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Hydrologic Assessment of Three Drainage Basins in the
Pinelands of Southern New Jersey, 2004-06

By Richard L. Walker, Robert S. Nicholson, and Donald A. Storck

Abstract

The New Jersey Pinelands is an ecologically diverse
area in the southern New Jersey Coastal Plain, most of which
overlies the Kirkwood-Cohansey aquifer system. The demand
for groundwater from this aquifer system is increasing as local
development increases. Because any increase in groundwater
withdrawals has the potential to affect streamflows and wet-
land water levels, and ultimately threaten the ecological health
and diversity of the Pinelands ecosystem, the U.S. Geological
Survey, in cooperation with the New Jersey Pinelands Com-
mission, began a multi-phase hydrologic investigation in 2004
to characterize the hydrologic system supporting the aquatic
and wetland communities of the New Jersey Pinelands area
(Pinelands). The current investigation of the hydrology of
three representative drainage basins in the Pinelands (Alb-
ertson Brook, McDonalds Branch, and Morses Mill Stream
basins) included a compilation of existing data; collection of
water-level and streamflow data; mapping of the water-table
altitude and depth to the water table; and analyses of water-
level and streamflow variability, subsurface gradients and flow
patterns, and water budgets.

During 2004—06, a hydrologic database of existing and
new data from wells and stream sites was compiled. Meth-
ods of data collection and analysis were defined, and data
networks consisting of 471 wells and 106 surface-water sites
were established. Hydrographs from 26 water-level-monitor-
ing wells and four streamflow-gaging stations were analyzed
to show the response of water levels and streamflow to pre-
cipitation and recharge with respect to the locations of these
wells and streams within each basin. Water-level hydrographs
show varying hydraulic gradients and flow potentials, and
indicate that responses to recharge events vary with well depth
and proximity to recharge and discharge areas.

Results of the investigation provide a detailed char-
acterization of hydrologic conditions, processes, and rela-
tions among the components of the hydrologic cycle in the
Pinelands. In the Pinelands, recharge replenishes the aquifer
system and contributes to groundwater flow, most of which
moves to wetlands and surface water where natural discharge
occurs. Some groundwater flow is intercepted by supply wells.
Recharge rates generally are highest during the non-growing

season and are inversely related to evapotranspiration. Analy-
sis of subsurface hydraulic gradients, water-table fluctuations,
and streamflow variability indicates a strong linkage between
groundwater and wetlands, lakes and streams. Gradient analy-
sis indicates that most wetlands are in groundwater discharge
areas, but some wetlands are in groundwater recharge areas.
The depth to the water table ranges from zero at surface-water
features up to about 10 meters in topographically high areas.
Depth to water fluctuates seasonally, and the magnitude of
these fluctuations generally increases with distance from
surface water. Variations in the permeability of the soils and
sediments of the aquifer system strongly affect patterns of
water movement through the subsurface and the interaction of
groundwater with wetlands, lakes and streams.

Mean annual streamflow during 2004—06 ranged from 83
to 106 percent of the long-term mean annual discharge, indi-
cating that the data-collection period can be considered repre-
sentative of average conditions. Measurements of groundwater
levels, stream stage, and stream discharge and locations of
start-of-flow are illustrated in basin-wide maps of water-table
altitude, depth to the water table, and stream base flow during
the period.

Water-level data collected along 15 hydrologic transects
that span the range of environments from uplands through
wetlands to surface water were used to determine hydraulic
gradients, potential flow directions, and areas of recharge and
discharge. These data provide information about the local-
ized interactions of groundwater with wetlands and surface
water. Wetlands were categorized with respect to whether
they lie in groundwater recharge or groundwater discharge
areas. Recharge-area wetlands and nearby surface water are
supported by local precipitation and groundwater that moves
along short flow paths; therefore, they are sensitive to drought
conditions. Discharge-area wetlands and surface water also
receive local groundwater but also benefit from more persis-
tent regional groundwater flow, which continues to support the
wetlands and surface water during dry periods when the more
localized, shallow groundwater flow is reduced or has ceased.

Geologic characteristics of sediments overlying and
within the unconfined aquifer can limit infiltration and
recharge rates and affect the flow of groundwater that sup-
ports wetland water levels and streamflow. Low-permeability
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sediments, common in the Kirkwood-Cohansey aquifer sys-
tem, were identified as the cause of localized mounding of the
water table and, therefore, support local wetlands and stream-
flow. The extent and effectiveness of the low-permeability
layers varied considerably in the areas studied; this variability
may directly affect interactions among the groundwater, wet-
lands, and surface water.

Water budgets, a means of hydrologic accounting in
which system inflows are balanced by outflows and changes in
storage, were developed to quantify major components of the
hydrologic cycle in the three basins. Water-budget components
were evaluated monthly to examine seasonal variations in,
and relations among, them. Monthly recharge to the aquifer
system, estimated as a residual, was as much as 20 centimeters
during “wet” months when the sum of inflows (primarily pre-
cipitation) exceeded the sum of outflows plus the net change
in storage. Recharge was occasionally negative (as small as
-5 centimeters) during “dry” months when the sum of outflows
(primarily evapotranspiration) exceeded the sum of inflows
plus the net change in storage. The water-budget analysis
shows that the hydrologic system supporting the Pinelands
wetland and aquatic habitats is dynamic and is potentially sen-
sitive to variations in components of the hydrologic budget.

Introduction

The New Jersey Pinelands area (Pinelands) (fig.1) is
a 3,797-km? portion of the 4,450-km? Pinelands National
Reserve in southern New Jersey that overlies the Kirkwood-
Cohansey aquifer system in the Atlantic Coastal Plain (New
Jersey Pinelands Commission, 1981). This ecologically
diverse area supports a variety of habitats and is home to
many threatened and endangered species. The landscape is a
patchwork of forested uplands, agricultural areas, and devel-
oped residential and commercial land, in addition to forested
lowlands that encompass areas of wetlands and surface water.
In the Pinelands, wetlands have been delineated by several
factors including the seasonal depth to the water table (a criti-
cal determinant of viable wetland habitat), soil conditions, and
the presence of plants recognized as wetland species. In this
report, the term “wetlands” includes (1) those areas delineated
as such by the New Jersey Department of Environmental Pro-
tection (NJDEP, 1999) and (2) areas of standing water, herein
called swamps.

Demand for water from the Kirkwood-Cohansey aquifer
system is increasing in response to growth within the Pine-
lands and nearby areas. New Jersey Public Law 2001, chapter
165, directs the Pinelands Commission and named cooperating
partners to “assess and prepare a report on the key hydrologic
and ecological information necessary to determine how the
current and future water supply needs within the Pinelands
area may be met while protecting the Kirkwood-Cohansey
aquifer system and while avoiding any adverse ecological
impact on the Pinelands area.” The relation between key

hydrologic and ecological attributes, therefore, needed to

be characterized to (1) assess the effects of groundwater
diversions from the Kirkwood-Cohansey aquifer system on
streamflow and wetland water levels within the Pinelands and
(2) determine the potential ecological effects of altered hydrol-
ogy on aquatic and wetland communities. To help address this
need, the U.S. Geological Survey (USGS), in cooperation with
the Pinelands Commission, began a multi-phase hydrologic
investigation in 2004 to characterize the hydrologic system
supporting the Pinelands aquatic and wetland communities.
This investigation is part of a multidisciplinary study referred
to as “the Kirkwood-Cohansey Project” (New Jersey Pine-
lands Commission, 2003).

Three Pinelands drainage basins—the Albertson Brook,
McDonalds Branch, and Morses Mill Stream basins—were
selected for a detailed hydrologic assessment to provide the
information needed to develop groundwater flow models
that can be used to predict hydrologic responses to increased
groundwater withdrawals. The first part of the hydrologic
assessment was a comprehensive hydrogeologic investigation
of each basin-oriented study area to characterize its hydro-
geologic framework and prepare a hydrostratigraphic model
of each study area (Walker and others, 2008). The second part
of the assessment, which is the subject of this report, was an
evaluation and quantification of the groundwater and surface-
water hydrologic processes in, and characteristics of, the three
basins. This evaluation included water-table mapping and
gradient analyses, streamflow measurements, development of
water budgets, and characterization of wetland/groundwater/
surface-water interactions under unstressed conditions for each
basin. The approach included (1) compiling available hydro-
logic data; (2) collecting additional hydrologic data needed to
improve the conceptual understanding of the hydrologic sys-
tem supporting aquatic and wetland habitat; (3) characterizing
the functioning of the hydrologic system within the physical
framework of the Kirkwood-Cohansey aquifer system, includ-
ing its connection to the wetlands and surface-water bodies;
and (4) estimating the values of the water-budget components
required to develop groundwater-flow models that can be used
to predict hydrologic responses to withdrawal stresses.

Purpose and Scope

This report characterizes the function of the hydrologic
system in supporting wetlands and streamflow within each of
the three study areas, utilizing previously available and new
information to identify and document hydrogeologic charac-
teristics that control groundwater/surface-water interactions.
The methods used to establish data-collection sites, collect and
analyze data from these sites, prepare maps of and sections
through wetlands, and prepare monthly water budgets are
described.

The methods of data collection included compiling exist-
ing hydrologic information, installing 122 wells and shallow
piezometers, equipping 26 wells for continuous monitoring,
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installing 3 streamflow-gaging stations and installing 15
stream staff gages. Data collection also included continuous
monitoring of groundwater levels, stream stage, and periodic
measurements of discharge to maintain up-to-date rating
curves for the streamflow-gaging stations. The report also
describes the methods used to make two synoptic ground-
water-level, stream-stage, and streamflow measurements at
numerous sites, one in spring and one in late summer 2005,
using a network of new and existing sites, including 471 wells
and 106 surface-water sites.

The hydrologic characteristics that control the natural
interactions of groundwater with the overlying wetlands and
surface-water bodies are described for each basin. Hydro-
graphs of groundwater levels and streamflow are used to
illustrate responses to precipitation events and provide insights
about recharge, potential groundwater-flow directions, and
vertical and horizontal hydraulic gradients in the aquifer sys-
tem in upland areas and near wetlands and streams. Maps of
the water table during spring and late summer 2005 are used
to illustrate potential groundwater-flow directions during these
two periods. Maps showing depth to the water table, a criti-
cal determinant of a viable wetland habitat, are presented for
spring 2005, a period considered to represent average wetland
water-table conditions in the three basins. Site-specific water-
level and hydraulic-gradient data for 15 hydrologic transects
are used to examine and describe the hydrologic characteris-
tics controlling groundwater flow and discharge to wetlands
and streams. In addition, maps showing the distribution of
stream-discharge measurements that illustrate the intermittent
and perennial stream reaches as defined during the two synop-
tic measurements in 2005 are presented for each study area.

Monthly water budgets are developed for each study area
from values of precipitation, evapotranspiration, groundwater
and surface-water withdrawals, and stream discharge. These
water budgets provide information needed to develop and cali-
brate groundwater-flow models for each of the study areas.

Description of Study Areas

The study areas include three drainage basins—Alb-
ertson Brook, McDonalds Branch, and Morses Mill Stream
(fig. 1)—that were selected from 39 candidate basins for the
coordinated study of hydrology and ecology because they
represent a range of typical hydrologic, geologic, and eco-
logical conditions and landscape characteristics common to
the Pinelands. Key hydrologic criteria for selection included
aquifer thickness, drainage area, stream length, drainage
density, accessibility for field work, past and current hydro-
logic monitoring and modeling, and current and potential
future groundwater withdrawals from the Kirkwood-Cohansey
aquifer system. Major landscape characteristics such as land
use, soil type, and landscape cover also were considered.

For the purpose of this report, each study area consists of the
drainage basin surrounded by a buffer area containing por-
tions of the adjacent drainage basins. The study-area boundary
is generally defined by the most distant basin divides of the

adjacent drainage basins or some other hydrologic boundary
in the adjacent drainage basin, such as a perennial stream.
Using the larger area ensured that the hydrologic data set was
sufficient to represent each study area such that conditions at
and beyond the subject basin boundaries could be understood.
In particular, the study areas may include areas where substan-
tial groundwater withdrawals are made just outside the basin
boundary, locations where groundwater and surface-water
divides do not coincide, where groundwater may be leav-

ing or entering the basin. Wetlands delineated by the NJDEP
indicate areas of favorable wetland habitat as defined by soils,
wetland species, and seasonal water levels. Wetlands in the
Pinelands typically are in lowland areas and represent a transi-
tion between uplands and surface water. In this report, lowland
environments that are temporarily or permanently inundated
with shallow standing water either seasonally or historically
are referred to as swamps that lie within wetlands.

The Albertson Brook study area totals 219.4 km?
and consists of the Albertson Brook basin (fig. 2), which
includes all of the Pump Branch and Blue Anchor Brook
drainage basins and Albertson Brook; the combined area is
52.27 km?, and the surrounding buffer area is 167.13 km? The
Albertson Brook study area lies predominantly in Winslow
Township, in Camden County, New Jersey. The easternmost
part of the study area lies in the Town of Hammonton, Atlantic
County, and is bordered to the south by Gloucester County and
to the north by Burlington County. Portions of the Albertson
Brook study area are within State Forest land in Atlantic and
Camden Counties, New Jersey. The dominant forest cover
in the uplands consists of mixed pine and oak forests. In the
lowlands, pitch pine, hardwoods, shrubs, and white cedar are
common. Agricultural land is common throughout the basin
but is nearly continuous south of Albertson Brook. Residen-
tial development is most dense in the upper part of the basin
in Winslow Township and along the highway corridors with
only lightly developed residential areas in the lower part of the
basin, which is largely agricultural or part of the State Forest.

The McDonalds Branch study area (fig. 3) occupies
72.73 km?, including the buffer area surrounding the McDon-
alds Branch basin. The study area is located principally on
State Forest land in Burlington County, New Jersey, and
therefore is only minimally developed. McDonalds Branch
basin (fig. 3) covers the upper 14.3 km? of the upper Rancocas
Creek basin. The McDonalds Branch basin is a predominantly
forested watershed, containing a mix of pine and oak forests,
pitch pine lowland, and hardwood and cedar swamps (Johns-
son and Barringer, 1993). In the downstream part of the basin,
the McDonalds Branch flows through a small commercial
cranberry bog before reaching a recreational lake and dam in a
lightly developed residential area.

The Morses Mill Stream study area (including the buffer
area) occupies 91.38 km? (fig. 4) surrounding the relatively
small (21.63 km?) segment of watershed referred to herein as
the Morses Mill Stream basin, which for this study excludes
the lower reaches of the Morses Mill Stream drainage area.
The study area lies in Atlantic County, and most of the Morses



Mill Stream basin is in Galloway Township. Part of Egg
Harbor, Hamilton, and Port Republic Townships, along with
Richard Stockton College, are all within the study-area bound-
ary. The eastern part of the study area, including both the
buffer area and the basin, is outside the New Jersey Pinelands
Area boundary.

Developed and agricultural land is prominent in the
Albertson Brook and Morses Mill Stream study areas,
whereas the McDonalds Branch study area is largely undevel-
oped. Information on water use in the three study areas was
obtained from the USGS Site-Specific Water Use Data System
(SWUDS) database. SWUDS contains water-use data from
wells with capacities that exceed 378.5 m*/d that are reported
to the New Jersey Bureau of Water Allocation. Excluding
domestic and other low-capacity wells that may exist, the
number of wells that extract water from the Kirkwood-Cohan-
sey aquifer system within each study area are listed below by
water use:

 Albertson Brook study area
* 12 commercial and industrial wells
* 31 public-supply and institutional wells
* 169 irrigation wells
* Morses Mill Stream study area
* 23 commercial and industrial wells
* 19 public-supply and institutional wells
» 37 irrigation wells
* McDonalds Branch study area
» 2 public-supply wells

2 irrigation wells

The three study areas are underlain by the sediments of
the Kirkwood-Cohansey aquifer system in the central and
southern Coastal Plain of New Jersey. The Kirkwood-Cohan-
sey aquifer system is the uppermost hydrogeologic unit in a
wedge-shaped sequence of Coastal Plain sediments that over-
lie pre-Cretaceous bedrock (Zapecza, 1989). The Coastal Plain
sediments are composed of gravel, sand, silt, and clay layers
that thicken and dip from the Coastal Plain’s western limit at
the Fall Line (fig. 1) to the southeast, reaching a maximum
thickness of more than 1,980 m at Cape May, New Jersey (Gill
and Farlekas, 1976). The sands and gravels that compose the
Kirkwood-Cohansey aquifer system extend from the updip
limit of the outcrop of the Kirkwood Formation (fig.1) to the
Atlantic Coast. The aquifer system generally is considered to
be an unconfined (water-table) aquifer, although extensive clay
layers that can cause perched or semi-confined conditions do
exist locally (Zapecza, 1989, p. B19).

The Kirkwood-Cohansey aquifer system is composed
principally of sands, silts, and clays of the Miocene-age
Kirkwood Formation and the overlying gravels, sands, and
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clays of the Cohansey Sand, also of Miocene age. Depending
on location, the surficial sediments may include the Miocene-
age Bridgeton Formation and (or) Pleistocene and Holocene
sediments that may overlie the Cohansey Sand in the vicinity
of the study areas. Where present, these surficial sediments are
considered to be part of the Kirkwood-Cohansey aquifer sys-
tem. The Cohansey Sand is typically coarser grained than the
underlying Kirkwood Formation, which grades to clay near its
base (Zapecza, 1989). Carter (1978) interpreted the Cohansey
Sand as a sequence of regressive barrier and barrier-protected
deposits ranging from surf zones to back bays and marshes, a
depositional environment that contributes to the formation of
discontinuous lenses of sand, silt, and clay.

In the updip part of the Kirkwood-Cohansey aquifer
system, and beneath the Albertson Brook and McDonalds
Branch study areas, the base of the aquifer system is a basal
clay bed in the lower part of Kirkwood Formation, which is
likely equivalent to the Alloway Clay Member of the Kirk-
wood Formation (Nemickas and Carswell, 1976) and is part of
the extensive composite confining unit described by Zapecza
(1989). About 13 km west of the Morses Mill Stream study
area, this basal clay dips below a thick, diatomaceous clay
bed, which forms an extensive confining unit in the upper part
of the Kirkwood Formation (Zapecza, 1989, p. B18-B19). This
clay does not crop out and locally separates the sediments of
the Kirkwood Formation into upper and lower sands. From its
updip extent, this diatomaceous clay dips and thickens toward
the east to approximately 70 m in the vicinity of the Morses
Mill Stream study area (Zapecza, 1989, pl. 22, 23), locally
forming the basal clay confining layer of the Kirkwood-
Cohansey aquifer system. In the vicinity of the Morses Mill
Stream study area, the upper sands of the Kirkwood Formation
remain hydraulically connected to the Cohansey Sand and also
are considered part of the Kirkwood-Cohansey aquifer system.
Sand units in the lower part of the Kirkwood Formation that
lie beneath the diatomaceous clay locally are referred to as
the Atlantic City 800-foot Sand (Zapezca, 1989). A detailed
description of the hydrogeologic framework of each of the
three study areas, including hydrogeologic sections and maps
of structure tops and thicknesses of layers, can be found in
Walker and others (2008).

Previous Investigations

Rhodehamel (1970, 1973, 1979) describes the geol-
ogy and hydrology of the Kirkwood and Cohansey Forma-
tions in the Pinelands in the vicinity of southern Burlington
County and adjacent parts of Atlantic and Camden Counties.
Rhodehamel describes the Cohansey Sand and upper part of
the Kirkwood Formation as a single aquifer. Zapecza (1989)
describes the Kirkwood-Cohansey aquifer system in the
context of the entire New Jersey Coastal Plain as generally
unconfined and locally semi-confined.

The soils of Burlington County are described by Markley
(1971) and the geology and soils of the McDonalds Branch
basin are summarized by Lord and others (1990) and Johnsson
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and Barringer (1993). Soils of the Albertson Brook study area
are described by Markley (1965) in Camden County and by
Johnson (1978) in Atlantic County, where both the down-
stream part of the Albertson Brook study area and the entire
Morses Mill Stream study are located.

The hydrology and water resources of the unconfined
aquifer system in and adjacent to the study areas are docu-
mented in a series of basin area reports for the Rancocas Creek
(Watt and others, 2003) in Burlington County and the Mullica
River (Johnson and Watt, 1996) and Great Egg Harbor River
basins in Atlantic, Burlington, and Camden Counties (Watt
and Johnson, 1992). The status of the landscape and selected
aquatic and wetland resources in the Mullica and Rancocas
River basins are described by Zampella and others (2001a and
2003, respectively).

Modica (1998) describes the head relations and hydrau-
lic gradients in the McDonalds Branch basin and an adjacent
basin, Mount Misery Brook. Modica and others (1997) simu-
lated groundwater flow in a generic stream-aquifer system
similar to those in the three study areas to characterize the
relation of shallow substream flow systems and their relation
to deeper groundwater flow. Sloto and Buxton (2005) devel-
oped water budgets for five tributary basins to the Delaware
River Basin, including a water budget for the Greenwood
Branch drainage basin of the Rancocas Creek, which includes
the McDonalds Branch. Water levels at continuous-record
streamflow-gaging stations and wells are published annually
by the USGS and are stored in its National Water Information
System (NWIS) database (http.//waterdata.usgs.gov/nj/nwis).

Many ecological studies have related Pinelands vegeta-
tion patterns and specific wetland, wetland-transitional, and
aquatic communities to hydrologic regimes and gradients. For
example, Zampella and others (1992) related water-table depth
and other factors to pitch pine lowland community gradients.
Recent studies that were part of the Kirkwood-Cohansey
Project examined the potential effects of hydrologic change
on forested wetlands (Laidig and others, 2010), intermittent-
pond vegetation (Laidig, 2010), aquatic habitats (Kennen and
Riskin, 2010; Procopio, 2010), and pond-breeding frogs (Bun-
nell and Ciraolo, 2010). Other relevant ecological studies are
highlighted in reviews by McCormick (1979) and Zampella
and others (2008).

Well-Numbering System

Records of selected wells included in this study
(table 1 at end of report) are in the USGS NWIS database
(http://waterdata.usgs.gov/nj/nwis). Sites in the NWIS data-
base are identified in this report by a site identifier (USGS well
number, or UID (unique identifier)) consisting of a two-digit
county code number followed by a four-digit sequence num-
ber. Some well sites listed in table 1 (at end of report) are not
in NWIS and therefore do not have a UID as a site identifier.
These wells are identified by their local identifier assigned
by the New Jersey Pinelands Commission, which installed,

maintained, and is the source of all data for those wells. The
county code numbers used in this report are 01 for Atlantic
County, 05 for Burlington County, and 07 for Camden County.
Records of selected surface-water sites included in this
study (table 2 at end of report) are identified by site codes that
use one of four different naming conventions. Most com-
mon is the stream-site station number, which consists of an
8- to 10-digit number beginning with 01. Other stream-site
site codes not assigned a station number consist of 15-digit
numerical codes that indicate the site’s latitude and longi-
tude expressed in degrees, minutes, and seconds. Some sites
established by previous investigators (Johnson and Watt, 1996;
Watt and others, 2003) are referred to in this study as “stream
points,” and are identified by a code beginning with “STM”
followed by a sequence number (for example, STM60). The
fourth type of site code listed in table 2 represents stream-
point sites established during this study. This site code is
composed of a two-letter study-area code followed by “STM”
and a sequence number. Study-area codes used in this study
are AB for Albertson Brook, MB for McDonalds Branch, and
MM for Morses Mill Stream. Using these conventions, a new
stream point in the Albertson Brook study area would have a
site code such as ABSTMS.

Methods of Investigation

This section describes the methods used to establish
dat