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EVALUATION OF GROUNDWATER
RESOURCES OF GREENWICH TOWNSHIP,
WARREN COUNTY,NEW JERSEY

INTRODUCTION
Greenwich Township, Warren County, New Jersey retained M2 Associates in May 2005
to conduct an evaluation of the groundwater resources of the Township. The location of
Greenwich Township and Warren County in New Jersey are shown on Figure 1.

The Township of Greenwich requested the groundwater resource evaluation because of
the following:
1. The primary source of drinking water for residents is groundwater. Water is
supplied from individual or local public community wells completed in fractured
bedrock aquifers. The hydrogeologic characteristics of these aquifers are
dependent on the type of bedrock, and the nature of the fractures and other
openings. The type of bedrock and the extent of fractures/openings limit
recharge rates, sustained yields, interference effects, groundwater quality, and
contaminant removal and attenuation rates. The Township recognizes that the
protection of water quality and quantity is critical to supporting public health and
quality of life of its residents and business but also others in New Jersey.
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2. The entire township is located within the “Northwest New Jersey Sole Source
Aquifer” (Hoffman 1999A). Bedrock aquifers beneath Greenwich Township are
the only source of drinking water for township residents. The sole source aquifer
boundaries were defined by the New Jersey Department of Environmental
Protection (NJDEP) and designated by the US Environmental Protection Agency
(USEPA) in the Federal Register on May 23, 1988. The NJDEP and USEPA
consider groundwater to be the single source of potable water within the
designated sole source aquifer and indicate that measures should be taken to
protect this critical resource from potential health hazards.
3. The entire Township was included within the area designated for protection by
the New Jersey legislature in the Highlands Water Protection and Planning Act.
Most of the Township is located within the Planning Area Zone with the
northeastern and southwestern portions included in the Preservation Zone.
Figure 2 shows the boundaries of these zones within Greenwich Township.
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4. Before enactment of the Highlands Water Preservation and Planning Act, New
Jersey has a long history of protecting water resources in upstream rural areas
of the State for downstream consumers in its urban and suburban communities.
The Township understands the need for protecting vital water resources so that
they are not diminished or damaged in upstream communities such as
Greenwich Township, and therefore, not available for those in need downstream
where groundwater resources were long ago eliminated as drinking-water
resources. Greenwich Township recognizes its important location and role in
preserving resources for downstream communities.
5. Greenwich Township is located in one of the fastest growing regions in New
Jersey. Increased commercial and residential development can affect both the
quantity and quality of water that is stored and withdrawn from aquifer systems.
The application of surface/subsurface improvements can impact water quality
through introduction of contaminants and reduced recharge necessary for
dilution. Furthermore, these improvements can reduce the volume of recharge
infiltrating to aquifer systems and therefore, adversely impact water quantity and
dependable yields. Constructed improvements can result in lowered yields,
increased interference, and degradation of groundwater quality. In areas of the
Township where aquifer yields and/or recharge are limited or strained, additional
commercial or residential development may impact current users of
groundwater. In areas of the Township underlain by aquifers with high potential
yields, increased development could adversely affect these resources and their
availability for current and future generations.
6. Based on US Census data, between 1990 and 2000, the population of
Greenwich Township increased from 1,899 to 4,365 persons. Between 2000 and
2004, the population increased another 858 persons to 5,223. In the past 14
years, the population of the Township increased more than 175 percent. Prior to
this period of rapid population growth, the Township’s groundwater resources
served as a potential reservoir for areas of New Jersey with significantly greater
populations. As a result of the population growth, much greater demand has
been applied to the resources within the municipal boundaries and the potential
reservoir capabilities of the aquifer systems for other areas of the State may
have been significantly diminished. The Township is concerned with protecting
these potential reservoirs before they are further diminished or permanently
damaged.
7. Currently, the use of Greenwich Township’s groundwater resources is limited to
residents and business within the Township. Aqua New Jersey and Bloomsbury
Water Company have approved service areas within the Township. Figure 3
shows these service areas and the location of regulated wells within and near
the municipality. The groundwater resources of the Township could be readily
exploited to service populations in other areas of New Jersey. The Highlands
Water Protection and Planning Act was adopted to protect vital water resources
in northern New Jersey and those that underlie Greenwich Township are likely to
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be as valuable to current and future generations of New Jersey residents and
businesses as the resources protected by the legislation. The Township
understood that its groundwater resources had significant value for municipal
residents and possibly others beyond its boundaries, and it under took this
evaluation to obtain the necessary information for furthering this understanding.

Greenwich Township wants to protect its valuable groundwater resources for current
and future residents and businesses. Furthermore, as one of the fastest growing
municipalities in the State, Greenwich Township understands that it must act now to
protect the water resources of the Township in regard to both quality and quantity for its
citizens as well as others in the region. The Township understands that current
population trends could quickly overwhelm groundwater resources. Their understanding
and planning is similar to the thinking of the leaders of New Jersey’s eastern cities in the
19th and early 20th centuries when they realized a need to protect upstream reservoirs
and groundwater resources to ensure that the citizens of these cities had sufficient
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water to meet demands of the late 20th century. The Highlands Water Preservation and
Planning Act was passed to continue protecting the resources of these cities for the 21st
century. Unlike the cities, Greenwich Township is located near the headwaters of its
water resources and does not have the option of preserving lands upstream to ensure
long-term water supplies. Greenwich Township must rely on the resources beneath the
Township.
The evaluation of the groundwater resources included but was not limited to the
following:
1. A review of published maps and reports on the geology of Greenwich Township
and neighboring municipalities in Warren and Hunterdon Counties.
2. An assessment of surface-water basins and potential groundwater recharge
rates within these basins.
3. A review of published reports and data regarding groundwater quality and
aquifer yields.
4. A compilation of data from wells completed within Greenwich Township and
surrounding municipalities.
The data/information from this review was used to assess the groundwater resources
and to develop a conceptual model of the hydrogeologic conditions beneath the
Township. The model was used to identify areas of the Township with differing
hydrogeologic capabilities to receive recharge, and store and transmit groundwater, and
to asses the interrelationship/interdependence between the aquifer and surface-water
systems throughout. The model was also used to assess potential concerns and
impacts to water quality from existing and possible future contaminant sources. From
the model, areas of the Township were identified, where groundwater resources are
limited or are of such high value for current and future generations that protective
measures should be considered.
GEOLOGY
LOCATION
Greenwich Township is bounded along its southern border by the Bloomsbury Borough,
its western border by Pohatcong Township, its northern border by Lopatcong Township,
and its eastern border by Franklin Township. Harmony Township, Franklin Township,
and Lopatcong Township all join at the northeastern corner of Greenwich Township.
Figure 1 shows the location of Greenwich Township in Warren County and New Jersey.
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POPULATION DENSITY
Greenwich Township encompasses approximately 10.44 square miles. Based on land
area, Greenwich Township is the 16th largest municipality within Warren County but
based on 2004 population estimates, is the 10th most populated municipality in the
County. The US Census’ 2004 population estimates indicate that Greenwich Township
is the 7th most densely populated municipality in Warren County, whereas in 1980 and
1990, the Township was the 11th and 13th most densely populated municipality.
In the 24 years from 1980 to 2004, the population density of the Township has
increased from 166 persons per square mile to 500 persons per square mile. The US
Census Bureau indicates that since 2000, Greenwich Township’s population has
increased nearly 20 percent from 4365 to 5223 persons. In 1980 and 1990, the
populations were 1,738 and 1,899 persons. From 1980 to 2004, the population has
increased approximately 175 percent or by 3485 persons.
PHYSIOGRAPHIC PROVINCE
Greenwich Township is located within the Highlands Physiographic Province, which has
longed been recognized as an environmentally sensitive region worthy of protection.
The Highlands Physiographic Province is based on geologic conditions and although
there is some overlap, it is distinct from the portions of New Jersey labeled Highlands
Preservation and Planning Areas. The Highlands Physiographic Province is a much
larger area comprised of similar bedrock geology and geomorphic characteristics.
The Highlands Physiographic Province is characterized by steep rounded to flat-topped
ridges separated by narrow valleys. Typically, below the surface the ridges are erosionresistant Precambrian (older than 570 million years) igneous and metamorphic rocks
whereas the subsurface of the valleys is comprised of more easily eroded Cambrian
and Ordovician (440 to 570 million years old) sedimentary and meta-sedimentary rocks.
TOPOGRAPHY
Based on USGS 7.5-minute Easton, Pennsylvania and Bloomsbury, New Jersey
topographic quadrangles, elevations within Greenwich Township range from 240 to 792
feet above mean sea level (amsl). The highest elevations are encountered near the
northeastern corner of the Township and the lowest elevations are located along the
Musconetcong River as it flows from the Township in the southwestern corner.
The topography of much of the Township is broad and relatively flat with elevations
generally ranging from 300 to 400 feet amsl. The Township is located in a valley
between Scott and Pohatcong Mountains, both of which appear to terminate near the
eastern boundary of the municipality. The highest points in the Township are located at
the southwestern terminus of these ridges. The valley between the mountains opens
beneath Greenwich Township into a broad plateau above the Delaware River.
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SURFACE WATER
Watersheds
Greenwich Township is located within the Delaware River basin with three rivers and
related tributaries draining the Township and ultimately discharging into the Delaware
River. These rivers are the Musconetcong River, which drains the southern portion of
the Township; Pohatcong Creek, which drains the center and northeastern portion; and
Lopatcong Creek, which drains the northwestern portion. The USGS used local
topography to identify the extent of the watersheds within the Township for these three
rivers. The watersheds extents are shown on Figure 4.
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Stream Classifications
Each of these watersheds was further divided into subwatersheds by the USGS. The
streams within these subwatersheds have been designated by the NJDEP in N.J.A.C.
7:9B Surface Water Quality Standards for various levels of regulatory protection. FW2
waters are general classification freshwaters found in most parts of New Jersey. A TP
designation indicates waters with sufficient quality to allow for trout production; whereas,
TM indicates high-quality waters in which, trout populations can be maintained. An NT
designation would indicate Non-Trout waters or waters incapable of sustaining a trout
population. However, NT waters may be capable of sustaining other species. Trout are
highly susceptible to changes in water quality and therefore, are used as an indicator of
stream conditions. Waters capable of allowing trout production or maintenance of trout
populations are considered high-quality waters.
The Category 1 (C1) classification indicates that these waters have been designated for
protection from measurable changes in water quality in N.J.A.C. 7:9B because of
“…clarity, color, scenic setting, other characteristics of aesthetic value, exceptional
ecological significance, exceptional recreational significance, exceptional water supply
significance, or exceptional fisheries resource(s).” Waters not designated as C1 in
Greenwich Township would be considered C2 or Category 2 waters. C2 waters may not
be afforded similar levels of antidegradation protection and impacts to water quality in
these streams may be less constrained than they would be for C1 waters.
Table 1 summarizes the NJDEP classifications for the streams within Greenwich
Township. Figure 5 shows the locations of these streams and their classifications.

Table 1: Watersheds, Subwatersheds, Streams, and Surface-Water Classifications in Greenwich Township.

Watershed

Subwatershed

Pohatcong Creek

Pohatcong Creek (Merrill Creek to Edison Road)
Pohatcong Creek (Springtown to Merrill Creek)
Unnamed Tributary
Merrill Creek

Musconetcong River

Musconetcong River

Lopatcong Creek

Lopatcong Creek (above Route 57)
Lopatcong Creek (below Route 57)

Morris Canal

Current Classification
FW2-TMC1
FW2-TMC1
FW2-TPC1
FW2-TPC1
FW2-TM
FW2-TPC1
FW2-TPC1
FW2-NT

In summary, all of the streams within Greenwich Township are capable of either trout
maintenance or trout production, with the exception of the Morris Canal. Although the
Morris Canal extended through Greenwich Township at one time, this canal is no longer
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present and there is no
water body within the
Township associated with
the canal. N.J.A.C 7:9B
indicates that all of the
streams
in
Greenwich
Township are high-quality
surface-water
resources
capable of maintaining or
allowing for the production
of trout.
Greenwich
Township’s
streams are considered
high
quality
resources
worthy
of
significant
protective measures. Both
Pohatcong Creek and its
tributaries, and Lopatcong
Creek and its tributaries
have been classified as
Category One waters and
protected by the surfacewater quality regulations
from degradation of water
quality. Classification as a
Category
One
stream
affords
these
waters
additional measures to
prevent
further
waterquality degradation.
To date, the Musconetcong
River has not been listed as a Category One stream and is not afforded the same
protective measures against degradation. However, legislation has been introduced in
the US Congress to designate the Musconetcong River as a “Wild and Scenic River”
and these Federal measures would very likely require the NJDEP to designate the river
as a Category One stream.
As C1 waters, these streams are protected from degradation resulting from discharges
such as those from wastewater treatment plants, which limits options for disposal of
wastewater to groundwater discharges. While it is possible that a wastewater treatment
plant could be developed that would not degrade surface-water quality, this type of
facility is most likely, not economically feasible at this time. Therefore, discharges to
groundwater through septic systems or small community wastewater treatment facilities
would likely be the only option for disposal of wastewater from further development.
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In addition to limitations for wastewater discharges to C1 streams, the February 2, 2004
stormwater regulations listed in N.J.A.C 7:8-5.5(h) indicates that on either side of each
C1 stream, a 300-foot buffer must be maintained to protect these “special water
resources”. The buffers are to protect water quality, aesthetic value, ecological
conditions, recreational benefits, water supplies, and fisheries. The presence of these
buffers in conjunction with the limitations on wastewater disposal can significantly effect
potential development within areas draining to Pohatcong Creek, Lopatcong Creek, and
their tributaries. If the classification of the Musconetcong River is changed, then areas
draining to this river will also be required to have protective buffers along the river and
its tributaries.
SOILS
The U.S. Department of
Agriculture (USDA) Natural
Resources
Conservation
Service
(NRCS)
has
mapped soils throughout
New Jersey and these
maps have been included
in the NJDEP Geographic
Information System (GIS).
Based on the NRCS
mapping, 20 soil types
have been delineated in
Greenwich
Township.
Some of these general soil
classifications are further
subdivided based on slope
gradients.
These
soil
classifications along with
areas containing standing
water and a quarry are
shown on Figure 6.
Table
2
provides
a
summary of soil types, map
symbols as depicted on
Figure 6, slope ranges,
approximate total area
within
the
Township
beneath which these soils
have been mapped, and
potential septic system
limitations as described by
the NRCS. More than 71
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percent of Greenwich Township is underlain by Washington loam soils. Only a very
small part, 0.2 percent, is covered with water.
Table 2: Types, Slopes, Approximate Areas, and Septic Limitations of Soils in Greenwich Township, Warren County, New Jersey.

Soil Type

Annandale gravelly loam

Annandale very stony loam
Bartley loam
Bartley stony loam
Califon gravelly loam
Califon very stony loam
Cokesbury loam
Edneyville extremely stony loam
Edneyville-Parker-Rock outcrop
Hazen loam
Hazen gravelly loam
Middlebury loam
Parker gravelly sandy loam
Quarry
Rock outcrop-Parker-Edneyville
Rock outcrop-Wassaic
Washington loam

Water
Wassaic gravelly loam
Wassaic rocky gravelly loam
Wassaic-Rock outcrop

Wayland silt loam

Map Label
(see Figure 6)

AnB2
AnC2
AnD2
AsB
AsD
BaA
BaB
BdB
CbB
CbC2
CcC
CoA
EeC
EPD
HbA
HbB
HfC
Md
PbE
QUA
RPF
RWF
WaA
WaB
WaC2
WaD2
Wat
WmB
WnC
WnD
WOB
WOC
WOD
Wp

Slope
Range
(percent)

Approximate
Area
(acres)

3 to 8
8 to 15
15 to 25
3 to 8
8 to 15
0 to 3
3 to 8
3 to 8
3 to 8
8 to 15
8 to 15
0 to 3
8 to 15
Steep
0 to 3
3 to 8
8 to 15

120.9
133.6
146.7
24.3
1.3
51.5
387.1
5.4
98.5
9.3
3.7
6.2
22.8
11.1
201.5
39.6
3.1
81.2
8.5
9.4
53.0
38.0
133.6
3,985.5
592.5
57.0
11.3
50.7
70.6
40.0
59.0
81.2
125.8
17.9

25 to 40
Steep
0 to 3
3 to 8
8 to 15
15 to 25
3 to 8
8 to 15
15 to 25
3 to 8
8 to 15
15 to 25

Septic Limitations

Very limited-cemented pan, slope, limited permeability
Very limited-cemented pan, slope, limited permeability
Very limited-cemented pan, slope, limited permeability
Very limited-cemented pan, limited permeability
Very limited-cemented pan, slope, limited permeability
Very limited-cemented pan, shallow groundwater, seepage, limited permeability
Very limited-cemented pan, shallow groundwater, seepage, limited permeability
Very limited-cemented pan, shallow groundwater, limited permeability
Very limited-cemented pan, shallow groundwater, seepage
Very limited-cemented pan, shallow groundwater, seepage, slope
Very limited-cemented pan, shallow groundwater, slope
Very limited-cemented pan, shallow groundwater, limited permeability
Very limited-seepage, slope, limited permeability
Very limited-seepage, slope, filtering capacity, limited permeability, shallow rock
Very limited-filtering capacity, seepage, limited permeability
Very limited-filtering capacity, seepage, limited permeability
Very limited-filtering capacity, seepage, slope, limited permeability
Very limited-flooding, shallow groundwater, seepage, limited permeability
Very limited-filtering capacity, slope, seepage, shallow rock
Very limited-filtering capacity, slope, seepage, shallow rock
Very limited-shallow rock, slope, limited permeability
Very limited-seepage, limited permeability
Very limited-seepage, limited permeability
Very limited-seepage, slope, limited permeability
Very limited-slope, seepage, limited permeability
Very limited-shallow rock, limited permeability
Very limited-shallow rock, limited permeability, slope
Very limited-shallow rock, slope, limited permeability
Very limited-shallow rock, limited permeability
Very limited-shallow rock, limited permeability, slope
Very limited-shallow rock, slope, limited permeability
Very limited-flooding, limited permeability, shallow groundwater

The NRCS indicates that all of the soils beneath Greenwich Township have very limited
capacity for wastewater disposal through septic systems. The NRCS indicates that “very
limited” soils have one or more characteristics that will effect the operation of a septic
leaching system. The limiting factors include the presence of a shallow cemented layer,
slope conditions, restricted permeability, seepage rates, filtering capacity, and shallow
depths to groundwater or bedrock. The NRCS indicates that these soils require
extensive remediation and system design to overcome these limitations and that even
with these efforts, system performance is likely to be poor and maintenance
requirements are likely to be high.
The NRCS indicates that all of the soils beneath Greenwich Township are “very limited”
in their ability to be used for septic system disposal fields. With the exception of the
Hazen loam and gently sloping Washington loam, the 1979 “Soil Survey of Warren
County” prepared by the USDA Soil Conservation Service indicated a similar finding. In
this earlier Soil Conservation Service document, all of the soils beneath Greenwich
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Township other than the Hazen loam and gently sloping Washington loam, were
considered to have severe limitations for septic systems. These severe limitations were
for shallow groundwater, steep slopes, large boulders, shallow bedrock, flooding or wet
conditions, and poor permeability.
In the 1979 document, the Soil Conservation Service indicated that the Hazen loam and
gently sloping Washington loam soils had moderate to slight limitations for septic
systems. The Washington loam with slopes ranging from 8 to 15 percent had moderate
limitations with respect to slope conditions.
The Hazen loam and Washington loam with slopes less than 8 percent had slight
limitations. The most current information from the USDA-NRCS indicates that Hazen
loam has very limited capacity to effectively filter septic system effluent and has high
saturated hydraulic conductivity rates at depths greater than 2.5 feet. These data
indicate that septic system effluent will migrate rapidly through Hazen soils with little or
no treatment. The NRCS also indicates that the Hazen loam has limited permeability at
depths less than 2.5 feet below ground surface. The Hazen loam has been mapped
beneath approximately 3.6 percent of Greenwich Township along Merrill Creek,
Pohatcong Creek, and Lopatcong Creek.
Similar to the Hazen loam, the Washington loam soils are now listed by the NRCS as
having “very limited” capacity for septic systems because of high saturated hydraulic
conductivity rates at depths greater than 4.25 feet below ground surface and limited
permeability at shallower depths. Another very significant limiting factor for septic
systems in areas underlain by Washington loam soils is the presence of carbonate
bedrock beneath these soils. Carbonate bedrock is prone to solution cavities, caves,
and caverns and subsurface erosion of soils into one or more cavities will likely result in
the formation of sinkholes.
Effluent discharged from a septic system can quickly cause subsurface erosion and
sinkhole formation. In addition, the discharge of untreated or poorly treated effluent into
one of these cavities will very likely result in contamination of groundwater resources.
Where in the past, characteristics such as rapid infiltration, of the Hazen and
Washington loam were considered good for disposal of septic system effluent; more
recent studies of these soils indicate that these characteristics could result in significant
contamination of water resources and/or other natural hazards. As a result, the Hazen
and Washington loam soils are considered to be very limited in their capacity to be used
for subsurface disposal of wastewater.
In N.J.A.C 7:9A, which are the NJDEP’s regulations governing subsurface sewage
disposal systems, only the Middlebury and Wayland soils are listed as unsuitable. The
Wassaic soils may be unsuitable in some areas of the Township but a detailed field
investigation is necessary for evaluating these soils. The NJDEP regulations indicate
that with the exception of the Middlebury and Wayland soils, septic systems can be
designed for the other soils beneath the Township; however, these systems will require
soil replacement and in some cases, mounded installations with or without soil
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replacement. The NJDEP indicates that extensive field investigation and testing of soils
must be completed to prepare proper designs for systems in the soil types found
beneath Greenwich Township. As indicated by the NRCS and in the NJDEP
regulations, the soils beneath Greenwich Township will require extensive remediation
and design effort for septic systems. The long-term operational efficiency and life-time
are likely to be shorter than conventional systems installed in more suitable soils.
In addition to the septic system limitations, the NRCS provides data on other
characteristics of the soils beneath Greenwich Township. The Bartley loam, Califon
gravelly loam with 3 to 8 percent slopes, Cokesbury loam, Middlebury loam, and
Wayland silt loam are all considered hydric soils. Hydric soils are often characterized by
frequently flooded or ponded soils, groundwater within one-foot of ground surface, poor
permeability, and the presence of wetlands vegetation. Wetlands have been mapped by
the NJDEP and US Army Corp of Engineers beneath less than 2 percent of Greenwich
Township. The hydric soils have been mapped beneath 5.8 percent of the Township.
The presence of hydric soils would limit development in areas of the Township underlain
by these soil types.
BEDROCK
Greenwich Township is located within the Highlands Physiographic Province and the
bedrock underlying some portions of the Township is likely more than 1-billion years old.
Beneath most of the Township, the bedrock is likely within the age range from 440 to
570 million years old. The older rocks are highly resistant to erosion and as a result,
form the ridges near the eastern boundary and in the southwestern corner. The younger
rocks are primarily limestones and dolomites, which are carbonate rocks, and are more
readily eroded. These younger rocks form the floor of the valley beneath most of the
Township.
The bedrock geology of Greenwich Township is shown on Figure 7. This figure was
prepared from the map entitled “Bedrock Map of Northern New Jersey” (Drake et al.
1996) and was developed from extensive geologic mapping completed by the United
States Geological Survey (USGS) and New Jersey Geological Survey (NJGS).
The oldest rocks are the Precambrian igneous and metamorphic rocks primarily found
in the northeastern corner of the Township north of State Route 57 near Coopersville; in
the south central portion at the southern terminus of Pohatcong Mountain west of the
intersection of County Route 637 and Interstate 78; south of Kennedy Mills and south of
State Route 173; and in the southwestern portion of the Township beneath
Musconetcong Mountain. These rocks are primarily igneous granite, alaskite,
amphibolite, and migmatite, and various metamorphic gneisses. These Precambrian
rocks are encountered beneath approximately 8.5 percent of the Township land area.
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In general, the Precambrian igneous and metamorphic rocks are similar with some
minor differences in mineralogy and formational history. With respect to groundwater
resources, these rocks have very similar characteristics including highly resistant to
erosion, dense, hard, and poorly to weakly fractured. Since these rocks are usually
found at higher elevations, there is usually little area contributing water.
Beneath the remaining 91.5 percent of Greenwich Township, the USGS/NJGS has
mapped Cambrian-Ordovician quartzite, dolomite, and limestone rocks. From oldest to
youngest, these rocks included the Hardyston Quartzite, Leithsville Formation,
Allentown Formation, Lower and Upper Beekmantown Formations, and the
Jacksonburg Formation. The USGS describes the Hardyston Quartzite as medium- to
light-gray, fine- to coarse-grained, medium- to thick-bedded quartzite, arkosic
sandstone, and dolomitic sandstone with thicknesses ranging to 200 feet (Drake et al.
1996). The Hardyston Quartzite because of its well cemented nature, has waterresources characteristics that are very similar to the Precambrian igneous and
metamorphic rocks. The Hardyston Quartzite has been mapped by the USGS/NJGS
beneath approximately 1.4 percent of the Greenwich Township land area.
The Leithsville, Allentown, Lower and Upper Beekmantown, and Jacksonburg
Formations are all comprised of carbonate rocks such as limestones and dolomites,
which, when exposed to acidic solutions including weakly acidic rainwater, will dissolve
forming solution cavities, voids, caves, and caverns. Since solution cavities can store
and transmit large quantities of water, these rocks have distinctly different
hydrogeologic characteristics than those of the Hardyston Quartzite and Precambrian
rocks. Carbonate rock aquifers have long been regarded as some of the best waterresources in the United States. The 1996 Statewide Water Supply Plan prepared by the
NJDEP indicates that carbonate-rock aquifers are some of the most prolific systems in
New Jersey.
The Middle-Cambrian Leithsville Formation is described by the USGS from the upper to
lower portions, as medium- to dark-gray, fine- to medium-grained, massive dolomite; to
medium-gray, fine-grained, thin- to thick-bedded dolomite interbedded to shaly dolomite
and quartz sandstone, shale, and siltstone; to medium-gray, medium-grained, mediumbedded dolomite with quartz sand stringers and lenses near the base (Drake et al.
1996). The thickness of the Leithsville Formation can range to approximately 1000 feet
and this formation has been mapped beneath approximately 6.1 percent of the land
area under Greenwich Township.
The upper portions of the Allentown Formation are described by the USGS as mediumlight to medium-dark gray, fine- to medium-grained, medium- to very thick-bedded
dolomite. These units are separated from the lower units by quartz-sand grains and two
sequences of thin-bedded quartzite and dark-gray chert. The lower portions are
described as alternating beds of medium and very-light gray, fine and medium-grained,
thin- and medium-bedded dolomite and shaly dolomite. The shaly dolomite increases
toward the contact with the older Leithsville Formation (Drake et al. 1996). The
Allentown Formation is characterized by oolites and stromatolites. The thickness of the
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Allentown Formation can range to 1900 feet and this formation has been mapped
beneath approximately 46.5 percent of Greenwich Township.
The Lower Beekmantown Formation is described by the USGS from the upper to middle
portions of the formation as light-olive-gray to dark-gray, fine- to medium-grained, thinto thick-bedded dolomite; to olive-gray to dark-gray, aphanitic to fine-grained, laminated
to medium-bedded dolomite and medium-dark to dark-gray, fine-grained, thin- to
medium-bedded limestone. The lower beds are medium-light to dark gray, aphanitic to
coarse-grained, laminated to medium-bedded, dolomite with thin black chert beds,
quartz-sand and oolites (Drake et al. 1996). The thickness of the Lower Beekmantown
can range to 600 feet and these dolomites/limestones have been mapped beneath
approximately 12.8 percent of Greenwich Township’s land area.
The Upper Beekmantown Formation is described by the USGS as medium-light to
medium-gray, aphanitic to medium-grained, thin- to thick-bedded, dolomite with local
medium-dark to dark-gray, fine-grained, medium-bedded limestone. The lower beds of
this formation are described as medium-dark to dark-gray, medium- to coarse-grained,
medium- to thick-bedded, dolomite with black chert (Drake et al. 1996). This unit can
range in thickness to 800 feet and has been mapped by the USGS/NJGS beneath
approximately 10.9 percent of Greenwich Township.
The Middle-Ordovician Jacksonburg Limestone is the youngest bedrock formation
beneath Greenwich Township. The USGS describes this formation as medium- to darkgray, laminated to thin-bedded shaly limestone to medium- to dark-gray, fine- to
medium-grained, very thin to medium-bedded fossiliferous limestone interbedded with
medium- to thick-bedded dolomite-cobble conglomerate in a limestone matrix (Drake et
al. 1996). The thickness of this unit may range to 800 feet but beneath Greenwich
Township, the thickness is probably less than 400 feet. This formation has been
mapped by the USGS/NJGS beneath approximately 13.7 percent of the Township.
STRUCTURE
Secondary Porosity
Rocks such as those beneath Greenwich Township generally do not have intergranular
openings and therefore, do not have primary porosity for transmitting water. In these
types of rocks, groundwater storage and transmittal are dependent on secondary
porosity or openings between blocks of impermeable rock. In the carbonate rocks of the
Leithsville, Allentown, Upper and Lower Beekmantown, and Jacksonburg Formations,
these secondary openings are typically associated with solution features and fractures
along fault planes, bedding discontinuities, and joints. In this area of New Jersey,
solution openings can sometimes be several inches to as much as 20-feet in diameter.
While the fracture openings between blocks of impermeable rock are usually not as
great, the zone where the rock is fractured may be several feet to several tens of feet
across and the spacing between fractures may be measured in fractions of an inch.
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In the Precambrian igneous and metamorphic rocks and the Hardyston Quartzite,
fractures from faulting may be the only openings between the blocks of solid rock and
often these openings are very small with several feet to several tens of feet of
impermeable rock between these hairline breaks.
Faults
Within the Highlands Physiographic Province, there are two general types of faults. The
first of these types of faults is a normal fault formed as a result of continents moving
apart. These faults are most often found near the border between the Piedmont and
Highlands Physiographic Provinces but in some cases, are found within the Highlands
Province. A small normal fault has been mapped immediately north of the northeast
corner of Greenwich Township along Merrill Creek but no normal faults have been
mapped within the Township’s borders.
Compressional or thrust faults formed as a result of past continental collisions where
blocks of rock were thrust over younger or contemporaneous blocks of rock is an
example of the second type of fault often found in the Highlands Province. Six of these
relic thrust faults have been mapped crossing through parts or all of Greenwich
Township (see Figure 7). All of these faults have been mapped within the carbonate
rock formations. The one thrust fault west of the intersection of Interstate 78 and County
Route 637 forms the border between the older Precambrian rocks and the CambrianOrdovician limestones and dolomites. This fault is the regional Pohatcong Thrust Fault,
which is truncated to the northeast of Greenwich Township and within the Township by
the more extensive Kennedys Fault.
Movement on the Kennedys Fault has not been completely defined by the USGS but in
the Greenwich Township area, the USGS indicates that this fault moved similar to the
Pohatcong Thrust Fault. In both cases, rocks to the southeast of the fault line were
thrust over rocks to the northwest. For the Kennedys Fault, it appears based on the
USGS mapping as if younger rocks were thrust over older rocks along the type of
faulting referenced as a reverse fault. The Kennedys Fault in combination with the
Pohatcong Thrust Fault bound the older Precambrian rocks beneath Pohatcong
Mountain. Based on a USGS/NJGS cross-section of the geology in the area, vertical
movement on the Pohatcong Thrust Fault may have been on the order of 200 to 300
feet, whereas, on the Kennedys Fault, the vertical movement may have been on the
order of 1100 feet (Drake et al. 1996). The geology of the area is complex because of
the faulting and therefore, these vertical movement values are estimates at best.
The presence of the Pohatcong Thrust and Kennedys faults indicates that bedrock,
especially the more brittle carbonate bedrock, is likely to be highly fractured. Since
groundwater flowing through Precambrian rocks will often become acidic and since the
rocks near a fault are highly fractured and broken, the likelihood that extensive
dissolution of the carbonate rock in this area of the Township has occurred is very high.
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Other areas of the Township with extensive faulting and significant potential for highly
fractured bedrock and the presence of large-scale solution features is in the central
portion in the valley between Pohatcong and Scotts Mountains from Stewartsville to Still
Valley, and in the northern portion of the Township near Coopersville and the fault that
separates the carbonate rocks of the valley and the Precambrian rocks beneath Scotts
Mountain. Faulting in the central valley has resulted in rocks to the southeast of the
faults being thrust over rocks to the northwest and the thrusting of the older Allentown
Formation over the younger Beekmantown and Jacksonburg rocks.
Faulting in the northern portion of Greenwich Township also occurred along regional
fault planes that extend for several miles to the southwest and northeast of the
municipal boundaries. Beneath Scotts Mountain and along its borders, there has been
extensive faulting along a series of near parallel and high angle faults that ultimately
intersect a lower angle fault at depth (Drake et al. 1996). The presence of these several
faults indicates that bedrock, especially the more brittle carbonate bedrock, is likely to
be highly fractured. And where carbonate bedrock is fractured, the potential for
extensive solution cavities is high because the already weakened rock can be more
quickly dissolved to form these features.
In addition to the faulting, some of the rocks beneath Greenwich Township have been
folded as a result of past tectonic activity (Drake et al. 1996). The Precambrian rocks
beneath Pohatcong Mountain indicate a series of folds that were later overturned by
continued compression associated with continental collision. In addition to the two folds
mapped in the Precambrian rocks beneath Pohatcong Mountain, six folds have been
mapped within carbonate rocks beneath the Township. While the presence of the folds
is not indicative of the same extent of fracturing as would be expected near the faults,
the folds are indicative of significant compressional forces and small scale fractures are
likely to be present. These small scale fractures may not transmit and store as much
water as larger fractures, but they continue to serve a vital role in sustaining
groundwater resources. In addition, these fractures are weak zones in the rock that can
be enlarged by dissolution of carbonate minerals. Furthermore, the folding could
enhance discontinuities in bedding within or between formations and these
discontinuities can become major solutions features.
In summary, the structural geology of Greenwich Township indicates that the rocks
beneath this municipality have undergone extensive faulting and folding as a result of
past tectonic activity associated with continental collisions. The compressional history of
these rocks indicates a significant potential for the rocks to be highly fractured in many
areas of the Township but especially in the eastern portion near the boundaries of
Pohatcong and Scott Mountains and in the central valley between these two mountains.
The likely extensive fracturing and the presence of the carbonate rocks, especially
where these rocks are in contact with Precambrian rocks, indicate a high potential for
solution cavities. The fracturing, faulting and likelihood of solution features indicates a
high potential for the storage and transmittal of large quantities of groundwater. The
structural and bedrock geology of Greenwich Township indicate that this Township may
be one of the best long-term resources for water supply in New Jersey.
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GROUNDWATER SYSTEMS
STORAGE AND TRANSMISSION CAPABILITY
Groundwater in bedrock aquifer systems is stored and transmitted along fractures,
joints, bedding planes, and in carbonate rocks within solution openings. Therefore, the
availability of water is dependent on the separation between fractures/openings, the
degree to which these fractures/openings are interconnected, and weathering of the
materials between fracture planes and solution features. In some rocks,
fractures/openings are separated by a few inches or less of competent, unweathered,
and impermeable bedrock. In other rocks, the distance between fractures/openings may
be several feet to several tens of feet. Near major regional faults, fractures form highly
connected networks and therefore, more water can be stored and transmitted. Distant
from faults or major solution features, where groundwater movement and storage is
dependent on a single or few fractures, groundwater resources will have much less
potential for meeting regional or local demands.
USGS studies indicate that weathering of fractured rock is greatest within 75 feet of
ground surface and is negligible at depths greater than 500 feet below ground surface.
Since weathering increases fracture size and may result in increased fracture
interconnection, much of the yield, which is a measure of the volume of water that can
be pumped from a well, may be derived from the shallow portion of the aquifer. In some
formations such as the Cambrian-Ordovician limestones and dolomites, high yielding
fractures are often intersected at depths exceeding 75 feet. In other rocks such as the
Precambrian igneous and metamorphic rocks and Cambrian Hardyston Quartzite, high
yielding fractures are less likely to be encountered at depths in excess of 150 feet.
In the Cambrian-Ordovician limestones and dolomites, wells are usually drilled to
deeper depths because of the potential to encounter additional water-bearing
fractures/solution openings and therefore, to increase the yield. In the Precambrian
igneous and metamorphic rocks and Cambrian Hardyston Quartzite, since increased
yields are unlikely, wells are usually drilled to greater depths to store water within the
borehole. The well borehole serves as a subsurface storage tank. Most 6-inch diameter
residential wells can store nearly 1.5 gallons per foot and this additional volume of
stored water may be necessary to meet the peak needs of the residence or business
relying on the well.
PRECAMBRIAN IGNEOUS AND METAMORPHIC ROCKS/HARDYSTON QUARTZITE
Location
Precambrian igneous and metamorphic rocks are encountered beneath approximately
8.5 percent of Greenwich Township in four discrete areas (see Figure 7). The Cambrian
Hardyston Quartzite is encountered in four small patches and has been mapped
beneath 1.4 percent of the Township land area. Kasabach (1966) indicates in his study
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of the groundwater resources of Hunterdon County, that the Hardyston Quartzite has
hydrogeologic characteristics that are very similar to those of the Precambrian rocks. In
general, the Hardyston Quartzite and the Precambrian rocks are dense, hard, poorly to
weakly fractured, and resistant to weathering. Given the very small area of Greenwich
Township underlain by the Hardyston Quartzite rocks and the hydrogeologic
characteristics of these rocks, inclusion of the Hardyston Quartzite with the Precambrian
igneous and metamorphic rocks when evaluating the groundwater resources of
Greenwich Township is reasonable.
The Precambrian rocks, some of which are more than 1-billion years old, have
undergone several episodes of past tectonic deformation associated with continental
collisions and separations. Although the Precambrian rocks have been deformed, they
are poorly fractured except at locations near major faults. The nature of these rocks
allows for the attenuation of tectonic forces within and between minerals.
In Greenwich Township, major faults are located on the boundaries of the areas where
the Precambrian rocks have been mapped, and given the more malleable nature of the
Precambrian rocks with respect to the adjoining and more brittle Cambrian-Ordovician
rocks, it is likely that most of the deformational energy and therefore, resulting fracturing
was absorbed by the more brittle and younger rocks. The Precambrian rocks continue
to form the ridges that are less weathered and eroded than the Cambrian-Ordovician
rocks in the valleys primarily because they are less fractured and therefore, less
susceptible to weathering effects.
Poor Ranking
Unlike Hunterdon County and several other counties in New Jersey, the groundwater
resources of Warren County were not extensively studied in the mid-1960’s except in
the very northern portions of Warren County where the Tocks Island Dam was
proposed. However, the political boundaries between Warren and Hunterdon Counties
are not geologic boundaries and since the same formations found beneath Greenwich
Township are also found beneath nearby Bethlehem Township and Lebanon Township
in Hunterdon County and these communities, like Greenwich Township, are within the
Highlands Physiographic Province, available information from these areas of Hunterdon
County can be readily used to evaluate aquifer systems beneath Greenwich Township.
The 1966 report entitled “Geology and Ground Water Resources of Hunterdon County,
N.J.” prepared by Haig F. Kasabach provides extensive data on well yields and specific
capacities with respect to geologic formations. In this study, Kasabach (1966) indicates
that the Precambrian igneous and metamorphic rocks are one of the poorest yielding
aquifers. The 1996 New Jersey Statewide Water Supply Plan (NJDEP 1996) indicates
that the Precambrian rocks are poor aquifers with low yields. In its mapping of bedrock
aquifers of New Jersey, the NJDEP ranks the Precambrian aquifer system in Greenwich
Township on a scale from A through E, as a D aquifer. The NJDEP ranking system
gives an A ranking to high yielding aquifers and an E to very low yielding aquifers. The
NJDEP ranking system does not include the letter F. An aquifer with a rating of D may
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have wells, if properly located that are capable of yields ranging from 25 to 100 gallons
per minute (gpm). Usually, these large capacity wells in Precambrian rocks are located
near fault boundaries.
Fractures
Generally, groundwater in Precambrian aquifer systems occurs under water-table
conditions in areas where fractures are open to the overlying weathered residual soils
and yields of wells completed near major faults or streams are usually greater than
wells completed distant from these features (Kasabach 1966). In areas where fractures
are distant from each other or not interconnected, each fracture will have a differing
water level. The yield of a well is primarily dependent on the number and size of
fractures directly intersected by the well bore. As indicated by Kasabach (1966), in
these rocks, if a well is completed near a stream or major fault, the yield may increase
because the fractures intersected by the well extend to the stream or fault where
additional water can be stored and transmitted.
In Precambrian rocks, groundwater is stored and transmitted along fractures, joints, and
foliation planes. These openings in the bedrock are separated by a few inches to
several feet of competent and unweathered bedrock. Since the unweathered portions
have no primary porosity and are generally considered impermeable, the water-supply
characteristics of Precambrian rocks are dependent on the degree of weathering, the
size and interconnection of openings in the rock, and the spacing between these
openings. On occasion, a well will be drilled through unweathered Precambrian bedrock
into a series of highly weathered and interconnected fractures and these fractures can
yield several tens to possibly as much as 100 gpm. Just as often, a well drilled on the
neighboring lot will encounter one or very few fractures and will yield significantly less
water. Because of the limited interconnection of fractures in Precambrian rocks, wells
are often completed to a wide-range in depths and usually, the deepest wells will have
the lowest yields.
Yields/Depths
Within the portion of Hunterdon County within the Highlands Physiographic Province,
Kasabach (1966) indicates that based on 203 wells completed in the Precambrian rocks
or Cambrian Hardyston Quartzite, yields range from 0 to 66 gallons per minute (gpm)
with a median yield of 15 gpm, which is sufficient for residential purposes. Within
Bethlehem Township and Lebanon Township, the average yields of wells completed in
Precambrian rocks are 12 and 10 gpm, respectively (Kasabach 1966). Hunterdon
County Health Department data for 576 wells located in Bethlehem Township and
Lebanon Township indicate yields for wells completed in Precambrian rocks ranging
from 0.5 to 75 gpm with a median yield of 10 gpm.
The depths of the 576 wells completed in the Precambrian rocks beneath Bethlehem
Township and Lebanon Township range from 50 to 805 feet. The median depth for
wells completed in Precambrian rocks in these two municipalities is 280 to 285 feet
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below ground surface, respectively. These data indicate that wells will often have to be
drilled several hundred feet to intersect sufficient fractures to meet the demands of
single-family homes.
In addition to the data from Kasabach (1966) and Bethlehem and Lebanon Townships,
well records were requested and obtained from NJDEP-Bureau of Water Allocation for
Greenwich Township. Records were available from the NJDEP’s Highview database for
fifteen wells completed in Precambrian rocks within Greenwich Township. These fifteen
wells had yields ranging from 2 to 20 gpm with a median yield of 15 gpm. Completed
depths range from 98 to 848 feet below ground surface with a median depth of 234 feet.
The data from these fifteen well records are summarized in Appendix A.
Specific Capacities
Data from the Kasabach (1966) report indicate that the median specific capacity for
wells completed in the Precambrian rocks beneath Bethlehem Township was 0.73 gpm
per foot of drawdown (gpm/ft) and for Lebanon Township was 0.43 gpm/ft. These
specific capacities indicate that the Precambrian igneous and metamorphic rocks have
very limited capacities to transmit groundwater.
Data for five wells in Greenwich Township for which well records and sufficient data
were available from the NJDEP Highview database indicate specific capacities ranging
from 0.01 to 0.5 gpm/ft with a median specific capacity of 0.025 gpm/ft. The data for the
eight wells from Greenwich Township are very similar to the data for wells in Bethlehem
Township and Lebanon Township and indicate that the Precambrian rock aquifers
beneath Greenwich Township have nearly identical hydrogeologic characteristics as
those beneath the Highlands Province in Bethlehem Township and Lebanon Township.
As indicated above, both Kasabach (1966) and the NJDEP in their 1996 water-supply
planning report indicated that the Precambrian rocks were poor aquifers with low yields.
The specific capacities for wells in Greenwich, Bethlehem, and Lebanon Townships are
further evidence that these poorly fractured rocks have limited ability to transmit water.
Summary
In summary, data from wells completed in Precambrian rocks in the Highlands
Physiographic Province of nearby Hunterdon County and in Greenwich Township
indicate that the Precambrian igneous and metamorphic rocks and the Hardyston
Quartzite are poor aquifers capable of yielding sufficient water to meet the demands of
single-family homes but incapable of serving as significant public-water resources. The
data indicate that the four small areas encompassing approximately 695-acres or 10
percent of Greenwich Township, that are underlain by Precambrian rocks or Hardyston
Quartzite are poor groundwater resources. Wells completed in these rocks are likely to
be limited to low yielding domestic types.
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CAMBRIAN-ORDOVICIAN CARBONATE ROCKS
LOCATION
Based on the geologic mapping conducted by the USGS and NJGS, 90 percent or
approximately 6,293-acres of Greenwich Township are underlain by CambrianOrdovician carbonate rocks of the Leithsville, Allentown, Lower and Upper
Beekmantown, and Jacksonburg Formations. Figure 7 shows that these formations,
which extend from the eastern municipal boundary near Scotts and Pohatcong
Mountains across the valleys to the western border and from the Musconetcong River in
the south to the northern boundary.
Generally, the hydrogeologic characteristics of the five Cambrian-Ordovician carbonate
rock formations are very similar. Some sections of the Jacksonburg Formation have
lower capacities to transmit and store water because they are less susceptible to
dissolution than other sections or the other four carbonate rock formations but for the
most part, these formations are all considered good aquifer systems. Kasabach (1966)
indicated that combining the carbonate rock aquifers in Hunterdon County was
appropriate because of the similar hydrogeologic characteristics. In addition, the NJDEP
in its mapping of bedrock aquifers in New Jersey combines the formations as the
Jacksonburg Limestone-Kittatinny Supergroup. In the 1996 State-Wide Water Supply
Plan, the NJDEP combined the limestone/dolomite formations into carbonate rock
aquifers and indicated that these aquifers were some of the most prolific in the State.
Fractures/Solution Openings
Similar to the Precambrian rocks, the Cambrian-Ordovician carbonate rocks have
undergone several episodes of past tectonic deformation as a result of continental plate
collisions and separations. Unlike the Precambrian rocks, the sedimentary carbonate
rocks are brittle and have responded to these tectonic episodes by fracturing along a
series of fault planes or by folding. In carbonate rocks, groundwater is stored and
transmitted through fractures, relic bedding planes and disconformities between beds,
and solution cavities. These openings in the rock can become further enlarged by
continued dissolution of the carbonate minerals within the rock.
Carbonate minerals in these rocks can dissolve in weakly acidic waters forming large
holes such as cavities, caves, and caverns in the rock that can store and transmit very
large quantities of water sometimes in excess of 1000 to 2000 gpm. The presence of
solution openings or voids is a characteristic of carbonate rocks and these types of
openings are not found in Precambrian igneous and metamorphic rocks or in
sedimentary rocks comprised primarily of non-carbonate minerals.
Easily Contaminated
For the same reason that carbonate rock aquifers are capable of very high well yields,
they are also extremely susceptible to contamination from anthropogenic sources.
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Solution features and sinkholes can rapidly transmit man-made or man-introduced
contaminants into these prolific water resources.
Because of the nature of these aquifers, additional measures are often necessary to
protect water quality and quantity. In Greenwich Township and in many municipalities
underlain by carbonate rock, ordinances have been adopted requiring the investigation
and remediation of solution cavities and past or incipient sinkholes. The remediation
often involves filling and sealing the solution openings with cement grout as part of the
site development procedures. The filling, grouting, or sealing of solution cavities can
significantly reduce groundwater recharge and greatly increase surface-water runoff.
The sealing of these solution openings will affect the water resources of Greenwich
Township and the region.
Yields
The 1966 Kasabach study indicates that carbonate rock aquifer systems beneath
Hunterdon County have domestic well yields ranging from 0.5 to 70 gpm, with a median
yield of 15 gpm. Generally industrial wells will have greater yields because additional
efforts are made to locate wells with maximum yields. Within Hunterdon County, the
Kasabach (1966) study indicates industrial well yields for the carbonate rock aquifers
ranging from 15 to 1500 gpm with a median yield of 250 gpm.
In Bethlehem Township and Lebanon Township, Kasabach (1966) indicated that yields
for domestic wells completed in carbonate rock aquifers ranged from 5 to 43 gpm with
an average of 21 gpm for Bethlehem Township and median of 15 gpm for Lebanon
Township. Data from the Hunterdon County Health Department for 70 domestic wells
completed in carbonate rock aquifers beneath Bethlehem Township and Lebanon
Township indicate yields ranging from 2.5 to 200 gpm with a median yield of 15.5 and
20 gpm, respectively.
Records for 247 wells completed in carbonate rock-aquifers beneath Greenwich
Township were obtained from the NJDEP Highview database. These records indicate
yields ranging from 3.5 to 100 gpm with a median yield of 20 gpm. The data from
Greenwich, Bethlehem, and Lebanon Townships indicate that wells completed in
carbonate rock-aquifers are likely to have twice the yield of wells completed in
Precambrian rocks. The data obtained from the 247 well records are summarized in
Appendix A.
Depths
Data from the 247 wells completed in the carbonate rock-aquifers beneath Greenwich
Township indicate depths ranging from 72 to 682 feet with a median depth of 185 feet.
The data from the Hunterdon County Health Department indicate depths for wells
completed in the carbonate rock aquifers ranging from 80 to 998 feet below ground
surface with median depths of 150 feet below ground surface for Bethlehem Township
and 206.5 feet below ground surface for Lebanon Township. These data indicate a well
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completed in a carbonate rock-aquifer will likely be 80 to 130 feet shallower and have
1.5 to 2 times the yield of a well completed in Precambrian rocks.
Specific Capacities
Specific capacities for wells completed in the carbonate rock-aquifers beneath
Greenwich Township range from 0.04 to 12 gpm/ft with a median specific capacity of
0.41 gpm/ft. The data compiled by Kasabach (1966) indicates that carbonate rock
aquifers beneath Hunterdon County have a median specific capacity of 1.83 gpm/ft,
which indicates that the aquifer systems have good capacity for transmitting
groundwater. Data for Bethlehem Township and Lebanon Township indicate median
specific capacities for the carbonate rock aquifers beneath these municipalities of 2.5
and 1 gpm/ft. These specific capacities are more than twice the specific capacities for
the Precambrian rocks beneath these same municipalities.
Public Community Wells
In addition to the domestic wells completed in the carbonate rock aquifers of Greenwich,
Bethlehem and Lebanon Townships, nine public community wells have been completed
in the carbonate rock aquifers in nearby Lopatcong, Pohatcong, and Holland
Townships, and Alpha and Bloomsbury Boroughs. Based on information available from
the NJDEP, these nine wells have yields ranging from 100 to 1400 gpm with a median
yield of nearly 300 gpm. The NJDEP data do not indicate if these yields are limited by
the aquifer or the demands placed by consumers. It is possible that one or more of
these wells has significantly greater yield than reported. These wells have depths
ranging from 48 to 365 feet below ground surface with a median depth of 243 feet below
ground surface.
The public-community well with the highest yield is located less than 1.5 miles west of
Greenwich Township’s western boundary and was completed in a fault zone through
Precambrian rocks that were thrust over the younger carbonate rocks. These same
conditions are present in eastern Greenwich Township and possibly in the southwestern
corner of the municipality.
A well with a long-term sustained yield of 1000 gpm could produce more than 1.4 million
gallons of water per day and based on a usage rate of 100 gallons per day per person,
could provide sufficient water for more than 14,000 people. A series of properly located
wells in a well field or combination of well fields located within Greenwich Township
could feasibly sustain the demands of a small to moderately sized city located
elsewhere in New Jersey.
Summary
Carbonate rock aquifers are some of the most prolific groundwater resources in New
Jersey with well yields up to 2000 gpm. Local well data indicate that yields of 1400 gpm
are possible. Greenwich Township has several areas within its municipal boundaries
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where the carbonate rocks have been significantly fractured as a result of past tectonic
deformations. The enlargement of fractures and other openings in the rock by weak
acids over the intervening hundreds of millions of years further increases the watersupply potential of these groundwater resources.
Construction of new developments will involve the installation of septic systems and the
likely need for sinkhole remediation. The same geologic features that make carbonate
rocks prolific aquifers, also make these rocks highly susceptible to contamination and
adverse impacts from man-made activities. Construction of new developments is likely
to result in increased contamination of these groundwater resources as well as
reduction in their long-term viability because of reduced recharge from increased
impervious surfaces and solution opening grouting activities.
Reservoir Capacity
The carbonate rocks beneath Greenwich Township encompass an area of
approximately 6,293-acres. The NJDEP has assumed in its evaluation of public-noncommunity wells in Greenwich Township, that these aquifers have a porosity of 2
percent. Freeze and Cherry (1979) indicate that the porosity of carbonate rocks may
range to as much as 20 percent.
Based on the extent of the carbonate rock-aquifers within the Township and the porosity
of 2 percent, and assuming that the aquifer has a minimum thickness of 300 feet
indicates that these aquifer systems have a storage capacity of 1.64 billion cubic feet or
as much as 12.3 billion gallons. The New Jersey Water Supply Authority (NJWSA)
indicates that Spruce Run Reservoir has a storage capacity of 11 billion gallons. It is
very likely that the groundwater resources of Greenwich Township are equivalent if not
greater than the surface-water storage capacity of New Jersey’s third largest reservoir.
If the porosity of the carbonate rock-aquifers beneath Greenwich Township is closer to
20 percent than 2 percent, the total potential volume of water in storage beneath the
Township would be nearer 123 billion gallons. Round Valley Reservoir, which is the
largest reservoir in New Jersey, has a reported capacity of 55 billion gallons.
HYDROGEOLOGIC ZONES
Given the distinct differences between the characteristics of the Precambrian/Hardyston
Quartzite aquifer systems and the carbonate rock aquifer systems, Greenwich
Township could be separated into two hydrogeologic zones. Figure 8 shows these two
zones. The first zone encompasses approximately 695 acres or slightly less than 10
percent of the Township land area and is underlain by the Precambrian igneous and
metamorphic rocks or the Hardyston Quartzite. The remaining 6,293-acres or 90
percent of the Township land area is underlain by carbonate rocks.
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Within the area underlain by
Precambrian rocks and the
Hardyston Quartzite, individual
wells are capable of meeting the
demands of individual singlefamily
homes
or
small
businesses. It is unlikely that
wells within the centers of these
areas of the Township could be
used for larger purposes such
as public community supply.
Near the fault boundaries on the
north side of these zones, it is
likely that a well could be drilled
through the Precambrian rocks
and the fault zone into the
underlying carbonate rocks. It is
likely that this well, which would
be reliant on the transmission
and storage capacities of the
fault zone and carbonate rock,
could
provide
the
large
quantities of water needed for
meeting
public
community
supplies.
Within the carbonate rock zone,
it is very likely that productive
groundwater resources are available, especially where the rock has been highly
fractured as a result of past tectonic activity. Data from wells within the region indicate
that the carbonate rock aquifer systems near these faults have the capacity to yield up
to 1400 gpm. As indicated above, it is also highly probable, that these groundwater
resources beneath Greenwich Township have the same storage capacity if not greater,
than Spruce Run Reservoir and therefore, these resources if properly protected could
sustain the water-demands of more populated regions.
AQUIFER RECHARGE
Hydrologic Cycle
WATER BALANCE
The hydrologic cycle is a balance of the earth’s water. Precipitation falls to the earth’s
surface where it ultimately flows through streams to the ocean and evaporates to the
atmosphere, or is transpired through living organisms and ultimately returned to the
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atmosphere. Locally this balance is comprised of the following three general
components:
1. Evapotranspiration is the component where water is returned to the
atmosphere by plants and/or evaporated from puddles or other small surfacewater features.
2. Surface-water runoff is the component where precipitation runs off the
ground surface or immediately below the ground surface and quickly flows to
streams during and/or shortly after precipitation.
3. Groundwater runoff is the percentage of precipitation that enters a
subsurface perennial or seasonal saturated zone through which, it slowly
migrates to a stream. This component is most obvious during dry periods
where it maintains the baseflow in streams.
Each of these general components: evapotranspiration, surface-water runoff, and
groundwater runoff, can be further subdivided. Groundwater runoff includes the portion
of precipitation that sufficiently infiltrates soils and bedrock to enter an aquifer system
where it can be used as a water-supply resource for residents of Greenwich Township
and others in central New Jersey. However, the groundwater runoff parameter also
includes water in shallow wet and sometimes saturated zones such as wetlands,
floodplains, and stream banks that slowly migrates to a stream but does not enter an
aquifer where it could be used as a groundwater-supply resource. Where a water
balance can be used to assess percentages of annual precipitation that evaporate or
transpire, runoff the ground surface, or runoff through the subsurface, more detailed
analyses are necessary to ascertain the portion of precipitation that actually infiltrates to
an aquifer to become groundwater.
Similar to the capacities to transmit and yield water, the recharge capability of a bedrock
aquifer is dependent on the frequency and intensity of fractures, the size of the fracture
openings, the interconnection of these openings to each other and to ground surface or
other saturated media, and the depth of weathering. Bedrock units with the greatest
frequency/intensity of fractures or openings interconnected to other fractures or
openings and the ground surface and/or saturated media will have low surface-water
runoff rates and high aquifer recharge rates. Weakly fractured bedrock will have high
surface-water runoff rates and low aquifer recharge rates.
For example, carbonate rocks because of the frequency and interconnection of solution
cavities will have very high groundwater recharge rates whereas, igneous and
metamorphic rocks because of their poorly fractured nature will have very low
groundwater recharge rates. Nicholson et al. (1996) in a study of the aquifer systems in
Long Valley in Morris County, determined that direct recharge of incident precipitation to
the carbonate rock aquifer system was as much as 22 inches per year or 44 percent of
annual precipitation. The study indicate that recharge to the carbonate rock-aquifers
after accounting for infiltration of precipitation, streamflow from upland areas, and direct
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runoff from unchanneled upland areas was nearer 31 inches per year or 62 percent of
annual precipitation. Whereas, with the Precambrian igneous and metamorphic rocks
beneath the ridges (a.k.a. uplands) on either side of the valley, Nicholson et al. (1996)
determined that very little incident precipitation was capable of infiltrating because of the
shallow nature of the fracture systems in these rocks. These researchers concluded the
following:
“… (T)he upland bedrock flow system is not considered to be a pathway for
significant recharge to the aquifer system. In the uplands, much of the incident
precipitation percolates downward to a shallow fracture system, flows through the
fractures, and discharges locally either to streams that dissect the uplands and
hillslopes or as springs on the slopes.”
Based on the computer simulations of Long Valley, Nicholson et al. (1996) defined the
natural boundary for the aquifer systems at the contact between the highly recharged
carbonate rocks and the very poorly recharged Precambrian rocks. These researchers
identified this contact between the rock-types as a no flow boundary and then
proceeded to prepare a water balance to develop approximations of evapotranspiration,
surface-water runoff, and groundwater runoff.
PRECIPITATION
A water balance can be used to evaluate inflow and outflow parameters associated with
a hydrologic system. The inflow parameter to the equation, precipitation, can be directly
determined from historical information. The outflow parameters, evapotranspiration,
surface-water runoff, and groundwater runoff are determined by indirect methods. The
water balance can be used to evaluate the assumptions made in estimating these
indirect parameters and provides a general range of possible values for these
parameters. Since the equation is a balance, the inflows must equal the outflows and
therefore, the assumptions can be tested, as the parameter values are refined.
Bedrock aquifers are replenished by incident precipitation that infiltrates through soils
into fractures and other openings in the rock. Rough estimates have been developed
that 10 to 25 percent of incident precipitation infiltrates through soils and recharges
groundwater in fractured bedrock aquifers (Kasabach 1966). The research in Long
Valley shows that in some rock types, recharge will far exceed the 25 percent limit,
whereas, in other rocks it is well below the 10 percent limit suggested by Kasabach.
Based on historical precipitation measurements collected by the National Climatic Data
Center at the Flemington 5NNW and Belvidere Bridge stations for the past 119 and 112
years, respectively, Greenwich Township receives approximately 47.4 inches of
precipitation per year during a year of normal precipitation. Precipitation is evenly
divided throughout the year with February, March, August, October, November, and
December receiving slightly less rainfall than average for Greenwich Township and
January, April, May, June, July, and September receiving slightly more than average
monthly precipitation.
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Using the water balance of the hydrologic cycle, precipitation equals the sum of
groundwater runoff, evapotranspiration, and surface runoff. If an area has one or more
large water bodies with respect to total surface area, direct precipitation to this body and
the resulting evaporation from this body, would also be included in the water balance. In
Greenwich Township, lakes and ponds encompass approximately 11.3 acres or less
than 0.2 percent of the Township land area and therefore, precipitation to and
evaporation from these surface-water bodies are not considered with respect to the
Township’s overall water resources.
The water balance is often described by the following equation:
P = GW + SW + ET

(Equation 1)

Where:
P = Precipitation
GW = Groundwater Runoff
SW = Surface-Water Runoff
ET = Evapotranspiration
SURFACE-WATER RUNOFF
Surface-water runoff is dependent on the infiltration capacity and rate of soils, types and
density of vegetation, surface area of impervious materials, gradient or steepness of
slopes, and the intensity and duration of rainfall. Surface-water runoff is comprised of
two components. One of these components is overland flow, which occurs when the
infiltration capacity of the soils is exceeded and the water flows over the land surface to
a stream channel. In poorly drained soils, along steep slopes, and/or in highly
developed areas with impervious surfaces, overland flow can account for much if not all,
of precipitation to the area.
The second of these components of surface-water runoff is referred to as interflow or
throughflow and includes water that infiltrates soils to a shallow depth and then follows
along an impermeable or very low permeability surface such as a clay layer, fragipan, or
bedrock surface, to a discharge point. Interflow/throughflow is not groundwater recharge
because this water does not infiltrate to a perennial saturated zone or water table and is
quickly discharged to a stream. Since bedrock aquifers supply drinking water to
Greenwich Township residents and could serve populations in the broader region, if
precipitation does not infiltrate to the aquifer, it is not a local water-supply resource.
In the four areas of Greenwich Township underlain by dense, hard, poorly fractured
Precambrian bedrock, surface water will start flowing at high elevations on these steep
slopes. In these areas, the slopes provide sufficient gradient to induce surface-water
runoff, and the poorly fractured nature and resulting low permeability limits the
infiltration capacity of the bedrock. As a result, groundwater in the underlying bedrock
aquifer systems is not significantly recharged and the water quickly runs off the land
surface or throughflows immediately below the ground surface often along the top of
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bedrock to the nearest stream system. In these areas of the Township, the surfacewater parameter in the water balance is likely much greater than the groundwater
recharge parameter.
Beneath 90 percent of Greenwich Township, there are very few surface-water bodies
other than the Pohatcong Creek, Lopatcong Creek, and Musconetcong Creek. Given its
location within the Highlands Physiographic Province, there are very few first order
streams within the Township and even fewer ponds and lakes. Furthermore, the stream
pattern within the municipal borders is rectangular with the streams closely following
geologic structure. For the most part, streams are either parallel to the regional faults or
orthogonal to these faults. In most situations involving faulting, fractures will form in two
directions. The primary set of fractures will parallel the fault plane and the secondary set
will be orthogonal or perpendicular to the fault plane. The streams in Greenwich
Township are closely following these fracture patterns. The lack of surface-water bodies
within the Township and the fracture control of the streams indicate that the surfacewater systems are likely losing water to the underlying groundwater systems. It is likely
that the surface-water component of the water balance for most of the Township is
small and much less than the groundwater recharge component.
The study completed by the USGS in Long Valley (Nicholson 1996) included ridges
underlain by Precambrian igneous and metamorphic rocks and valleys underlain by
Cambrian-Ordovician carbonate rocks similar to Greenwich Township. Nicholson et al.
(1996) indicated that groundwater recharge to the Precambrian rocks was “negligible”
and therefore, most incident precipitation ran off to local streams or flowed through the
shallow subsurface where it discharged from springs. Nicholson et al. (1996) indicated
that as much as 15.2 inches or 30.4 percent of annual precipitation drained from the
Precambrian rocks in the upland areas as throughflow to streams. In this study, they
found the opposite condition in the valleys underlain by carbonate rock. Most of the
direct precipitation to the valleys quickly infiltrated into the underlying aquifer systems
and very little water flowed along the ground surface. Nicholson et al. (1996) also found
that more than 8 inches or 16 percent of annual precipitation to the Precambrian rocks
along the ridgelines ultimately infiltrated into the carbonate rock-aquifers in the valleys.
The Nicholson (1996) study indicated that surface-water runoff equaled approximately 3
inches or 6 percent of annual precipitation in the carbonate valleys. Applying this same
percentage to Greenwich Township would suggest that surface-water runoff beneath 90
percent of the municipality should be approximately 2.8 inches per year. Nicholson et al.
(1996) indicate that in the upland areas underlain by Precambrian rocks, surface-water
runoff is likely to be 18.2 inches per year or 3 inches per year of direct runoff and 15.2
inches per year of throughflow. The Nicholson (1996) study indicates that beneath
Precambrian rocks, 36.4 percent of annual precipitation will discharge as surface-water
runoff and applying this same percentage to Greenwich Township’s climatic data
indicates that beneath the areas underlain by Precambrian rocks, annual surface-water
runoff would equal 17.3 inches per year. Studies conducted by the USGS in other areas
of New Jersey underlain by igneous and metamorphic rocks indicate that the surfacewater component of the water balance is likely equal to 36 percent of annual
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precipitation or for Greenwich Township, approximately 17.1 inches per year (LewisBrown 1995).
In summary, within the 90 percent of Greenwich Township underlain by carbonate
rocks, the surface-water runoff parameter in the water balance is likely equal to 2.8
inches per year. Within the nearly 10 percent of the Township underlain by Precambrian
rocks or Hardyston Quartzite, the surface-water runoff component is likely nearer 17.3
inches per year.
EVAPOTRANSPIRATION
As part of the hydrologic cycle, water is returned to the atmosphere by evaporation from
open water bodies and surface soils, and transpiration from vegetation. These two
variables of the water balance are referred to as evapotranspiration.
Evapotranspiration is greatest during the summer months because of higher
temperatures and active growth of plants and trees. During the winter months,
evapotranspiration in northern New Jersey is usually negligible. Evapotranspiration is
the largest component of the water balance and may account for the return to the
atmosphere of approximately 50 to 60 percent of annual precipitation in New Jersey.
In the USGS (Nicholson et al. 1996) study of Long Valley, a potential evapotranspiration
rate of 25 inches per year or 50 percent of annual precipitation was determined. The
USGS used the Thornthwaite Method, which was developed for calculating potential
evapotranspiration in New Jersey and other Mid-Atlantic States to determine a rate of
evapotranspiration for the Long Valley study. Studies have shown that the Thornthwaite
Method provides reasonable estimates of monthly and annual potential
evapotranspiration for New Jersey. Actual evapotranspiration is likely to be lower than
potential evapotranspiration because water is not always available within the root zone
for plant transpiration.
Mean temperature data for the Belvidere Bridge and Flemington 5NNW climatic data
station have been compiled for 112 and 108 years, respectively by the National Climatic
Data Center. These temperature data were used to calculate the expected mean
temperature in Greenwich Township. Table 3 summarizes the expected monthly
precipitation and mean temperature for Greenwich Township based on the data from
the National Climatic Data Center. These data were in turn used with the Thornthwaite
Method to calculate a potential evapotranspiration rate for Greenwich Township. The
expected evapotranspiration is also summarized in Table 3.
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Table 3: Normal Rainfall and Mean Temperature For Greenwich Township As Determined from
Measurements Recorded by National Climatic Data Center.

Precipitation
(inches)

Mean Temperature
(Farenheit)

Potential Evapotranspiration
(inches)

January

4.05

27.2

0.00

February

2.87

29.6

0.00

March

3.83

38.5

0.47

April

4.01

48.6

1.60

May

4.58

59.1

3.27

June

4.28

67.6

4.61

July

4.61

72.8

5.55

August

3.82

71.2

4.91

September

4.32

63.6

3.32

October

3.70

52.1

1.76

November

3.77

42.1

0.65

December

3.62

32.4

0.01

Annual Total:

47.42

50.4

26.16

Month

Based on the precipitation and temperature expectations for Greenwich Township,
approximately 26.2 inches or 55 percent of annual precipitation could be returned to the
atmosphere through evapotranspiration processes. Actual evapotranspiration is likely to
be lower than potential evapotranspiration as calculated with the Thornthwaite method.
Sellinger (1996) developed a computer program for calculating potential and actual
evapotranspiration using the Thornthwaite and Mather (1955) method. Based on the
Sellinger (1996) program, actual evapotranspiration in Greenwich Township would likely
be nearer 23.9 inches per year. Based on the water balance equation, the remaining
23.5 inches of precipitation will be either groundwater runoff or surface water runoff.
Based on the surface-water runoff rates, it is likely that in the areas underlain by
Precambrian rocks, groundwater runoff will be approximately 6.2 inches per year and in
the areas underlain by carbonate rocks, will be approximately 20.7 inches per year.
GROUNDWATER RUNOFF
In many environments, groundwater runoff will exceed groundwater recharge. In some
environments such as those underlain by carbonate bedrock, it is possible that
groundwater recharge will exceed groundwater runoff as a result of the infiltration of
water discharging from upland areas.
Groundwater recharge is the component of groundwater runoff that actually infiltrates
sufficiently to enter perennially saturated zones or bedrock aquifers where it can be
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economically extracted for water supply. Groundwater runoff includes water that enters
shallow and local subsurface environments such as flood plain soils, stream banks and
seasonal perched zones, but does not infiltrate to an aquifer where it could be used for
water supply.
In the areas of Greenwich Township underlain by Precambrian rocks, it is likely that
groundwater runoff will exceed groundwater recharge rates. As indicated above,
Nicholson et al. (1996) determined that throughflow from Precambrian rocks in Long
Valley was 15.2 inches per year. To separate groundwater runoff from groundwater
recharge, it is necessary to evaluate hydrographs of streamflows during periods of dry
weather. During dry weather after surface-water runoff has been eliminated, most if not
all the flow in a stream is derived from discharges from subsurface environments.
During the initial stages of the dry weather, water will discharge from stream banks,
floodplain soils, perched zones and wetlands areas where the water has been
temporarily stored. Water will also discharge from ponds and other surface-water
storage systems during these periods and these discharges can make it very difficult to
separate groundwater discharges to the stream from these surface-water discharges.
Wastewater discharges will also complicate the separation of flows.
During prolonged dry weather such as drought, the discharges from shallow subsurface
systems and surface-water reservoirs have been diminished if not entirely eliminated
and the only water naturally flowing in the stream is groundwater discharging from the
underlying aquifer system. The flow in the stream during prolonged dry weather can be
used to evaluate the amount of water that entered the aquifer in preceding years as
groundwater recharge.
Within the portions of Greenwich Township underlain by Precambrian rocks, the
difference between groundwater runoff and groundwater recharge can be significant
because little water enters into the poorly fractured bedrock. As indicated by Nicholson
et al. (1996), groundwater recharge to the Precambrian rocks in the uplands was
negligible.
Within the 90 percent of the Township underlain by carbonate rocks, the groundwater
runoff component is very likely to be equal to if not exceeded by the groundwater
recharge component. As indicated above, within Greenwich Township approximately 2
percent of the Township is covered with wetlands and less than 0.2 percent is covered
with water. In addition, flood plain soils such as the Wayland and Middlebury loam only
encompass 99-acres or approximately 1.5 percent of the Township. Very little of the
area of Greenwich Township underlain by carbonate rock has conditions that would
support shallow groundwater systems and most of the incident precipitation is very likely
to infiltrate to underlying aquifer systems.
Nicholson et al. (1996) determined that total recharge to the carbonate rock-aquifers in
Long Valley was greater than groundwater runoff because of water draining from
Precambrian rocks infiltrated to the carbonate rock-aquifers within the valley. Given the
presence of the faults along the boundaries between the Precambrian and the
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carbonate rocks in Greenwich Township, it is very likely that similar conditions are
present and therefore, total recharge to the carbonate rock-aquifers very likely exceeds
groundwater runoff rates calculated from direct precipitation.
Based on the water balance, groundwater runoff in the areas underlain by Precambrian
rocks or the Hardyston Quartzite is likely to equal 6.2 inches per year and groundwater
recharge to the water-supply aquifers beneath these areas is likely to be much less. The
water balance indicates that the groundwater runoff component in the 90 percent of the
Township underlain by carbonate rock is likely 20.7 inches per year. Given the nature of
the carbonate rock beneath Greenwich Township, groundwater recharge to the
carbonate rock-aquifers is likely to be equal to or greater than 20.7 inches per year.
SUMMARY
The water balance equation: P = GW + SW + ET can be used to determine reasonable
approximations of groundwater runoff, surface water runoff, and evapotranspiration for
Greenwich Township. In the above equation the parameters are as follows:
P or precipitation equals 47.4 inches per year;
GW or groundwater runoff equals 6.2 and 20.7 inches per year for the
Igneous and Metamorphic Zone and the Carbonate Rock Zone, respectively;
SW or surface-water runoff equals 17.3 and 2.8 inches per year for the
Igneous and Metamorphic Zone and the Carbonate Rock Zone, respectively;
And, ET or evapotranspiration averages approximately 23.9 inches per year
for the Township.
For the nearly 10 percent of the Township underlain by Precambrian rocks or Hardyston
Quartzite, groundwater recharge is likely less than 6.2 inches per year of groundwater
runoff. Whereas for the 90 percent of the Township underlain by carbonate rock,
groundwater recharge is likely to exceed the groundwater runoff rate of 20.7 inches per
year. Nicholson et al. (1996) determined that total recharge to the carbonate rockaquifers beneath Long Valley was approximately 30.9 inches per year after including
leakage from streams and infiltration of runoff from the uplands underlain by
Precambrian rocks.
Groundwater recharge is the rate at which water enters an aquifer system on an annual
basis or in other terms, is the rate at which the aquifer system is naturally replenished.
The rate of natural replenishment is often used to determine the rate at which,
groundwater can be safely withdrawn from an aquifer system without causing adverse
impacts. If withdrawals exceed long-term replenishment, water will be removed from
storage and the aquifer very likely will be adversely impacted. These impacts could
include degradation of water quality, reductions in available yield, well failure, and
especially in karst environments, subsidence of the land surface. In New Jersey, a
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percentage of the groundwater recharge rate is often used for determining the volume
of water that can be safely withdrawn over long periods of time.
Groundwater Recharge
GROUNDWATER
The following is a quote from the textbook Groundwater (Freeze & Cherry 1979):
“The term groundwater is usually reserved for the subsurface water that occurs
beneath the water table in soils and geologic formations that are fully saturated”.
Water must enter a fully and perennially saturated zone also known as an aquifer
system to be available as a water resource exploitable with wells. In New Jersey, steel
casing must be installed to prevent shallow water from entering a well, and therefore,
water must be capable of infiltrating to a depth of at least 50 feet below ground surface
to be captured by a residential well.
Although water in stream banks, flood plains, snowpack, wetlands or seasonally wet
perched zones in soils or bedrock may be considered part of groundwater runoff in
maintaining baseflow in streams, water that does not enter a fully and perennially
saturated aquifer is not considered groundwater recharge. Water pooled on a fragipan
layer or bedrock surface would not be considered groundwater unless this zone extends
to a depth of at least 50 feet below ground surface or is interconnected to fractures that
extend to depths of at least 50 feet. Water that infiltrates through soils but not to a fully
saturated zone is not groundwater because it would not be available to wells within the
Township. Water that does not migrate to an aquifer system is not available to wells and
therefore, should not be included in groundwater recharge estimates with respect to
Greenwich Township because if the water does not enter a saturated aquifer system, it
cannot be used for water-supply by residents.
BASEFLOW
Several methods have been developed for evaluating groundwater recharge to aquifer
systems in environments where streams are gaining water from groundwater
discharges and not losing large volumes to underlying aquifer systems. Most of these
methods for evaluating groundwater recharge are not applicable in areas underlain by
carbonate bedrock because of the potential that large quantities of water are flowing in
the subsurface beneath the streams and not in the surface channel. In carbonate rock
areas, streams are often loosing water to the underlying aquifers.
In the Long Valley study, Nicholson et al. (1996) determined that several portions of the
South Branch of the Raritan River and its tributaries were loosing water to the carbonate
rock-aquifer beneath the valley. Given the lack of wetlands, surface-water bodies, and
the fracture-controlled drainage patterns in Greenwich Township, it is likely that many of
the streams are loosing water to the carbonate-rock aquifer systems. Currently there
are no data available to quantify the loss to the aquifer system but other information
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indicates that disappearing streams are present and therefore, conditions are present
for water loss from surface-water systems to underlying aquifers. For example, in the
southern portion of the Township near Interstate 78 and Pohatcong Mountain, the
USGS depicts a stream. A review of aerial photographs indicates that this stream
disappears beneath a farm field east of the highway.
For areas underlain by non-carbonate bedrock, the rate of water infiltrating to an aquifer
cannot be directly measured. However, the rate water is discharging from an aquifer to
a stream can be evaluated by measuring baseflow within the stream during dry weather.
Since the hydrologic system is a balance equation, the rate of water exiting an aquifer
system is assumed equal to the rate entering the groundwater system.
Water flowing in streams during periods of dry weather is referred to as baseflow and in
the past, was often assumed equal to groundwater discharge. However, a better
understanding of hydrologic systems including wetlands, streams, aquifers, seasonal
wet zones, flood plains, and stream banks and the role these systems have in providing
water to streams during periods of dry weather has shown that not all water flowing
during dry weather is derived from aquifer/groundwater discharge. The water flowing
during most dry weather periods is very likely to include water from shallow sources
such as but not limited to flood-plain soils, stream bank-storage, wetlands, isolated
ponds, and perched zones. Discharges from these shallow sources should not be
assumed entirely associated with flow from an aquifer serving as a water resource. It
may take extensive periods of dry weather or droughts to sufficiently dry up or dewater
these shallow sources in order to determine the contribution to baseflow from an
underlying aquifer system.
HYDROGRAPH SEPARATION
Several graphical methods have been developed for evaluating streamflow data and are
often referred to as “hydrograph separation”. These methods are used for separating
flow associated with surface-water runoff from flow associated with discharges from
other sources, which is then assumed equal to baseflow. The baseflow rates are used
to estimate groundwater recharge rates for areas underlain by non-carbonate rock
aquifers. Because streamflow rates increase, peak, and then decline as a result of
overland runoff from precipitation events, the hydrograph separation methods assume a
time delay after a storm event to impose similar increased, peaked, and declining
baseflow rate changes resulting from that same precipitation event. The overland flow
component may be referenced as quickflow because it arrives rapidly in the stream
channel and causes readily identifiable increases in streamflow rates whereas, the
increased baseflow may take several hours or days to migrate through the subsurface
or to be released by wetlands or other sources to the stream channel. The increased
baseflow rates are not readily identifiable in the streamflow data because they are often
obscured by declining quickflow components.
Hydrograph separation methods are highly dependent on how the observer/hydrologist
differentiates streamflow into baseflow and if the baseflow component includes

38

discharges from sources other than the underlying aquifer system. The USGS notes in
the document entitled “HYSEP: A Computer Program For Streamflow Hydrograph
Separation And Analysis” (Sloto et al. 1996) that even when the same hydrographseparation method is followed by two different scientists, each scientist is likely to
produce a different baseflow estimate. Different baseflow estimates will often result
when the same observer uses two different methods. Hydrograph separation methods
are highly dependent on observer and method bias.
In addition to observer and/or method bias, in the article entitled “Problems Associated
with Estimating Ground Water Discharge and Recharge from Stream-Discharge
Records”, the authors found that hydrograph-separation techniques are “poor tools” for
estimating groundwater discharge or recharge (Halford 2000). These authors found that
the groundwater component in streamflow records could not be clearly defined because
of complications associated with discharges from bank-storage, floodplain soils,
wetlands, surface-water bodies, and seasonal sources such as snowpack and perched
zones in soils and bedrock. These authors concluded that because of the difficulty
separating groundwater discharges from shallow non-aquifer sources that significant
overestimates of groundwater recharge resulted.
Discharges from sources other than an aquifer system should not be included in a
groundwater recharge analysis because this water did not infiltrate to the underlying
aquifer system. Inclusion of discharges from these shallow sources would result in
significant overestimates of groundwater recharge. Simply, if the water did not infiltrate
to the perennially saturated zone, it did not enter the groundwater/aquifer system used
to supply water to wells and therefore, should not be included in estimates of
groundwater/aquifer recharge.
POSTEN (1984) METHOD
Although hydrograph separation methods are highly dependent on observer and
method bias, they are an available tool for estimating baseflow and groundwater
recharge. When these tools are used, it should be understood that the results are likely
to be an overestimate of groundwater recharge because of the difficulties separating
aquifer/groundwater discharge from discharges associated with shallow sources such
as wetlands, ponds, bank-storage, floodplain materials, and seasonal perched zones.
One method has been developed in New Jersey (Posten 1984) that determines
“delayed flow” from hydrograph separation and then ranks these “delayed flow” rates to
determine exceedence probability values. The exceedence probability values and the
delayed flow rates are depicted on arithmetic probability graphs to estimate
groundwater recharge and aquifer yields that could be safely removed without causing
adverse impacts. The author took the extra step of plotting the annual delayed flow
rates and exceedence probability values to define a line along which, baseflow rates
under dry weather conditions could be determined.
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Streamflow data are separated into “quick flow” or water draining an area shortly after a
precipitation event from “delayed flow” or water draining the area after a period of delay
caused by migration in the subsurface. Although the rate of delayed flow is significantly
dependent on the rate of quick flow in this method, the author assumed that delayed
flow is equal to baseflow.
Posten (1984) developed this method to reduce the number of “personal judgments”
and therefore, reduce potential overestimates of groundwater recharge. A study of
groundwater recharge rates in New Jersey conducted by Canace et al. (1992) indicates
that the Posten (1984) Method does result in lower recharge rates than another
hydrograph separation method. However, the Posten (1984) Method continues to result
in overestimates albeit, smaller ones, of groundwater recharge because the
fundamental method of separating streamflow records into delayed flow rates must
include discharges from shallow sources in the delayed flow estimates. As a result, the
Posten (1984) Method will result in overestimates of groundwater recharge rates to
aquifer systems; however, these overestimates are likely to be smaller than estimates
made with other hydrograph separation approaches.
7Q10/MA7CD10
Baseflow can be determined from streamflow records during periods of prolonged dry
weather when shallow water sources such as floodplain soils, wetlands, stream banks
and perched zones have dried and are either minimally, or no longer contributing to
streamflow. During these periods, streamflows will approach an asymptote, as
groundwater discharging from the underlying aquifer systems becomes the primary or
only source of water in the stream channel. The asymptote is the equilibrium rate of
groundwater recharge that was achieved in prior years.
One method that can be applied to determine the baseflow asymptote is to graphically
depict streamflow data and determine the mean lowest flow rate for 7 consecutive days
during a 10 year period. The method used to determine the seven consecutive days of
lowest flow that may be expected to occur once during a ten-year interval is referred to
in New Jersey as the MA7CD10 and by the USGS and others as 7Q10 or M7_10. In the
1996 document entitled “Vital Resource, New Jersey Statewide Water Supply Plan”, the
NJDEP states the following:
“From a regulatory perspective, low stream flow, or base flow (the groundwater
contribution to a stream), serves as the primary criterion for managing New
Jersey’s water resources. The most common stream discharge employed for this
purpose is the MA7CD10, or the seven consecutive days of lowest flow that may
be expected to occur once during a ten-year interval.”
The USGS indicates that there is a ten-percent chance the 7Q10 streamflow will occur
in any one year. With respect to floods, planning is based on a 1 percent chance in any
one year or a recurrence interval of 1 in 100 years. In planning for water supply, using a
recurrence interval of 1 in 10 years is reasonable but not conservative. Based on data
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compiled by the National Climatic Data Center, New Jersey experienced four droughts
of several years in length in the past 100 years and experienced at least one short-term
drought every decade since 1900.
Using the 7Q10 to identify the groundwater discharge asymptote and therefore, assess
water-supply resources may be considered conservative by some because the lowest
flow occurs during periods of extensive dry weather. However, it is very likely that this
method will provide the most reliable approach for ensuring adequate and safe water
supplies because it is the least biased measure of groundwater discharge. During
extensive periods of dry weather, water contributions from shallow resources such as
bank-storage, wetlands, and floodplains have been significantly reduced or eliminated
and therefore, it can be reasonably assumed that all or nearly all flow in the stream
under these conditions is derived from the underlying aquifer systems and baseflow can
be primarily attributed to groundwater discharge.
NJGS MODIFIED METHOD
AQUIFER VERSUS “GROUNDWATER” RECHARGE
The NJGS developed a method for estimating “groundwater” recharge based on soil
types, land use, and municipal climate factors (Charles 1993). The NJGS method,
which has been proposed for use statewide as a “planning tool” to identify areas of
potential groundwater recharge, modifies the water balance equation by using factors
for recharge, climate, and drainage basin that are based on general soil types,
municipal location, and land use/land cover. The NJGS modified method does not
consider differences in slope gradients, depth to bedrock, presence of impervious
surfaces, topography, and/or type of bedrock underlying soils. As a result, the method
does not measure rates of recharge to aquifer systems such as those systems beneath
Greenwich Township.
The NJGS states that this method is for determining “groundwater” recharge as
opposed to “aquifer” recharge. The NJGS makes the distinction by indicating that
“groundwater” recharge is the volume of water that migrates through soils whereas,
“aquifer” recharge is the volume of water that enters a geologic formation that is capable
of economically yielding water to wells or springs. This distinction is significant because
water may migrate through unsaturated soils but not infiltrate to a water-table aquifer or
saturated zone. If the water does not infiltrate to the saturated zone, it should be
considered throughflow or interflow or some component of groundwater runoff other
than groundwater recharge. If the water does not recharge an aquifer, residents of
Greenwich Township and neighboring communities cannot use it for water supply.
Based on traditional hydrogeologic definitions, the results of the NJGS method should
be referred to as soil recharge rates as opposed to groundwater or aquifer recharge
rates. As indicated in the textbook Groundwater (Freeze & Cherry 1979) “(t)he term
groundwater is usually reserved for the subsurface water that occurs beneath the water
table in soils and geologic formations that are fully saturated.” In Greenwich Township
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and elsewhere in the Highlands Province, most water-supply wells are completed in
fractured bedrock aquifers that are under water-table conditions and/or interconnected
to the water-table aquifer. Therefore, inclusion of water that does not infiltrate to the
water-table aquifer in a recharge analysis will result in significant overestimates of
water-supply availability and underestimates of the areas necessary to ensure adequate
recharge is available to dilute contaminants in groundwater.
Throughout this M2 Associates report and as typically referenced in hydrogeologic texts
and USGS reports, the term groundwater recharge refers to water that infiltrates to the
saturated zone, which for Greenwich Township in the Carbonate Rock Zone, are
significant water-supply aquifer systems. With the exception of few references to
groundwater recharge within quotation marks in this section of the report, the terms
aquifer recharge and groundwater recharge have the same definition and refer to water
that infiltrates to an aquifer system. The term soil recharge will be used in reference to
rates determined with the NJGS Modified Method.
SOIL RECHARGE RATES
Although the soil recharge rates calculated with the NJGS method are not appropriate
for evaluating groundwater recharge or water-supply availability for Greenwich
Township, they are summarized in Table 4 for comparison purposes to other methods
and because they are sometimes presented to Township Planning Boards as
supporting evidence that adequate groundwater is available. The soil recharge rates
summarized in Table 4 were calculated with NJGS method using a Microsoft Excel
Workbook (Hoffman 2002) for the soils mapped in Greenwich Township.
Table 4: Soil Recharge Calculations Made with NJDEP Model DGS02-06
for Soil Types in Greenwich Township, Warren County, New Jersey.

Soil Type
Annandale
Bartley
Califon
Cokesbury
Edneyville
Edneyville-Parker-Rock
Hazen
Middlebury
Parker
Quarry
Rock outcrop-Parker-Edneyville
Rock outcrop-Wassaic
Washington
Water
Wassaic
Wassaic-Rock outcrop
Wayland

Soil Recharge Rate
(inches per year)
12.4
12.3
12.4
Hydric soil, method not applicable
14.6
12.8
14.0
13.9
14.8
Method not applicable
11.8
11.8
14.5
Method not applicable
14.0
13.9
Hydric soil, method not applicable
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Based on the soil types and climatic conditions of Greenwich Township, soil recharge
rates ranging from 11.8 to 14.8 inches per year were calculated with the NJGS method.
These rates show little to no difference in recharge for areas of the Township underlain
by Precambrian rocks versus carbonate rocks. Some of the highest rates of soil
recharge were calculated for rock outcrops, steep sloping materials, and areas with
bedrock exposed, where it would be expected that because of impervious materials and
steep gradients associated with the rock and/or steep slopes, runoff rates would be
highest and recharge rates lowest. The NJGS method cannot be used to calculate soil
recharge rates for several soils in the Township that are associated with wetlands, open
water, or hydric soils.
Since the NJGS made a clear distinction that their model does not determine “aquifer”
recharge, this method should not be used to assess recharge rates to aquifer systems
beneath Greenwich Township. Based on the geologic conditions of the Township, the
results of the NJGS GSR-32 evaluation are not reliable for assessing groundwater
resources or the rates at which these resources are naturally replenished. These rate
have been presented herein because they have been used by representatives of
applicants to planning boards in New Jersey in support of development applications.
These rates are not useful for evaluating groundwater resources and planning boards
should not accept water-resource analyses for which, the NJGS GSR-32 methodology
has been used.
Groundwater Recharge Rates
PRECAMBRIAN IGNEOUS AND METAMORPHIC ZONE
The USGS (Nicholson et al. 1996) determined that groundwater recharge to the
Precambrian igneous and metamorphic rocks in Long Valley was negligible and that this
water quickly discharged from shallow weathered zones to springs and seeps into
streams draining upland areas. Furthermore, in developing the computer model of the
Long Valley aquifer systems, Nicholson et al. (1996) determined that there was no flow
across the natural aquifer boundary formed by the contact between the Precambrian
rocks and the younger carbonate rocks. Although this study indicates that there is very
little recharge to the Precambrian rocks, there is sufficient recharge to support use of
residential wells completed in these rocks.
To assess recharge rates to the Precambrian igneous and metamorphic rocks in
Greenwich Township, the 7Q10 flow rates of streams primarily or entirely underlain by
Precambrian rocks in nearby townships were determined. The USGS does not maintain
any stream gauges in Greenwich Township and the two nearest gauges are located on
Pohatcong Creek near New Village and the Musconetcong River in Bloomsbury.
However, both of these streams are located in valleys mostly underlain by carbonate
rock and therefore, cannot be used to evaluate groundwater recharge to Precambrian
rocks. The USGS does have streamflow data available for two streams entirely
underlain by Precambrian rocks. These streams are Spruce Run at Glen Gardner and
Upper Cold Brook near Pottersville, New Jersey.
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The USGS indicates that the 7Q10 for the 11.3 mi2 Spruce Run at Glen Gardner
drainage basin is 1.71 cubic feet per second (cfs) and for the 2.1 mi2 Upper Cold Brook
near Pottersville basin is 0.20 cfs. If all of these flows are derived from groundwater
discharging from the underlying aquifers, then groundwater recharge equals 1.3 and 2.1
inches per year in the Upper Cold Brook and Spruce Run drainage basins, respectively.
These data indicate that groundwater in the Precambrian Igneous and Metamorphic
Zone is recharged at a median rate of 1.7 inches per year.
The Posten (1984) Method was also used to evaluate streamflow data for the water
years (October 1 through September 30) 1973 through 1996 for Upper Cold Brook near
Pottersville, New Jersey and for the water years 1979 through 1988 and 1993 through
2000 for Spruce Run at Glen Gardner. The USGS does not report streamflow data for
Spruce Run at Glen Gardner for the period from November 1, 1988 to December 10,
1991.
In accordance with the method outlined by Posten (1984) the groundwater recharge
rate determined for Upper Cold Brook is 4.4 inches per year and for Spruce Run at Glen
Gardner is 3.6 inches per year. These data indicate a median recharge rate to
Precambrian igneous and metamorphic rocks of 4.0 inches per year.
Based on the groundwater discharge asymptote determined with the 7Q10 for Spruce
Run at Glen Gardner and Upper Cold Brook near Pottersville, and the Posten (1984)
Method analysis of several years of streamflow data for Spruce Run at Glen Gardner
and Upper Cold Brook near Pottersville, groundwater recharge to the Precambrian
rocks and Hardyston Quartzite ranges from 1.3 to 4.4 inches per year, with median
rates ranging from 1.7 to 4.0 inches per year depending on the method of analysis.
These recharge rates are equivalent to 130 to 300 gallons per day per acre (gpd/acre).
The recharge rates indicate that the nearly 10 percent of the Township located within
the Precambrian Igneous and Metamorphic Zone receives approximately 90,000 to
nearly 210,000 gallons of recharge per day.
CAMBRIAN-ORDOVICIAN CARBONATE ROCK ZONE
There are no data for streams in Greenwich Township or in surrounding municipalities
that are entirely or almost entirely underlain by carbonate rock for evaluating local
groundwater recharge rates. The nearest possible source of data for evaluating
groundwater recharge to carbonate rocks is an extensive study conducted by the USGS
(Nicholson et al. 1996) to the northeast of Greenwich Township, in Long Valley. The
Nicholson (1996) study indicates recharge from direct precipitation to carbonate rocks
similar to those mapped beneath Greenwich Township is approximately 22 inches per
year. This study further indicated that total recharge to the carbonate rocks after
including runoff from Precambrian rocks in the uplands was approximately 30.9 inches
per year.
Based on the Nicholson et al. (1996) study, groundwater in carbonate rock aquifers
beneath Long Valley is recharged at rates ranging from 22 to 30.9 inches per year.
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These results indicate that 44 to 62 percent of annual precipitation infiltrates sufficiently
to recharge the carbonate rock-aquifers beneath Long Valley. Long Valley receives
slightly more precipitation per year than Greenwich Township, and if the percentages of
annual precipitation that recharges the carbonate rock-aquifers beneath Long Valley are
applied to Greenwich Township, then the carbonate rock-aquifers beneath Greenwich
Township should receive 20.7 to 29.2 inches per year. These Greenwich Township
recharge rates are equivalent to rates of 1540 to 2170 gpd/acre. Based on these local
rates, the Cambrian-Ordovician carbonate rock aquifer systems beneath the 6,293acres of Greenwich Township underlain by these rocks, are recharged at rates of 9.7 to
13.7 million gallons per day.
WATER SUPPLY
DEMAND
As part of the most recent statewide planning efforts, the NJDEP (1996) assumed a per
capita water use rate of 75 gallons per day for residential self-supplied demand. The
New Jersey Water Supply Authority (NJWSA 2000) indicates a guideline value of 140
gallons per day per capita. N.J.A.C. 7:10-12.6 indicates that in planning water supply
needs, an average daily demand of 100 gallons per day per person should be used.
The per capita demand suggested by the New Jersey Administrative Code appears to
be a reasonable mid-range estimate of daily personal water demands and may include
a factor of safety if the NJDEP 1996 estimate is accurate.
Based on US Census data for 2000, Greenwich Township has a population of 4,365
people and 1,421 occupied dwelling units indicating a dwelling unit density of 3.1
persons per unit. Based on the population of the Township and the average daily
demand indicated in N.J.A.C. 7:10-12.6, Greenwich Township residents currently
consume approximately 0.44 million gallons per day or 159 million gallons per year of
groundwater through their wells.
DEPENDABLE YIELD
Definition
The NJDEP (1996) Statewide Water Supply Plan defines the dependable yield as
“…the water yield maintainable by a ground water system during projected future
conditions, including both a repetition of the most severe drought of record and longterm withdrawal rates without creating undesirable effects.” A similar definition is
included in N.J.A.C. 7:19-6 and the New Jersey Water Supply Management Act 58:1A3h. The “Drought of Record” as currently defined occurred in the mid-1960s with 1962
to 1966 recording below normal precipitation equal to approximately 82 percent of
normal precipitation. In 1965, New Jersey received approximately 30 inches of
precipitation, which is two-thirds of normal precipitation and that year was the most
severe year of the drought.
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Maintainable Yield
Drought conditions can alter the hydrologic water balance for an area depending on the
time of year the precipitation shortfall occurs. During the winter months, a precipitation
shortfall will impact groundwater recharge and to a lesser degree, surface-water runoff.
Evapotranspiration is negligible in winter months so this parameter is generally
unaffected by precipitation shortfalls during cold weather. During summer months,
precipitation shortages impact evapotranspiration and surface-water runoff.
Groundwater recharge is naturally reduced during the summer when most precipitation
is rapidly consumed by vegetation and generally, this parameter is not as significantly
affected by a warm weather drought, as are surface-water runoff and
evapotranspiration. Droughts that occur over several years such as the “Drought of
Record” adversely impact all water-balance parameters.
As discussed above, the 7Q10 Method, as part of determining groundwater recharge
rates takes into consideration baseflow derived mostly if not entirely from aquifer
systems. Therefore, the recharge rates calculated for the Precambrian igneous and
metamorphic rocks with this approach from the Spruce Run at Glen Gardner and Upper
Cold Brook near Pottersville data would not require reduction to account for reduced
precipitation to determine a maintainable yield for droughts since this condition is
included in the determination of the rate. The Posten (1984) Method as part of the
graphical analyses associated with percent exceedence and flow includes consideration
of dry weather recharge rates. However, this method includes baseflow components
from sources other than underlying aquifer systems and therefore, is biased to provide
overestimates of groundwater recharge rates. Provided that it is understood that these
additional baseflow components were included in determining recharge rates,
adjustments for reduced precipitation are most likely not necessary if sufficient safety
margins are also included when assessing maintainable yields.
The computer model used in the study by Nicholson et al. (1996) applied normal
precipitation conditions when determining recharge. As a result, adjustments for
reduced precipitation during a drought must be made for groundwater recharge rates
determined with this model for the carbonate-rock aquifers.
Based on stream discharge measurements compiled by the USGS in the Musconetcong
River near Bloomsbury from October 1, 1921 to September 30, 2004, the median flow
rate is 184 cubic feet per second. For the period from October 1, 1961 through to
September 30, 1967, the median flow rate was 106 cubic feet per second or 58 percent
of normal flow for the period of record. A similar analysis can be completed for
Pohatcong Creek at New Village. The USGS has compiled streamflow data for
Pohatcong Creek from October 1, 1959 through to October 2, 1969 and these data
indicate a median flow rate of 18 cubic feet per second. For the drought period from
October 1, 1961 through to September 30, 1967, the median flow rate was 11 cubic feet
per second or 61 percent of normal flow. These streamflow data suggest that if
prolonged drought conditions equally affect all water-balance parameters, that
groundwater recharge may be reduced 39 to 42 percent.
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Using these same streamflow data for the Musconetcong River near Bloomsbury, the
NJGS estimated baseflow using hydrograph separation methods for the periods 1922 to
1989, 1940 to 1989 and 1960 to 1966 (Canace 1992). For the periods from 1922 to
1989 and 1940 to 1989, baseflow was 22.79 and 23.28 inches per year. During the
period of 1960 to 1966, baseflow was 15.89 inches per year. The 1960 to 1966
baseflow estimates are approximately 68 to 70 percent of the long-term estimates. For
Pohatcong Creek at New Village, the baseflow estimates were 10.87 inches per year for
1960 to 1969 and 10.35 inches per year for the drought period of 1960 to 1966. Drought
baseflow in Pohatcong Creek at New Village is approximately 95 percent of the total
period of monitoring. Since the data for Pohatcong Creek at New Village are primarily
for the period of drought, the estimate of impacts to baseflow are probably not as
reliable as the more extensive data from Musconetcong River near Bloomsbury. The
NJGS baseflow estimates indicate that during a drought similar to the “Drought of
Record”, baseflow rates are likely to be reduced 30 percent.
Similar to baseflow, groundwater recharge would be affected by a lack of precipitation.
Based on the Musconetcong River near Bloomsbury streamflow data, groundwater
recharge during a prolonged drought is likely to be approximately 70 percent of normalyear recharge. Although groundwater in storage within an aquifer could be used to
buffer a short-term drought, this limited resource could be quickly consumed resulting in
adverse long-term impacts to the aquifer system in a prolonged drought. Therefore, a
reasonable margin of safety is necessary to ensure adequate water supplies in a repeat
of the “Drought of Record”.
The streamflow data indicate that groundwater recharge during a severe drought is
likely to range from 58 to 70 percent of normal-year recharge. In other words, the
streamflow data indicate that during drought, groundwater recharge is reduced 30 to 42
percent near Greenwich Township.
Table 5 summarizes recharge rates to the hydrogeologic zones of Greenwich Township
for normal and drought conditions. Based on the methods used, the median recharge
rates were not adjusted to account for reduced precipitation for the 7Q10 and Posten
(1984) Method analyses for the Precambrian Igneous and Metamorphic Zone. The
recharge rates determined from the Nicholson et al. (1996) computer model developed
with normal precipitation data were reduced to 66 percent of normal year recharge to
account for reduced precipitation during prolonged drought.
Table 5: Normal and Drought Condition Recharge Rates for Hydrogeologic Zones.

Hydrogeologic Zone
Carbonate Rock
Igneous and Metamorphic

Area of Zone
(acres)
6,293
695

Normal
Recharge Rate
(inches/year)
20.7
29.2
1.7
4.0

Drought
Recharge Rate
(inches/year)
13.8
19.5
1.7
4.0
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Planning Threshold
To ensure that water is available during all weather conditions for human consumption
as well as for other consumers located downstream and ecosystems dependent on
water, the NJDEP established the “Planning Threshold”. In the 1996 Statewide Water
Supply Plan (NJDEP 1996), the NJDEP indicated that the dependable yield of most
areas of the State had not been determined. Therefore, they established the “Planning
Threshold” to reduce uncertainties associated with determining dependable yields and
recharge rates for aquifers, and to limit human consumption within a basin. Through use
of the Planning Threshold, the NJDEP proposes to limit human consumption of water
within a basin to 20 percent of recharge and establishes the dependable yield at this
level. Table 6 summarizes the dependable yields for the two hydrogeologic zones after
application of the Planning Threshold.
Table 6: Dependable Yields for Hydrogeologic Zones.

Hydrogeologic Zone
Carbonate Rock
Igneous and Metamorphic

Dependable Yield
(inches/year)
2.8
3.9
0.3
0.8

Dependable Yield
(gpd/acre)
210
290
30
60

Available Dependable Yield
Table 7 summarizes the volumes of water potentially recharging the aquifer during
periods of normal and drought precipitation. This table also summarizes the available
dependable yield per hydrogeologic zone in gallons per day (gpd) and millions of
gallons per year (mgy). The median values of the ranges for normal and drought
recharge and the dependable yields as listed in Tables 5 and 6 were used in these
calculations.
Table 7: Recharge Volumes and Dependable Yields for Hydrogeologic Zones.
Normal Recharge
Drought Recharge
Dependable Yield
Hydrogeologic Zone
(gpd)
(mgy)
(gpd)
(mgy)
(gpd)
(mgy)
Carbonate Rock
11,673,515 4,260.83 7,803,320 2,848.21 1,573,250 574.24
Igneous and Metamorphic
149,425
54.54
149,425
54.54
31,275
11.42

As indicated above, N.J.A.C. 7:10-12.6 indicates an average daily demand of 100
gallons per day per person. Based on this rate of consumption, the groundwater
resources of the carbonate rock-aquifers of Greenwich Township could sustain the
water-supply demands of at least 15,700 persons per day without resulting in adverse
impacts to the aquifer during drought conditions similar to the “Drought of Record”.
Since the streams in Greenwich Township are likely losing water to the underlying
aquifer systems and there are few wetlands in the Township that are dependent on
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groundwater discharges, it is possible that more than 20 percent of drought recharge to
the carbonate rock-aquifers can be safely withdrawn without resulting in adverse
impacts. A determination of the dependable yield of these aquifers is beyond the realm
of this study and would take several years of site-specific data on streamflow and
aquifer hydraulic characteristics. If it were assumed that 50 percent of recharge during a
drought could be withdrawn without resulting in adverse impacts, the groundwater
resource of Greenwich Township could sustain a population of 39,000 persons. If
properly protected, the Township’s carbonate rock-aquifer resources likely could sustain
the population of a small city. However, additional development or increasing
populations within the Township will likely diminish the quantity and quality of water that
could be obtained.
Within the Precambrian Igneous and Metamorphic Zone, the dependable yield is slightly
more 31,000 gpd. These rocks do not have cavities or large subsurface storage
reservoirs that could be used to sustain demands during periods of drought and
therefore, a dependable yield of 20 percent is reasonable because larger withdrawals
are likely to result in decreased discharges to streams. Based on this dependable yield,
sufficient groundwater is available within the 10 percent of Greenwich Township
underlain by Precambrian rocks and Hardyston Quartzite to sustain a population of
slightly more than 300 persons without causing adverse impacts to others dependent on
these same water resources during all weather conditions including a severe drought.
CONCLUSIONS
Based on the data, reports, and maps reviewed in preparation for this evaluation of the
groundwater resources of Greenwich Township, the following conclusions are made:
1. New Jersey has a long history of protecting water resources in upstream rural
areas of the State for downstream consumers in its urban and suburban
communities. The Highlands Water Protection and Planning Act is the most
recent step in protecting resources for future generations of New Jersey
residents and businesses. Greenwich Township understands that its
groundwater resources have significant value for municipal residents and
possibly others beyond its boundaries. The Township understands the need
for protecting vital water resources so that they are not diminished or
damaged in upstream communities such as Greenwich Township, and
therefore, not available for those in need downstream where groundwater
resources were long ago eliminated as drinking-water resources. Greenwich
Township recognizes its important location and role in preserving resources
for downstream communities.
2. Greenwich Township is located in one of the fastest growing regions in New
Jersey. Based on US Census data, between 1990 and 2000, the population
of Greenwich Township increased from 1,899 to 4,365 persons. Between
2000 and 2004, the population increased another 858 persons to 5,223. In
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the past 14 years, the population of the Township increased more than 175
percent. The Township’s groundwater resources serve as a potential
reservoir for areas of New Jersey with significantly greater populations. As a
result of the local population growth, much greater demand has been applied
to the resources within the municipal boundaries and the potential reservoir
capabilities of the aquifer systems for other areas of the State has been
somewhat diminished. The Township is concerned with protecting these
potential reservoirs before they are further diminished or permanently
damaged and understands that current population trends could quickly
overwhelm groundwater resources. Their understanding and planning is
similar to the thinking of the leaders of New Jersey’s eastern cities in the 19th
and early 20th centuries when they realized a need to protect upstream
reservoirs and groundwater resources to ensure that the citizens of these
cities had sufficient water to meet demands of the late 20th century. The
Highlands Water Preservation and Planning Act was passed to continue
protecting the resources of these cities for the 21st century.
3. N.J.A.C 7:9B indicates that all of the streams in Greenwich Township are
high-quality surface-water resources worthy of significant protective
measures. Both Pohatcong Creek and its tributaries, and Lopatcong Creek
and its tributaries have been classified as Category One waters and protected
by the surface-water quality regulations from degradation of water quality. To
date, the Musconetcong River has not been listed as a Category One stream
and is not afforded the same protective measures against degradation.
However, legislation has been introduced in the US Congress to designate
the Musconetcong River as a “Wild and Scenic River” and these Federal
measures would very likely require the NJDEP to designate the river as a
Category One stream.
4. As C1 waters, these streams are protected from degradation resulting from
discharges such as those from wastewater treatment plants, which limits
options for disposal of wastewater to groundwater discharges. While it is
possible that a wastewater treatment plant could be developed that would not
degrade surface-water quality, this type of facility is most likely, not
economically feasible at this time. Therefore, discharges to groundwater
through septic systems or small community wastewater treatment facilities
would likely be the only option for disposal of wastewater from further
development. The NRCS indicates that all of the soils beneath Greenwich
Township have very limited capacity for wastewater disposal through these
types of systems. The NRCS indicates that Township soils have one or more
characteristics that will effect the operation of wastewater leaching systems.
The limiting factors include the presence of a shallow cemented layer, slope
conditions, restricted permeability, seepage rates, filtering capacity, and
shallow depths to groundwater or bedrock. The NRCS indicates that these
soils require extensive remediation and system design to overcome these
limitations and that even with these efforts, system performance is likely to be
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poor and maintenance requirements are likely to be high. As indicated by the
NRCS and in the NJDEP regulations, the soils beneath Greenwich Township
will require extensive remediation and design effort for septic systems. The
long-term operational efficiency and life-time of these systems are likely to be
shorter than conventional systems installed in more suitable soils.
5. The structural geology of Greenwich Township indicates that the rocks
beneath this municipality have undergone extensive faulting and folding as a
result of past tectonic activity associated with continental collisions. The
compressional history of these rocks indicates a significant potential for the
rocks to be highly fractured in many areas of the Township but especially in
the eastern portion near the boundaries of Pohatcong and Scott Mountains
and in the central valley between these two mountains. The likely extensive
fracturing and the presence of the carbonate rocks, especially where these
rocks are in contact with Precambrian rocks, indicate a high potential for
solution cavities. The fracturing, faulting and likelihood of solution features
indicates a high potential for the storage and transmittal of large quantities of
groundwater within the carbonate rocks. The structural and bedrock geology
of Greenwich Township indicate that this Township may be one of the best
long-term resources for water supply in New Jersey.
6. Precambrian igneous and metamorphic rocks and Cambrian Hardyston
Quartzite are encountered beneath approximately 10 percent of Greenwich
Township. The Hardyston Quartzite has hydrogeologic characteristics that are
very similar to those of the Precambrian rocks. In general, the Hardyston
Quartzite and the Precambrian rocks are dense, hard, poorly to weakly
fractured, and resistant to weathering. Given the very small area (98 acres) of
Greenwich Township underlain by the Hardyston Quartzite rocks and the
hydrogeologic characteristics of these rocks, inclusion of the Hardyston
Quartzite with the Precambrian igneous and metamorphic rocks when
evaluating the groundwater resources of Greenwich Township is reasonable.
7. The Precambrian rocks and Hardyston Quartzite have undergone several
episodes of past tectonic deformation associated with continental collisions
and separations. Although these rocks have been deformed, they are poorly
fractured except at locations near major faults. The nature of these rocks
allows for the attenuation of tectonic forces within and between minerals
whereas, the nature of the carbonate rocks allows for more fracturing.
Generally, groundwater in Precambrian aquifer systems occurs under watertable conditions in areas where fractures are open to the overlying weathered
residual soils. These openings in the bedrock are separated by a few inches
to several feet of competent and unweathered bedrock. The water-supply
characteristics of Precambrian rocks are dependent on the degree of
weathering, the size and interconnection of openings in the rock, and the
spacing between these openings. In areas where fractures are distant from
each other or not interconnected, each fracture will have a differing water
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level. The yield of a well is primarily dependent on the number and size of
fractures directly intersected by the well bore. Because of the limited
interconnection of fractures in Precambrian rocks, wells are often completed
to a wide-range of depths and the deepest wells often having the lowest
yields.
8. Wells completed in Precambrian rocks have yields ranging from 0 to possibly
as much as 100 gpm with local data indicating median yields for these rocks
of 10 gpm. These same local data indicate that wells will often have to be
drilled several hundred feet to intersect sufficient fractures to meet the
demands of single-family homes. A yield of 10 gpm is sufficient for meeting
the demands of single-family homes but typically is not sufficient for meeting
larger public community water-supply demands.
9. In Greenwich Township, major faults are located on the boundaries of the
areas where the Precambrian rocks have been mapped, and given the more
malleable nature of the Precambrian rocks with respect to the adjoining and
more brittle Cambrian-Ordovician rocks, it is likely that most of the
deformational energy and therefore, resulting fracturing was absorbed by the
more brittle and younger rocks. The Precambrian rocks continue to form the
ridges that are less weathered and eroded than the Cambrian-Ordovician
rocks in the valleys primarily because they are less fractured and therefore,
less susceptible to weathering effects.
10. Ninety percent or approximately 6,293-acres of Greenwich Township are
underlain by Cambrian-Ordovician carbonate rocks of the Leithsville,
Allentown, Lower and Upper Beekmantown, and Jacksonburg Formations.
Similar to the Precambrian rocks, the carbonate rocks have undergone
several episodes of past tectonic deformation as a result of continental plate
collisions and separations. Unlike the Precambrian rocks, the sedimentary
carbonate rocks are brittle and have responded to these tectonic episodes by
fracturing along a series of fault planes or by folding. In carbonate rocks,
groundwater is stored and transmitted through fractures, relic bedding planes
and disconformities between beds, and solution cavities. These openings in
the rock can become further enlarged by continued dissolution of the
carbonate minerals within the rock and these openings can transmit very
large quantities of water sometimes in excess of 1000 to 2000 gpm.
11. For the same reason that carbonate rock aquifers are capable of very high
well yields, they are also extremely susceptible to contamination from
anthropogenic sources. Solution features and sinkholes can rapidly transmit
man-made or man-introduced contaminants into these prolific water
resources. Because of the nature of these aquifers, additional measures are
often necessary to protect water quality and quantity. In Greenwich Township
and in many municipalities underlain by carbonate rock, ordinances have
been adopted requiring the investigation and remediation of solution cavities
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and past or incipient sinkholes. The remediation often involves filling and
sealing the solution openings with cement grout as part of the site
development procedures. The filling, grouting, or sealing of solution cavities
can significantly reduce groundwater recharge and greatly increase surfacewater runoff. The sealing of these solution openings will affect the long-term
water resources of Greenwich Township and the region.
12. Randomly located domestic wells completed in carbonate rock-aquifers can
have yields ranging up to several hundreds of gallons per minute. Wells
located by qualified geologists using best available technologies in carbonate
rock-aquifers can often yield in excess of 1000 gpm. A well with a long-term
sustained yield of 1000 gpm could produce more than 1.4 million gallons of
water per day and based on a usage rate of 100 gallons per day per person,
could provide sufficient water for more than 14,000 people. A series of
properly located wells in a well field or combination of well fields could
feasibly sustain a small to moderately sized city located elsewhere in New
Jersey.
13. Assuming that the carbonate rock-aquifers beneath Greenwich Township
have a minimum thickness of 300 feet, a porosity of 2 percent, and extend
beneath 6,293-acres, these systems have a potential storage capacity of 1.64
billion cubic feet or as much as 12.3 billion gallons. The NJWSA indicates that
Spruce Run Reservoir has a storage capacity of 11 billion gallons. It is very
likely that the groundwater resources of Greenwich Township are equivalent if
not greater than the surface-water storage capacity of one of New Jersey’s
largest reservoirs. If the porosity of the carbonate rock-aquifers beneath
Greenwich Township is closer to 20 percent than 2 percent, the total potential
volume of water in storage beneath the Township would be nearer 123 billion
gallons, which would be more than twice the size of Round Valley Reservoir,
which is the largest reservoir in New Jersey with a capacity of 55 billion
gallons.
14. Given the distinct differences between the characteristics of the
Precambrian/Hardyston Quartzite aquifer systems and the carbonate rock
aquifer systems, Greenwich Township could be separated into two
hydrogeologic zones. The first zone encompasses approximately 695 acres
or slightly less than 10 percent of the Township land area and is underlain by
the Precambrian igneous and metamorphic rocks or the Hardyston Quartzite.
The remaining 6,293-acres or 90 percent of the Township land area is
underlain by carbonate rocks.
15. Bedrock aquifers are replenished by incident precipitation that infiltrates
through soils into fractures and other openings in the rock. Based on historical
precipitation measurements collected by the National Climatic Data Center,
Greenwich Township receives approximately 47.4 inches of precipitation
during a year of normal precipitation. Within the 90 percent of Greenwich
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Township underlain by carbonate rocks, surface-water runoff is likely equal to
2.8 inches per year. Within the nearly 10 percent of the Township underlain
by Precambrian rocks or Hardyston Quartzite, surface-water runoff is likely
nearer 17.3 inches per year. Potential evapotranspiration from Greenwich
Township could be as much as 26.2 inches or 55 percent of annual
precipitation but actual evapotranspiration is probably closer to 23.9 inches
per year. Based on the water balance equation, the remaining 23.5 inches of
precipitation will be either groundwater or surface-water runoff. Based on the
surface-water runoff rates, groundwater runoff will likely be approximately 6.2
inches per year for areas underlain by Precambrian rocks and 20.7 inches per
year for the 90 percent of the Township underlain by carbonate rocks.
16. Based on the water balance, groundwater runoff in the areas underlain by
Precambrian rocks or the Hardyston Quartzite is likely to equal 6.2 inches per
year and groundwater recharge to the water-supply aquifers beneath these
areas is likely to be much less. The water balance indicates that the
groundwater runoff component in the 90 percent of the Township underlain by
carbonate rock is likely 20.7 inches per year. Given the nature of the
carbonate rock beneath Greenwich Township, groundwater recharge to the
carbonate rock-aquifers is likely to be equal to or greater than 20.7 inches per
year. Based on Nicholson et al. (1996), total recharge to the carbonate rockaquifers in Long Valley was approximately 30.9 inches per year or nearly 62
percent of annual precipitation. Based on this percentage and an annual
precipitation rate of 47.4 inches per year for Greenwich Township, it is
probable that the carbonate rock-aquifers beneath Greenwich Township are
recharged at a rate of 29.2 inches per year.
17. Based on the groundwater discharge asymptote determined with the 7Q10 for
Spruce Run at Glen Gardner and Upper Cold Brook near Pottersville, and the
Posten (1984) Method analysis of several years of streamflow data for Spruce
Run at Glen Gardner and Upper Cold Brook near Pottersville, groundwater
recharge to the Precambrian rocks and Hardyston Quartzite ranges from 1.3
to 4.4 inches per year, with median rates ranging from 1.7 to 4.0 inches per
year depending on the method of analysis. These recharge rates are
equivalent to 130 to 300 gallons per day per acre (gpd/acre). The recharge
rates indicate that the nearly 10 percent of the Township located within the
Precambrian Igneous and Metamorphic Zone receives approximately 90,000
to nearly 210,000 gallons of recharge per day.
18. Based on the Nicholson et al. (1996) study, groundwater in carbonate rock
aquifers beneath Long Valley is recharged at rates ranging from 22 to 30.9
inches per year. These results indicate that 44 to 62 percent of annual
precipitation infiltrates sufficiently to recharge the carbonate rock-aquifers
beneath Long Valley. Long Valley receives slightly more precipitation per year
than Greenwich Township, and if the percentages of annual precipitation that
recharges the carbonate rock-aquifers beneath Long Valley are applied to
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Greenwich Township, then the carbonate rock-aquifers beneath Greenwich
Township should receive 20.7 to 29.2 inches per year. These Greenwich
Township recharge rates are equivalent to rates of 1540 to 2170 gpd/acre.
Based on these local rates, the Cambrian-Ordovician carbonate-rock aquifer
systems beneath the 6,293-acres of Greenwich Township underlain by these
rocks, are recharged at rates of 9.7 to 13.7 million gallons per day.
19. The dependable yields of the aquifers range from 30 to 60 gallons per day per
acre for the Igneous and Metamorphic Zone to 210 to 290 gallons per day per
acre for the Carbonate Rock Zone. The median values of these ranges
indicate that the Igneous and Metamorphic Zone has a dependable yield of
slightly more than 31,000 gallons per day and the Carbonate Rock Zone has
a dependable yield of nearly 1.6 million gallons per day.
20. The groundwater resources of the carbonate rock-aquifers of Greenwich
Township could sustain the water-supply demands of at least 15,700 persons
per day without resulting in adverse impacts to the aquifer during drought
conditions similar to the “Drought of Record”. Given the hydrogeologic
characteristics of the carbonate rock-aquifers and the relationship of these
aquifers with the streams in the Township, it is possible that the dependable
yield of the carbonate rock-aquifers could be much higher than 20 percent of
drought recharge. If it were assumed that 50 percent of recharge during a
drought could be withdrawn without resulting in adverse impacts, the
groundwater resource of Greenwich Township could sustain a population of
39,000 persons. If properly protected, the Township’s carbonate rock-aquifer
resources likely could sustain the population of a small city. However,
additional development or increasing populations within the Township will
likely diminish the quantity and quality of water that could be obtained.
21. The dependable yield of the Precambrian Igneous and Metamorphic Zone is
slightly more 31,000 gpd. Within the 10 percent of Greenwich Township
underlain by Precambrian rocks and Hardyston Quartzite, groundwater
resources could sustain a population of slightly more than 300 persons
without causing adverse impacts to others dependent on these same water
resources during all weather conditions including a severe drought.
22. If Greenwich Township protects the groundwater resources of its carbonate
rock-aquifers by concentrating development and preserving areas underlain
by these rocks, especially where highly fractured, one of New Jersey’s best
untapped resources will be available for future generations.
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APPENDIX A:
SUMMARY TABLE OF
WELL RECORD DETAILS
FOR GREENWICH TOWNSHIP,
WARREN COUNTY, NEW JERSEY

Well Owner
Carbonate Rocks
Earl H. Mack
Fedrick G. Milford
Charles Grarrison
Villa Contracting
Sherwood Rice
Ebmer Budd
Paul Liska
Donald Rising
Green Valley Homes
Green Valley Homes
Shirley Ann Rowan
John Polt
Fred G. Milford Jr.
Joseph Fatta
Charles Shanger
John Polt
Loe Casey
Vil Ho Ipori
Royce F. Transue
John Polt
James W. Gardner
Chris G. Deonia
Hezel Radice
Jack Unauget
Warren J. Cooper
John B. Slack
Hilltop Homes, Inc., Robert Adolph
Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Mr. Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph

Date of
Installation
6/15/2005
8/30/1956
1/20/1958
3/25/1958
5/4/1959
9/9/1960
3/11/1961
12/7/1960
2/28/1961
5/27/1961
9/18/1961
6/26/1962
5/15/1962
8/10/1962
5/15/1963
8/15/1963
8/12/1964
9/15/1965
8/2/1965
8/5/1965
11/30/1965
10/6/1968
7/30/1968
12/8/1970
9/3/1972
7/30/1972
2/28/1973
2/28/1973
2/27/1973
3/3/1973
7/5/1973
4/30/1973
4/17/1973
4/21/1973
4/24/1973

Permit No.
24-650
24-2197
24-2785
24-2834
24-3242
24-3857
24-3903
24-3939
24-4023
24-4102
24-4208
24-4498
24-4508
24-4521
24-4819
24-4911
24-5344
24-5935
24-5958
24-5959
24-6135
24-6505
24-6950
24-7670
24-8214
24-8221
24-8967
24-8968
24-8969
24-8970
24-8987
24-8989
24-8990
24-8991
24-8992

143
123
125
73
195
147
124
173
108
149
163
126
145
220
167
89
130
72
95
121
255
80
160
222
200
176
147
114
197
204
249
129
150
129
99

Completed
Depth
(feet)
101
38
21.5
40
32
50
56
80
23
52
21.2
90
21
62
25
32
74
21
40
40
38
50
80
170
60
132
50
70
63
54
63
63
63
60
80

Casing
(feet)
6
6
6
5
6
5
6
5
5
5
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

Diameter
(inches)
12
7
18
15
6
4
60
8
16
4
14
20
20
6
26
20
30
15
30
10
10
40
15
40
10
20
15
75
20
56
50
35
10
15
15

Yield
(gpm)
80
73
85
19
60
76
52
80
78
85
95
70
48
95
130
50
60
10
40
30
80
25
130
55
60
70
60
12
60
60
60
60
70
60
55

0.3
3.0
0.14
0.08
1.3
0.8
0.11
0.3

150
150
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0.5
0.05
1.3

0.1
8
0.1
0.9

0.06
0.07

1.2

12

Specific
Capacity
(gpm/ft)

81
73
100
19
160
135
52
150
80
120
110
70
88
220
150
50
60
60
50
100
200
55
150

Static Water
Pumping
Level
Water Level
(fbgs)
(fbgs)

Well Owner
Hilltop Homes, Inc., Robert Adolph
Ray Crisman
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Pope & Panella
Greenwich Estates
Mike Pavisi
Craig Sleible
Ralph Rosamillia
Ralph Rosamillia
Ray Crisman
Joseph Nixon
Joseph R. Trozzo
Thomas Scerbo
Lester Thomas
George & Marguerita Heller
Joe Kuragz
Mrs. John Stiger
Gilbert Hewer
Beatty, John N.
James H. Poconti
Servino Lauffer
Landocs Development Co.
Landocs Development Co.
Landocs Development Co.

Permit No.
24-8993
24-9024
24-9040
24-9041
24-9062
24-9063
24-9065
24-9066
24-9068
24-9069
24-9072
24-9075
24-9077
24-9078
24-9079
24-10217
24-10813
24-10867
24-11334
24-11691
24-11692
24-11875
24-11958
24-12747
24-13327
24-14717
24-14813
24-15002
24-16033
24-16814
24-18425
24-18794
24-20195
24-21281
24-21283
24-21738

Completed
Depth
(feet)
129
235
80
174
144
114
129
189
72
144
114
118
84
84
279
182
225
100
176
115
115
175
265
98
208
92
100
130
270
355
84
135
130
125
125
400

Date of
Installation
7/10/1973
8/15/1974
4/18/1973
8/10/1973
8/17/1973
8/21/1973
9/26/1973
7/6/1973
9/21/1973
8/23/1973
8/14/1973
9/24/1973
9/21/1973
6/20/1973
6/22/1973
10/1/1974
9/16/1975
9/14/1975
10/25/1976
12/9/1976
12/9/1976
8/15/1977
8/23/1977
10/13/1978
5/22/1979
8/28/1980
10/7/1980
Jan-81
9/25/1982
2/17/1984
3/1/1985
6/10/1986
6/5/1986
11/15/1986
2/7/1987
10/2/1987

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

54
106
96
100
77
77
126
135
110
52
100
105
100
100
106

Diameter
(inches)

50
82
63
126
50
52
50
50
51
62
63
106
61
63
50
154
62
56
173 - 6"

Casing
(feet)
15
20
15
30
11
30
40
40
10
20
25
40
15
15
5
30
15
14
15
20
25
26
20
20
30
25
25
50
15
20
20
20
20

Yield
(gpm)

35
35
60
100
40
50
30
90
30
30
80
65
43
112
40
30
50
45
150
22
30
25
50
40
60

80
90
45
60
45
55
45
80
35
50

28
30
70
50
40
250

175
85
170
100
100
150
85
53
120
40
30
80
100

170

Static Water
Pumping
Level
Water Level
(fbgs)
(fbgs)
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0.4

3.3

1.7
0.3

0.12
0.25
0.2
0.3
0.4
0.4
1.0
2.0
3.8

0.3

Specific
Capacity
(gpm/ft)

Well Owner
Landocs Development Co.
Landocs Development Co.
Koh-I-Noor Rapidograph, In
Joseph K. Jaobs
Young, Albert
Flath, Thomas P., Builder
Milks, Scott P. & Diane
Isenberg, Tom
Galli, Alfred T.
Brookfield Building & Dev
Fisher, William & Marlene
New Jersey, State of
Greenwich Hills, Inc.
Greenwich Hills, Inc.
Greenwich Hills, Inc.
Greenwich Hills, Inc.
Greenwich Hills, Inc.
Greenwich Hills, Inc.
Greenwich Hills, Inc.
Greenwich Hills, Inc.
Haberer, William C.
Broskoski, Carl
Petersen, John
Tasevski, Milan
Charles Ulmer
John Howell
Mr. Frank Spence
Cioppi Bros.
Luther B. Henry
Alden Rush
Stewartsville EMg Squad
Helen B. Frey
Henry Hawk
Ronald Smith
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph

Permit No.
24-21741
24-21757
24-22565
24-24824
24-24874
24-27917
24-28458
24-30180
24-30258
24-30269
24-30928
24-31509
24-33438
24-33450
24-33451
24-34419
24-34450
24-34564
24-34587
24-34876
24-34947
24-36699
24-41531
24-37684
24-1088
24-2251
24-2946
24-3330
24-4001
24-4726
24-5008
24-5142
24-7186
24-8150
24-9064
24-9067
4/25/1988
4/21/1988
4/14/1988
1/3/1989
12/21/1988
9/18/1991
3/30/1992
11/18/1992
2/2/1993
3/8/1993
6/30/1993
2/20/1994
5/8/1996
5/7/1996
5/6/1996
11/20/1996
3/25/1997
11/18/1996
11/4/1996
3/31/1997
1/24/1997
11/5/1998
8/19/2002
4/27/1999
5/30/1953
7/21/1956
1-Aug
6/30/1959
6/6/1961
1/28/1963
2/20/1964
6/1/1964
3/8/1969
3/30/1972
9/17/1973
9/14/1973

Date of
Installation

6
6
6
6
6
6
6 5/8 OD
6
6
6
6
6
6
6
6
6
6
6

120
63
82
78.5
89
100
80
100
80
70
82
70
120
80
140
119.5
145.5
154
67-4"
76
84'6"
20
79
130
137 1/2
32
114
130
52
62

181
165
138
172
175
199
205
232
153
450
129
162

6
6
6
6
6
6
5
6
6
6
6
6

6
6
6
6

Diameter
(inches)

100
100
145
10

Casing
(feet)

500
300
300
130
230
175
255
105
165
230
195
160
230
155
275
425
300
200
300
225
265
149
220

Completed
Depth
(feet)

15
20
20
20 to 25
20
20
20
7
22
20
20
20

50
30
20
10
25
30
50
25

12

10
25

20
15

Yield
(gpm)

119
125
80
45
132
125
100
40
84
150
50
35

75
60
80
30
90
80
20
30
44
30
50
48
32
20
28
30
30
30
40
40
65
84
138
155
150
105
75
132
170
130
200
128
250

20
30
44
30
61
140
130
100
100
120
140
100
140
130
265
140
210

425
275
80
30
140

Static Water
Pumping
Level
Water Level
(fbgs)
(fbgs)
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0.44
0.67
0.04
0.50
0.20

0.42
0.8
0.8

0.6
0.3
0.3
0.10
0.28
0.15
0.89
0.35

0.09

Specific
Capacity
(gpm/ft)

Well Owner
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Hilltop Homes, Inc., Robert Adolph
Greenwich Estates
Greenwich Estates
Greenwich Estates
John Manning, Sr.
Albert M. Lewis, Jr.
Raymond Peters
Robert P. Gary
Edgar Rush
Archie Myers
Lawrence Bowers, Sr.
Matilda Smith
Kenneth Stetzer
Craig Baylor
Robert Adolph
Augusta C. Foss
Jack Hagerty / Gregory Huff
Readington Enterprises
Haines, Leslie G.
Hewitt Construction
Colonal Hand Split Shakes
Hewitt Construction
Francett, Robert
Hewitt Construction
Pearson, William J.
Stoor homes, Inc.
Stoor homes, Inc.
Stoor homes, Inc.
Landocs Development Co.
Landocs Development Co.
Landocs Development Co.
Landocs Development Co.
Landocs Development Co.

Permit No.
24-9070
24-9071
24-9074
24-9076
24-10701
24-10702
24-10704
24-11100
24-11494
24-12099
24-12807
24-12847
24-13155
24-13308
24-13382
24-13565
24-13683
24-14402
24-15635
24-15951
24-16297
24-16422
24-18873
24-19069
24-19192
24-19273
24-19463
24-20673
24-20857
24-20858
24-20859
24-21729
24-21730
24-21731
24-21732
24-21733

Completed
Depth
(feet)
84
114
84
94
157
129
116
165
188
300
74
208
155
248
183
133
228
180
275
208
125
265
200
255
250
288
200
220
300
300
300
125
175
150
160
200

Date of
Installation
9/17/1973
9/12/1973
9/18/1973
9/19/1973
8/1/1975
8/13/1975
8/16/1975
3/28/1976
10/20/1976
4/7/1978
5/17/1979
5/10/1978
7/21/1978
10/10/1978
3/15/1979
12/15/1978
6/29/1979
1/8/1980
3/22/82
9/7/1982
3/24/1983
8/24/1983
Oct-85
10/7/1985
May-86
2/24/1986
Sep-85
1/20/1987
10/15/1986
10/15/1986
10/14/1986
10/12/1987
10/9/1987
10/16/1987
8/1/1987
4/18/1988
179
51
136
167
108
150
62
215
174
96
92
120
210
195
190
185
98
160
160
130
109
102
100
100
140

72
102
70
93
52
123
105
93
176
103

Casing
(feet)
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

Diameter
(inches)

60

40

15
25
30
30
10
20
20
25
15
30
25
20
8
20
20
15
80
25
20
30
50
3.5
4
20
8
8
20
30
12
12
5

Yield
(gpm)
45
55
60
35
50
100
80
143
108
50
40
121
80
100
115
85
105
80
135
116
60
30
110
80
90
152
100
110
70
70
60
40
40
50
30
50

1.25
0.06
0.06
2.00
0.09
0.62
0.40
2.00

100
85
180
90
175
165
150
125
70
70
60
80
125
100
30
125
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0.80

0.80

2.08
1.25
0.60
1.00
1.43
0.13
1.33
2.00
0.75
3.20
0.36

Specific
Capacity
(gpm/ft)

155
120
100
65
135
140
115
125
105
130
150
135

Static Water
Pumping
Level
Water Level
(fbgs)
(fbgs)

Well Owner
Landocs Development Co.
Landocs Development Co.
Landocs Development Co.
Landocs Development Co.
Landocs Development Co.
Landocs Development Co.
Landocs Development Co.
Lusardi, Metitski & Rossi
Smith, Sheldon
Koop, Blake A.
Schifano, Ronald
Le Boeuf, Frederick J.
Cole, George
T.B.T. Development, Inc.
T.B.T. Development, Inc.
Karp, Edward & Charlotte
T.B.T. Development, Inc.
T.B.T. Development, Inc.
T.B.T. Development, Inc.
T.B.T. Development, Inc.
T.B.T. Development, Inc.
T.B.T. Development, Inc.
T.B.T. Development, Inc.
T.B.T. Development, Inc.
T.B.T. Development, Inc.
T.B.T. Development, Inc.
T.B.T. Development, Inc.
T.B.T. Development, Inc.
T.B.T. Development, Inc.
T.B.T. Development, Inc.
T.B.T. Development, Inc.
Randazza, Roy & Debra
Hamlen, Agnes O.
Flath, Thomas P., Builder
Sportelli, Sal (Fairmount)
Flath, Thomas P., Builder

Permit No.
24-21734
24-21735
24-21745
24-21749
24-21751
24-21752
24-21763
24-22974
24-23552
24-23890
24-24434
24-24626
24-25243
24-25657
24-25658
24-25774
24-25888
24-25956
24-25957
24-25958
24-26034
24-26544
24-26609
24-26610
24-26611
24-26866
24-26922
24-27640
24-27641
24-27642
24-27644
24-27704
24-27705
24-27810
24-27839
24-27909

Completed
Depth
(feet)
155
200
175
300
230
175
400
220
230
188
189
188
265
163
216
100
173
161
223
173
298
173
173
198
398
248
473
198
173
248
173
133
268
173
228
473

Date of
Installation
7/31/1987
10/8/1987
10/6/1987
8/6/1987
4/19/1988
4/20/1988
10/5/1987
12/3/1987
9/17/1988
5/23/1988
1/19/1989
9/1/1989
11/27/1989
10/31/1989
10/30/1989
7/21/1990
1/3/1990
3/28/1990
5/23/1990
4/27/1990
3/29/1990
1/15/1991
9/21/1990
11/13/1990
9/24/1990
3/12/1991
5/8/1991
2/14/1992
12/18/1991
10/25/1991
8/1/1991
4/2/1991
11/26/1991
5/8/1991
11/6/1991
8/1/1991

150
125
106
125
145
102
96
140
207
151
189
110
71 /230
160
160
90
104
150
218
160
120
120
120
120
120
100
120
170
120
120
120
130
90.5/90.5
31/150
171.5
120

Casing
(feet)
6
6
6
6
6
6
6
6 5/8
6
6
6
6
10/6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
10 / 6
10 / 6
6
6

Diameter
(inches)

Yield
(gpm)
25
50
45
125
40
40
70
80
94
108
120
88
130
92
95
80
65
80
95
83
75
70
75
100
80
90
85
84
92
90
80
100
143
123
110
92
110

100
143

90

25
150
100
125
125
100
275
150
105
118
140
103
189

Static Water
Pumping
Level
Water Level
(fbgs)
(fbgs)
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Specific
Capacity
(gpm/ft)

Well Owner
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Josephson, Gregory P.
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Ceres, Mark
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder

Permit No.
24-27910
24-27911
24-28022
24-28147
24-28200
24-28275
24-28455
24-28648
24-28649
24-28650
24-28651
24-28781
24-29122
24-29123
24-29124
24-29125
24-29126
24-29127
24-29128
24-29155
24-29156
24-29157
24-29158
24-29159
24-29160
24-29161
24-29162
24-29163
24-29164
24-29165
24-29166
24-29167
24-29168
24-29169
24-29170
24-29171

Completed
Depth
(feet)
223
160
340
590
247
173
200
617
298
173
223
473
398
170
223
275
173
165
240
598
155
298
165
148
173
248
223
150
173
448
148
230
198
198
298
223

Date of
Installation
3/9/1992
8/16/1991
7/22/1991
8/19/1991
10/24/1991
12/19/1991
1/7/1992
3/11/1992
4/15/1992
4/10/1992
2/18/1992
4/14/1992
5/15/1992
3/12/1992
3/12/1992
6/11/1992
6/15/1992
5/18/1992
5/12/1992
12/22/1992
8/5/1992
6/22/1992
1/15/1993
6/25/1992
12/23/1992
11/11/1992
6/15/1992
9/25/1992
11/10/1992
7/7/1992
9/3/1992
7/8/1992
10/22/1992
11/9/1992
12/8/1992
9/2/1992

140
140
110
120
240
120
62
100
80
100
120
120
120
160
152
51
127
120
201
50
65
60
100
120
150
92
202
140
140
155
90
70
150
100
100
52

Casing
(feet)

6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

6
6
6

Diameter
(inches)

Yield
(gpm)
102
80
174
80
100
83
100
105
110
87
92
92
92
100
105
87
90
95
80
90
100
100
75
90
78
80
115
100
85
105
79
105
110
85
128
90
150

Static Water
Pumping
Level
Water Level
(fbgs)
(fbgs)
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Specific
Capacity
(gpm/ft)

Well Owner
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Sikra, Martha
Stickel Construction, Inc.
Levash, Terri
Adams, James
Flath, Thomas P., Builder
Flath, Thomas P., Builder
Tasevski, Milan
Stickel Construction, Inc.
Polinski, Henry P. Jr.
Toll Bros.
Hickory Ridge Builders
Osiecki, Louis & Emma
Branflick, Jeffrey
Tasevski, Milan
Corgas, Charles E.
Figler, Robert & Christopher
Purcell, Chuck & Barbara
Holmes, Frank & Hellen
Merrick, Francis H.
Unangst, Jack
Stecker, William
Pfeiffer, Chip & Tammy
Volk, Robert
Coleman, Robert E.
Mancini, Jamey & Joseph

Permit No.
24-29172
24-29173
24-29174
24-29175
24-29176
24-29177
24-29305
24-29673
24-29892
24-29997
24-30328
24-30329
24-30644
24-30838
24-31475
24-31765
24-31988
24-32275
24-33302
24-33787
24-34557
24-35754
24-36693
24-36744
24-36899
24-37065
24-41653
24-41820
24-41730
24-37959
24-40358

Completed
Depth
(feet)
198
173
173
135
148
248
225
228
623
400
220
173
160
185
245
400
150
225
305
198
270
197
305
185
205
325
280
682
255
205
205
72
682
185

Date of
Installation
8/3/1992
9/9/1992
6/24/1992
7/2/1992
2/22/1993
6/18/1992
4/24/1992
7/15/1992
9/14/1992
10/21/1992
2/18/1993
2/23/1993
4/29/1993
8/27/1993
2/2/1994
6/24/1994
5/23/1994
8/5/1994
6/15/1995
4/3/1996
2/12/1997
11/20/1997
9/3/1998
9/10/1998
11/23/1998
11/18/1998
5/4/2002
8/12/2002
6/3/2002
8/19/1999
6/4/2001
minimum
maximum
median

120
120
120
120
120
135
143.5
202.5
200
52
200
170
150
161.5
203.5
59
70
211.5
148
179
103
178
170
164.5
164.5
198.5
99
200.5
138
80
157
10
240
103

Casing
(feet)
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

Diameter
(inches)

12
30
10
15
8
30
25
25
100
30
25
19
35
3.5
100
20

Yield
(gpm)
80
84
89
89
80
100
98
142
100
100
110
130
80
110
145
30
60
125
40
100
70
90
80
115
112
125
20
151
52
120
40
10
174
80

0.10
0.46
0.28
0.13
2.50
0.06
0.13
0.35
0.29
0.04
12
0.41

160
180
200
320
60
650
250
175
160
19
650
120
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0.50
0.15

Specific
Capacity
(gpm/ft)

110
145
340
100
125
40
160
135

300

98
142

Static Water
Pumping
Level
Water Level
(fbgs)
(fbgs)

Well Owner
Precambrian rocks
Mr. Daniel Myers
Russell Bellis
Albert Hagaman
Ronald Halpern/ Dr. Stanley Newman
Hilltop Homes, Inc., Robert Adolph
Skyview Homes, Inc.
Skyview Homes, Inc.
Kaminski, Edward
Marhold, Michael & Elaine
Albers, Michael
Greenwich Hills, Inc.
Greenwich Hills, Inc.
Tasevski, Milan
Sassman, Michael
Arnold Shook
24-797
24-1854
24-3654
24-6443
24-9497
24-10348
24-10349
24-30707
24-32712
24-32661
24-34451
24-35451
24-37697
24-41762
24-1628

Permit No.
7/24/1952
6/1/1955
4/15/1960
8/19/1966
1/25/1974
3/12/1975
3/7/1975
5/25/1994
12/9/1994
12/13/1994
10/31/1996
10/13/1997
5/8/1999
7/26/2002
11/4/2005
minimum
maximum
median

Date of
Installation
133
98
185
222
125
189
234
305
405
305
800
545
848
555
115
98
848
234

Completed
Depth
(feet)
109
42
48
120
54
50
50
56
52
50
140
50.5
150.5
101
68.5
42
150.5
54

Casing
(feet)
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6

Diameter
(inches)
2
18
15
3
20
20
6
20
15
20
4
10
2
4
15
2
20
15

Yield
(gpm)
93
73
55
80
40
50
65
40
100
80
120
120
100
75
60
40
120
75

0.01
0.02

0.5
0.01
0.5
0.025

40
100
80
540
545

90
40
545
95
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0.03

0.08

Specific
Capacity
(gpm/ft)

119
73
55
200

Static Water
Pumping
Level
Water Level
(fbgs)
(fbgs)

