB) Tunnel, which
is an underground concrete-lined structure that passes about
700 feet (ft) beneath Wawarsing and carries pressurized
water through from the Catskill Mountains to New York City
(NYC), is leaking and also could be contributing to groundwa-
ter flooding (Stumm and others, 2012). This 44-mile (mi) long,
13.5-ft diameter water tunnel between the Rondout Reservoir
and the Catskill Aqueduct carries about one-half of the NYC
water supply and has a capacity of about 1.03 billion gallons
per day (gal/d) (New York City Department of Environmental
Protection, 2010). One of the two primary areas of leakage
along the RWB Tunnel is beneath Wawarsing; during con-
struction of the RWB Tunnel, this section of bedrock beneath
the Rondout Valley was observed to be highly faulted and
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weathered, had over 9,000 gallons per minute (gal/min) of
inflow, and required over 20,000 bags of concrete and steel
reinforcements to stabilize the bedrock. The total estimated
leakage out of the RWB Tunnel is 15 to 35 million gallons per
day (Mgal/d) (James Canale, New York City Department of
Environmental Protection, written commun., 2011; DiNapoli,
2007). In 2003 and 2009, an autonomous underwater vehicle
was used to inspect the interior of the RWB Tunnel and
recorded 8,200 linear feet of cracking throughout the tunnel
(James Canale, New York City Department of Environmental
Protection, written commun., 2011). Most of the cracking was
observed in the sections of the tunnel that are within the lime-
stone units underlying Roseton and Wawarsing, N.Y.

Water-chemistry data were interpreted with hydrogeo-
logic data, which are detailed in a companion report (Stumm
and others, 2012), to help identify and distinguish between
water sources that may contribute to the groundwater flood-
ing observed in Wawarsing. Inorganic constituents, stable
isotopes, and age tracers in groundwater and springs are
useful indicators of different sources of water, including
surface water or anthropogenic sources, as well as geochemi-
cal processes in different parts of the aquifer system. Water-
chemistry data were interpreted with hydrogeologic data,
which are detailed in a companion report (Stumm and others,
2012), to help identify and distinguish between water sources
that may contribute to the groundwater flooding observed
in Wawarsing.

In 2008, the USGS was tasked by the NYCDEP to
characterize the hydrogeologic conditions in the Wawarsing
area and investigate the possible relation between ground-
water flooding and leakage from the adjacent RWB Tunnel.
A companion report (Stumm and others, 2012) describes the
hydrology of the Wawarsing study area. Together, the reports
serve as a foundation for understanding the hydrologic system
and how it is affected by precipitation and pressurized water
leaking from the RWB Tunnel.

Purpose and Scope

The purposes of this report are to describe the
collection and analysis of water samples and to present some
general interpretation of water-chemistry data in order to
better understand the hydrologic system and to aid in the
assessment of sources of groundwater flooding in the town
of Wawarsing, N.Y. The report presents information on the
hydrogeologic setting, the occurrence and distribution of
chemical constituents and characteristics, and groundwater-
age estimates for groundwater samples in the study area.
Hydrogeologic data from a companion report (Stumm and
others, 2012) are used in this analysis. The report presented
herein describes general water-chemistry characteristics, such
as oxidation-reduction (redox) conditions, pH, and water types
at the Rondout Reservoir inflow to the RWB Tunnel, Lippman
Lake, 4 springs, and 19 wells, including 9 wells screened in

unconsolidated deposits and 10 wells completed in bedrock.

A description of the design of the monitoring network and
methods of data collection and analysis of water-level
fluctuations are included. The interpretive steps for estimating
groundwater ages using atmospheric tracers are described,
along with the distribution of the interpreted groundwater ages
in selected wells.

The level of interpretation in this report is limited
because additional information is required for a detailed
assessment. Information on the geology, hydrogeology, and
additional water-quality sample analysis in the study area is
required to assess the sources of water in the aquifer system
related to flooding.

Description of Study Area

The study area encompasses a 12-square mile (mi?) area
in Wawarsing, N.Y., that is prone to frequent groundwater
flooding. A sampling site at Rondout Reservoir at Lackawack
(station 01366400; fig. 1), where reservoir water enters the
RWB Tunnel portion of the Delaware Aqueduct was used to
represent water from the RWB Tunnel. The Rondout Valley
near the town of Wawarsing, Ulster County, N.Y., is part of
the Port Jervis Trough, which is a deep, glaciated valley that
extends about 100 mi southwestward from Kingston through
Kerhonkson, N.Y., and continues into Pennsylvania. The
Port Jervis Trough separates the Shawangunk Mountains to
the east from the Catskill Front (eastern side of the Catskill
Mountains) to the west (Reynolds, 2007). The valley in
the study area is underlain by gravel, sand, silt, and clay of
Pleistocene and Holocene age (Cadwell and others, 1989) and
bedrock sequences of limestone, sandstone, and shale with
substantial fracturing and faulting (Dibbell, 1944).

The population of Wawarsing was 13,157, according to
the 2010 U.S. Census (U.S. Census Bureau, 2010), and land
use is predominantly residential. Wawarsing lies to the west of
the Shawangunk Mountains, which are the north-easternmost
expression of the Valley and Ridge province of the central
Appalachians. Land-surface altitudes range from about
270 ft in the flood-prone area in Wawarsing to about 730 ft
at the “mixing chamber” from the Rondout Reservoir to the
Delaware Aqueduct (in this report, altitudes are referenced to
the North American Vertical Datum of 1988, unless otherwise
specified). The sampling network in Wawarsing and the
Delaware Aqueduct water sampled in Lackawack are herein
described as the “study area.”

The study area is underlain by unconsolidated deposits
of variable thickness, including Pleistocene till and stratified
drift, and Holocene alluvium. Much of the stratified drift is
glacial lake silt and clay, which, along with the till, impedes
infiltration and groundwater flow. The surrounding bedrock
highlands rise about 150 ft to the west of the valley and about
300 ft to the east.



Previous Investigations

Several studies have focused on the NYC water-supply
system and, more specifically, the RWB Tunnel. Merguerian
(2000) described the history of the NYC water-supply
system. Stumm and others (2012) studied the hydrologic
effects of temporary shutdowns of the RWB Tunnel on the
groundwater-flow system in Wawarsing. A drainage study
(Chadd Hodgkinson, Malcolm Pirnie, written commun.,
2009) indicated that higher than average rainfall and poor
drainage contributed to flooding of streets and basements in
the study area.

The surficial and bedrock geology of the study area
is described in several published reports. Drilling logs for
wells in the study area were compiled by Frimpter (1970),
who later characterized the hydrogeologic units in the study
area (Frimpter, 1972). Reynolds (2007) mapped the surficial
geology of the southern part of the study area and described
the major unconsolidated units. Berkey (1911) described the
unconsolidated deposits, bedrock geology, and possible faults
within the Rondout Valley. Dibbell (1944) compiled the con-
struction, geology, and hydrology of the RWB Tunnel within
the study area. Fluhr (1950, 1953) described the results of
exploration drilling by the NYCDERP in the study area.

Methods of Data Collection and
Analysis

The design of the sampling network of surface water,
springs, monitoring wells, and supply wells; the water-quality
sampling and analyses; age dating of groundwater; methods
of quality assurance; and data interpretation are described in
this section.

Design of Monitoring Network

The monitoring network includes sites for water-level
measurements and water-quality sampling. The water-level
monitoring network is discussed in detail by Stumm and
others (2012) (fig. 2, table 1); water levels were measured
at 31 sites to help determine the potentiometric surface and
direction of groundwater flow (Stumm and others, 2012). Most
of the wells in the monitoring network are used for private or
public water supply, but monitoring wells were specifically
drilled in the unconsolidated deposits during 2009-10 to
monitor water levels and for potential water-quality sampling
(Stumm and others, 2012).

Water-quality monitoring includes surface-water sites
(Rondout Reservoir, Lippman Lake), supply and monitor-
ing wells, and springs (table 1, figs. 1 and 2). The springs
include two basement sites associated with flooding (U1665
and U1666), in addition to other springs (U1667, U1668) or
well points installed at springs or “spring wells” (U1632 and

Methods of Data Collection and Analysis 3

U1633) in the hills to the east. The sampled wells include
both monitoring and domestic and public supply wells in the
unconsolidated aquifer and domestic and public supply wells
in fractured bedrock.

Collection and Analysis of Water Samples

Water-quality samples were collected during conditions
in which (1) basements were flooding in the Wawarsing
areas and the water tunnel was under typical high-pressure
conditions, (2) basements were not flooding and the water
tunnel was under typical high-pressure conditions, and
(3) basements were not flooding and the water tunnel was
depressurized for repair work. Sites were sampled for an
extensive list of constituents, including major ions and trace
elements, dissolved gases, age tracers, and stable isotopes
(tables 2-5). Surface-water bodies generally were not
analyzed for dissolved gases, chlorofluorocarbons (CFCs),
or sulfur hexafluoride (SF,), which were used to estimate
groundwater age, because they are sensitive to atmospheric
interaction; however, these constituents were analyzed in
some cases to provide source end members for mixing. Field
characteristics, which include water temperature, pH, and
specific conductance, were measured during sample collection
in accordance with USGS procedures described by Koterba
and others (1995).

Water was sampled according to protocols by Koterba
and others (1995). Wells were purged, and field measure-
ments of temperature, specific conductance, pH, turbidity, and
dissolved oxygen (DO) concentrations were monitored until
stable. Concentrations of total dissolved sulfides (H,S plus
HS', herein referred to as “H,S”) and low concentrations of
DO (less than 1 milligram per liter (mg/L)) were measured
onsite using colorimetric procedures (HACH Company, 2002).
Water samples collected for analyses of major ions, trace
elements, nutrients, and stable isotope ratios for ¥’Sr/%Sr, 534S
of SO,?, and 3"*C of dissolved inorganic carbon (DIC) were
filtered with a 0.45-micrometer (um) inline filter. For water
with low concentrations of SO,*, samples were collected on
an anion-exchange resin column (Carmody and others, 1998).
Water samples for *3C of DIC analysis were collected in
40 milliliter (mL) glass vials, which were preserved with 5 to
10 milligrams (mg) of copper sulfate and sealed with a Teflon/
silicon septa cap.

Water samples to be analyzed for dissolved gases were
collected in 160-mL septum bottles (sealed in a large beaker
under flow of evacuated well water). Dissolved gases (N,, Ar,
CO,, CH,, and O,) were analyzed by gas chromatography after
extraction from sample headspaces (Busenberg and others,
1998). The resulting data were used to define recharge tem-
peratures for age dating because the solubility of atmospheric
tracers varies as a function of temperature and for determining
concentrations of excess air. Excess air consists of air trapped
in pores that dissolves in groundwater, typically after a rapid
rise in the water table. Recharge temperatures were calculated
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Table 1. Data on the sampling-site locations and construction of wells in the Wawarsing study area, and for the Rondout Reservoir at
the influent to the Rondout—West Branch Tunnel in Lackawack, Ulster County, New York, 2009-11.

[NAVD 88, North American Vertical Datum of 1988; DSW, domestic supply well; RWB, Rondout—West Branch Tunnel; --, no data; NA, not applicable;
MW, monitoring well; CSW, community supply well; NCSW, non-community supply well; SPR, spring; SW, surface water; datum of gage is North American
Vertical Datum of 1988]

Well Well b epth falt-::n: Itsi::de Aquifer- .
identifier or site (feet) (feet above screened Summary description
type NAVD 88) well type
Ul1625 DSW 275 278.4 Bedrock Flowing artesian well 1,820 feet from the RWB tunnel, extremely high
transmissivity; large, rapid water-level response to tunnel.
Ul1626 DSW 10 275.7 Unconsolidated Located 1,460 feet from the RWB tunnel. The hydrograph at this well
responds well to rainfall events and also to tunnel leakage.
U1627 DSW 15 279.3 Unconsolidated Responds well to rainfall events and also to tunnel leakage; tunnel
(1,460 feet away) leakage inflows were estimated to have caused a
0.5 to 1 foot increase in water levels.
U1628 DSW 200 275.7 Bedrock Near the tunnel trace and appears to be drilled within the Esopus Shale.
Ul1629 NCSW 118 300.1 Bedrock Located 945 feet from RWB tunnel; moderately transmissive frac-
ture network; with tunnel depressurization, water levels at U1628
dropped 5 to 6 feet, with delay of 48 hours.
U1630 DSW -- 266.1 Bedrock Artesian flowing domestic bedrock well in the north-central part of the
valley, where an upward flow gradient of 6.8 feet was recorded.
U1631 DSW -- 262.5 Bedrock Flowing artesian well about 1,820 feet from the RWB tunnel; ground-
water discharges from well at about 70 gallons per minute.
U1632 MW -- - Unconsolidated These spring wells discharge from the upper slopes of a hilly deltaic
U1633 MW - - Unconsolidated ~ deposit during seasonal (spring) periods of high precipitation and
U1667 SPR NA _ _ appear to result from a perched aquifer.
U1668 SPR NA - --
uUl1637 MW 27 264.5 Unconsolidated Screened in fine-grained material, low yield; depth to bedrock about
Ul641 MW 134 264.5 Unconsolidated 310 feet.
Ul1644 DSW -- 268.4 Bedrock Hydraulic head values much lower than in nearby bedrock wells;
probably owing to less transmissive rock.
uU1645 DSW -- 288.2 Bedrock Located along the trace of the aqueduct, trends along a line perpendicu-
lar to the strike of the bedrock units; an area of lowest water-level
response to tunnel influence may coincide with the Esopus Shale.
Water-level changes during the shutdowns were only 1.5 feet.
ule47 NCSW - 279.1 Bedrock One of the farthest measured wells (7,100 feet from the RWB tunnel)
with an indicated tunnel leakage response.
Ul1663 MW 47 275.2 Unconsolidated Screened in fine grained material, low yield.
U1665 SPR NA 280 -- Water flows upward through basement cracks during flooding.
U1666 SPR NA 280 -- Water flows upward through basement cracks during flooding.
U1670 CSW 180 86.0 Unconsolidated Located 0.9 mile southwest of the tunnel trace, both wells screened
in overburden, just above bedrock; well 2 has a better yield, with
Ul1673 csw 180 86.5 Unconsolidated double the specific capacity of well 1; underlying bedrock likely
Shawungunk Formation.
U3772 DSW 283 -- Bedrock Flowing artesian well northeast of the trace (possibly in the Hudson
River Formation or Shawangunk Formation).
u7017 DSW -- -- Bedrock
Lippman Lake SW NA 299.2 NA Runoff from the lake discharges to a culvert during periods of high lake
effluent stage. The lake receives runoff from several small streams that flow
from the adjacent hills.
01366400 SW NA 840 NA Sampled at the influent to the RWB tunnel.

*Sample generally collected from sample port at 730-feet altitude.
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Table 2. Classes of water-quality chemical characteristics and constituents measured in water samples from a lake, springs, and
wells in the Wawarsing study area, and for the Rondout Reservoir at the influent to the Rondout—\West Branch Tunnel in Lackawack,

Ulster County, New York, 2009-11.

[Water-quality field parameters: temperature, pH, specific conductance, dissolved oxygen, dissolved sulfides, alkalinity; O, oxygen; H, hydrogen; C, carbon;
87Sr/%6Sr, stable isotope ratio of strontium-87 to strontium-86; 8, delta; §2°H (or “8D”), stable isotope ratio of hydrogen-2 to hydrogen-1; 80, stable isotope
ratio of oxygen-18 to oxygen-16, relative to Vienna Standard Mean Ocean Water standard; 3*S of SO,?, stable isotope ratio of sulfur-34 to sulfur-32 of sulfate
relative to the Vienna Canyon Diablo Troilite standard; '3C in DIC, stable isotope ratio of C-13 to C-12 in dissolved inorganic carbon relative to the Vienna
Pee Dee Belemnite standard; CFCs, chlorofluorocarbons; analyses done by the U.S. Geological Survey (USGS) National Water Quality Laboratory, unless

otherwise indicated]

Water-quality field parameters
Major inorganic constituents and nutrients
Trace elements

7Sr/%Sr isotopes!

80 and &°H (8D) isotopes?
8%S of SO,* isotopes’

3BC isotopes?

Dissolved gases®

CFCs*

Sulfur hexafluoride* (SF,)

H (tritium)®

!Analyzed at the USGS Isotope Laboratory, Menlo Park, Calif.
2Analyzed at the USGS Reston Stable Isotope Laboratory, Reston, Va.
3Analyzed at the USGS Dissolved Gas Laboratory, Reston, Va.
“Analyzed at the USGS CFC Laboratory, Reston, Va.

®Analyzed at the USGS Isotope Tracer Laboratory, Menlo Park, Calif.

from N, and Ar gas concentrations in samples. N, concentra-
tions can be affected by denitrification under denitrifying
conditions, but excess N, was not present.

Groundwater ages were estimated from concentrations of
tritium (®*H), chlorofluorocarbons (CFCs, including CFC-11,
CFC-12, and CFC-113), and sulfur hexafluoride (SF,) trac-
ers. Anthropogenic activities, such as industrial processes and
atmospheric testing of thermonuclear devices, released °H,
SF,, and CFCs into the atmosphere in small but measurable
concentrations. Precipitation that incorporates these gases
from the atmosphere infiltrates into the ground and carries the
particular chemical or isotopic signature of the atmospheric
conditions at the time of recharge. These dating methods
assume that gas exchange between the unsaturated zone and
the atmosphere is fast but that shallow groundwater remains
closed to gas exchange after recharge (Schlosser and others,
1989; Plummer and Busenberg, 1999; Busenberg and
Plummer, 2000). Where possible, at least two age-dating indi-
cators were measured at sampling sites. Apparent ages were
estimated by assuming that piston flow prevails in the aquifer
system. Age-tracer samples were collected without headspace,
although bubbles of H,S formed in several samples from bed-
rock wells. If an H,S bubble formed in the sample bottle, the
headspace volume was measured and a correction was applied

to the calculation of SF, or CFC concentrations. The percent
uncertainty in sample concentrations was below 3 percent.

The ®H in water was measured at the H Laboratory,
University of Miami, by internal gas proportional counting of
H,-gas made from the water samples. The *H that was released
into the atmosphere between 1952 and 1963 during nuclear
weapons tests provides a tracer for rainwater, which allows
dates of recharge to be estimated. Although H concentrations
are approaching that of natural atmospheric production (6 to
15 pCi/L), they remain high enough to use in this analysis.
The °H related to weapons testing can be used to infer some
aspects of groundwater age; at the very least, water can be
classified as being recharged before or after 1953.

The CFC samples were collected by inserting the end of
the discharge tubing into the bottom of the bottle, allowing at
least 2 liters (L) to overflow into a 2-L beaker, then capping
the 125-mL glass bottles with special foil-lined caps under
water within the beaker. Groundwater samples for SF,
were collected by placing the sampling-discharge line in
the bottom of the bottle and displacing the air in the bottle
with groundwater. After approximately 2 L of overflow, the
sampling line was removed. The bottles were tightly sealed
without headspace using conical screw caps and wrapped with
electrical tape.
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Concentrations of trichlorofluoromethane (CFC-11),
dichlorodifluoromethane (CFC-12), and 1,1,2-trichlorotrifluo-
roethane (CFC-113) in water were determined at the USGS
CFC Laboratory in Reston, Virginia, with a detection limit
of about 0.3 picomole per kilogram using purge and trap,
gas-chromatographic techniques with electron-capture detec-
tor (GC-ECD) (Bullister, 1984; Bullister and Weiss, 1988;
Busenberg and Plummer, 1992). The CFC-dating technique is
described in Busenberg and Plummer (1992). Samples were
analyzed for SF at the USGS CFC Laboratory using proce-
dures described by Busenberg and Plummer (2000).

Stable isotopes were analyzed using several different
methods. Analyses of the stable-isotope ratios oxygen-18 to
oxygen-16 (3'%0), hydrogen-2 to hydrogen-1 (8°H), §*S of
SO,%, and 6"*C of DIC were done at the USGS Stable Isotope
Laboratory in Reston, Virginia. A hydrogen equilibration
method was used for 6°H analysis (Coplen and others, 1991),
and the CO, equilibration technique (Epstein and Mayeda,
1953) was used for analysis of 3'%0. The 2-sigma analytical
uncertainties for 8°H and 680 values are 2 and 0.2 per mil,
respectively. The 6*S of SO,*” was analyzed for BaSO,
precipitates using procedures described in Carmody and others
(1998). Results are reported in per mil relative to the Vienna
Canyon Diablo Troilite (VCDT) standard. The uncertainty
associated with 8*S values is 0.2 per mil. Water samples
were analyzed for 6°C using mass-spectrometry techniques at
the University of Waterloo Environmental Isotope Laboratory,
Waterloo, Ontario, Canada, and are reported relative to the
Vienna Pee Dee Belemnite (VPDB) standard. The uncertainty
associated with the 8*°*C values is +0.2 per mil. Ratios
of 8Sr/%Sr were determined by thermal ionization mass
spectrometry as described by Bullen and others (1997).

Quality Assurance

Field probes were cleaned and calibrated with standard
solutions and checked periodically with independent field and
laboratory probes. Field quality-control procedures included
the collection and analysis of replicate samples, which
provided information on the variability of analytical results
caused by sample collection, processing, and analysis. The
charge balances for major ion analyses generally were within
+5 percent, although 9 of the 40 samples that were analyzed
for major and trace ions had greater imbalances (table 3, in
back of report) and could result from (1) ions not included in
the analyses, (2) error in laboratory analyses, and (or) (3) error
caused by exsolution (degassing) or dissolution of carbon
dioxide before sample analysis.

Hydrogeologic Setting

The geology and hydrology of the bedrock and uncon-
solidated deposits are discussed in the following section.

Geology

Bedrock

A complex series of fractured sedimentary bedrock units
of Silurian and Devonian age underlie the unconsolidated
deposits in the study area. The bedrock generally strikes
northeast and dips about 45 degrees to the northwest. The
bedrock units as delineated by Berkey and Fluhr (1936)
and Dibbell (1944) include the Marcellus Shale, Onondaga
Limestone, Esopus-Schoharie Shale, Helderberg Limestones
(Port Ewen-Becraft, New Scotland, Coeymans), Manlius
Limestone, Binnewater Limestone and Sandstone, High
Falls Shale and Limestone, Wawarsing Wedge complex,
Shawangunk Sandstone, and Hudson River Shale. The
Marcellus Shale is estimated to have relatively high gas-
production potential and is being considered for extraction
in parts of New York, as well as Ohio, Maryland, and large
parts of Pennsylvania and eastern West Virginia (Kargbo and
others, 2010). The Shawangunk Formation, which caps the
Shawangunk Mountains to the east, contacts the overlying
Wawarsing Wedge to the west and the underlying Hudson
River Shale to the east. Dibbell (1944) describes the bedrock
sequences as having sections with substantial fracturing, and
faulting in the subsurface below the study areca. Many of these
fracture and fault zones produced groundwater in thousands
of gallons per minute during construction of the RWB Tunnel
(figs. 3A and B).

Leakage of water from the RWB Tunnel appears to be
from cracks in the liner allowing pressurized tunnel water
to flow behind and (or) through the liner where transmissive
voids may exist, including solution cavities in limestone, as
well as through fractures, faults, and geologic contacts. Sus-
tained leakage of pressurized tunnel water through limestone
that contains dissolution features could induce further dis-
solution of the limestone surrounding the tunnel liner. The
Onondaga Limestone was described as being cavernous in
many places and members of the Helderberg and Manlius
Limestones exhibited a tendency to develop cavernous struc-
tures (Berkey and Fluhr, 1936). Transmissive fractures, faults,
and bedrock contacts eventually crop out in the subsurface
where the unconsolidated deposits may impede or transmit the
pressurized RWB Tunnel leakage.

Some of the minerals in the fractured bedrock aquifer
system are particularly pertinent to water-chemistry
constituents, such as H,S, CH,, SO,*, Sr, and several stable
isotopes. For example, evaporites formed during the arid
conditions in the late Silurian and the Silurian sedimentary
sequence probably functioned as a paleoaquifer (Kesler
and others, 1997). Sulfur (S) isotope compositions indicate
that the lower part of the paleoaquifer contained reduced S
formed by thermochemical reduction, whereas the upper part
of the paleoaquifer contained reduced S formed by bacterial
reduction of SO,* derived from overlying Salina Group
evaporites. These constraints, along with Na-Cl-Br leachate



data, indicate that Mississippi Valley Type mineralization in
the Lockport Dolomite formed when rising, metal-bearing
brines mixed with descending, sulfur-bearing brines from the
Salina Group above (Kesler and others, 1997). Vein deposits
of zinc, lead, and copper sulfides are present to the east, on the
west slope of the Shawangunk Mountains (Heusser, 1976), in
a northeast-trending belt 24 mi long, extending from Guymard
to Ellenville, N.Y. (Wilbur and others, 1990). These deposits
mark the eastern margin of the evaporite-bearing Silurian
sedimentary basin and were observed during completion of the
Delaware Aqueduct (Bird, 1944).

Unconsolidated Deposits

The valley in the study area is underlain by surficial
deposits of gravel, sand, silt, and clay, and include Pleistocene
glacial stratified and till deposits, and Holocene alluvium
deposits, which are present primarily in stream channels. The
major unconsolidated hydrogeologic units consist of till, ice-
contact stratified drift, outwash, glacial lake clays, recent allu-
vium, and colluvium. Reynolds (2007) and Frimpter (1972)
described a sand and gravel aquifer buried beneath glacial lake
sediments. Geologic data from 14 USGS-drilled monitoring
wells within the study area indicate highly variable deposits
ranging from sand and gravel to silt and clay and lacustrine
clay deposits that exceed 140 ft in thickness in some areas
(Frederick Stumm, U.S. Geological Survey, written commun.,
2010). Preliminary analysis of unpublished USGS passive
seismic surveys and deep electromagnetic geophysical surveys
of the study area indicate that the bedrock contact is undulat-
ing with areas of deep erosional troughs. These deep troughs
are northeast-southwest trending and extend more than 300 ft
below land surface.

Hydrology

Randall (1996) studied the precipitation variations in
upstate New York and determined that the Wawarsing study
area averaged about 44 inches (in.) of precipitation annually
during 1951-80. This study is consistent with the long-term
daily precipitation records recorded by the National Weather
Service (NWS) at Central Park in New York City (National
Oceanic and Atmospheric Administration, 2010), and indi-
cates only slight variations owing to localized storms. Annual
precipitation exceeded the long-term mean every year during
2002—-10. The increase in precipitation has caused increased
groundwater levels and contributed to surface flooding when
the rate of precipitation exceeded drainage from roadways or
recharge into surficial deposits (Stumm and others, 2012).

Groundwater generally flows from the surrounding hills
east and west of the valley and from southwest of the val-
ley toward the central and ultimately northeastern part of the
valley. Hydrographs from wells screened in unconsolidated
deposits indicate a direct correlation to precipitation but also
some effects caused by tunnel leakages from underlying
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bedrock (Stumm and others, 2012). Analysis of the verti-

cal gradients between the deeper and shallower parts of the
unconsolidated aquifer indicate an upward-flow gradient,
particularly in the central parts of the valley where the water
table discharges to Rondout Creek and the deposits are thick-
est (Stumm and others, 2012).

For bedrock wells, the highest water levels were
recorded in March and April of 2009 and 2010 during periods
of elevated precipitation (Stumm and others, 2012). The
bedrock potentiometric surface was higher locally in the area
along State Route 209 as a result of tunnel leakage (Stumm
and others, 2012). Most bedrock wells affected by tunnel
leakage had upward-flow gradients from the bedrock to the
unconsolidated aquifer. The head differential between the
bedrock and unconsolidated aquifers at wells U1627 and
U1625 was 10.6 ft, and the flow gradient direction was upward
(Stumm and others, 2012).

The majority of homes in Wawarsing rely upon domestic-
supply wells in the unconsolidated and bedrock aquifers.
Major municipal-water u