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Abstract

Several plumes of dissolved, chlorinated solvents,
including trichloroethylene, have been identified in a sole-
source aquifer near the former Northrop Grumman Bethpage
Facility and Naval Weapons Industrial Reserve Plant sites in
southeastern Nassau County, New York. Past investigations
have documented that the groundwater contamination origi-
nated from this industrial area and now extends to the south,
in the direction of groundwater flow. The intermixed plumes
are commonly referred to as the “Navy Grumman ground-
water plume.” Detailed groundwater-flow modeling was
needed for the New York State Department of Environmental
Conservation (NYSDEC) to evaluate design options necessary
for the construction, operation, optimization, maintenance,
and monitoring of a groundwater extraction and treatment
cleanup plan selected in a December 2019 Amended Record
of Decision by the NYSDEC to comprehensively address
these plumes.

Consequently, the NYSDEC began a cooperative study
with the U.S. Geological Survey in 2020 to better understand
the local hydrogeologic framework using two independent
approaches to characterize aquifer heterogeneity and update an
existing regional groundwater-flow model to provide transient
boundary conditions for new inset groundwater-flow models
of the plume area. We developed these detailed inset mod-
els for the two independent aquifer characterizations using
history-matching techniques coupled with a novel approach
to risk-based management optimization of the remedial
design. We also used the updated regional model to assess this
optimized groundwater extraction and treatment design for
potential saltwater intrusion.

The ensembles of parameters resulting from history
matching provided a platform with which to evaluate capture
by water-supply and remedial wells using particle-tracking

U.S. Geological Survey.
2HDR Inc.

techniques. Using the ensemble to select a risk stance, we
performed multiobjective optimization to identify various
configurations of remedial pumping that are consistent with
external constraints and that favor potentially competing
objectives. Multiple solutions provide tradeoffs that NYSDEC
can consider. In general, pumping redistribution may help to
prevent further contamination migration downgradient. These
and other study results are intended to support decisions for
the remedial design focused on the local area encompassing
the full extent of the Navy Grumman groundwater plume.

Introduction

Several plumes of dissolved, chlorinated solvents, includ-
ing trichloroethylene (TCE), have been identified in a sole-
source aquifer near the former Northrop Grumman Bethpage
Facility (NGBF) and Naval Weapons Industrial Reserve Plant
(NWIRP) in southeastern Nassau County, New York (figs. 1
and 2). The NGBF and NWIRP are collectively labelled as
“Industrial Facility” on figure 2. Chlorinated solvents are
associated with acute and chronic human-health concerns.
Some chlorinated solvents—including TCE—are classified as
carcinogenic to humans by the U.S. Environmental Protection
Agency (EPA). The EPA has set maximum contaminant levels
(MCLs) for solvents in drinking water at low concentrations;
the MCL for TCE is 5 micrograms per liter (ug/L; EPA, 2024).
Accordingly, the NGBF and NWIRP are listed as Class II sites
(site numbers HW130003A and HW130003B, respectively)
on the New York State registry of Inactive Hazardous Waste
Disposal Sites (New York State Department of Environmental
Conservation, 2023). Class II sites pose a significant threat to
human health, and the environment and remedial actions are
required under the New York State Superfund Program (New
York State Department of Environmental Conservation, 2023).

Past investigations have documented that the ground-
water contamination originated from the NGBF and NWIRP
area and now extends nearly 4 miles to the south (fig. 2), the
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2024), and other local features in southeastern Nassau County, New York. Plume shell outline from Daniel St. Germain (HDR Inc.,

written commun., 2022).
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general direction of groundwater flow (HDR Inc., 2019). As
such, the groundwater contamination is collectively referred
to as the “Navy Grumman groundwater plume.” Some por-
tions of the plume contain zones of more highly contami-
nated groundwater, where volatile organic compound (VOC)
concentrations, including those for TCE, are one or more
orders of magnitude greater than in the surrounding plume
(Misut, 2014).

Knowledge of groundwater-flow patterns and rates is
essential for effective management of groundwater resources
and for mitigation of potential adverse effects of the plume
on drinking-water supplies and nearby ecologically sensi-
tive areas. Groundwater-flow models have been developed
to simulate plume movement and effects on downgradi-
ent public-supply wells in the study area (Smolensky and
Feldman, 1995; Arcadis G&M, Inc., 2003; Misut, 2014, 2018).
More recently, a groundwater-flow model was developed by
the U.S. Geological Survey (USGS), in cooperation with the
New York State Department of Environmental Conservation
(NYSDEQC), to evaluate alternatives to hydraulically contain
the plume as part of a feasibility study (Misut and others,
2020). Specifically, this study included simulation of con-
taminant transport, evaluation of potential effects of remedial
scenarios on the environment (streamflows, wetlands, public-
supply wells, and saltwater intrusion), and assessment of the
feasibility of hydraulically containing and treating groundwa-
ter containing contaminants exceeding applicable standards
(HDR Inc., 2019). This USGS modeling effort helped inform
an Amended Record of Decision in which the NYSDEC
selected a comprehensive plan to contain and expedite cleanup
of the contaminant plume (New York State Department of
Environmental Conservation, 2019).

Further model development and refinement was needed
for the NYSDEC to evaluate design options necessary for
the construction, operation, optimization, maintenance, and
monitoring of the remedy selected in the December 2019
Amended Record of Decision (New York State Department of
Environmental Conservation, 2019). Consequently, the NY S-
DEC began a cooperative study with the USGS in 2020 to bet-
ter understand the local hydrogeologic framework using two
independent approaches to characterize aquifer heterogeneity
and update an existing regional model to provide transient
boundary conditions for new inset models (figs. | and 2) of
the plume area. We developed these detailed inset models for
the two independent aquifer-characterization approaches using
history-matching techniques to inform prediction uncertainty
coupled with a novel approach to risk-based optimization of
the remedial design.

We also used the updated regional model to assess this
optimized groundwater extraction and treatment design on
the potential for landward encroachment of saline groundwa-
ter from south of the focus area. Study results are intended
to be used to inform the design of the selected remedy and
ultimately help the NYSDEC achieve several critical reme-
dial goals including (1) halting further migration of VOC
plumes from the NGBF and NWIRP sites, (2) preventing

contamination from reaching unaffected drinking-water wells
and reducing concentrations in currently impacted wells, (3)
reducing the volume and contaminant concentrations within
these VOC plumes, (4) protecting the Long Island sole-source
aquifer and the region's water resources by returning treated
water to the aquifer system, and (5) reducing the timeframe for
cleaning up the VOC plumes (New York State Department of
Environmental Conservation, 2019).

Purpose and Scope

The purpose of this report is to describe the results of a
multipart study undertaken to further develop and refine mod-
els to evaluate design scenarios for groundwater extraction
and treatment remediation of the Navy Grumman groundwater
plume. Included in the report are an updated interpretation of
the hydrogeologic framework with two independent character-
izations of aquifer heterogeneity, an updated regional model
providing transient boundary conditions for inset modeling
of the plume area, new inset models for the two independent
aquifer characterizations and risk-based optimization of the
remedial design, and an updated regional model of freshwater/
saltwater interface movement. This report also presents clima-
tological, hydrological, and water-use data obtained between
2005 and 2019 to support development and application of the
models (Corson-Dosch and Fienen, 2023).

We updated an existing regional groundwater-flow model
of Long Island (Misut and others, 2024) and placed a finely
discretized inset model of a portion of southeastern Nassau
County within the more coarsely discretized regional model
(fig. 1). This multiscale modeling approach allows the area
near the plume to be simulated in finer detail than would be
possible with the regional model but still establishes and
maintains hydrologic connections to natural flow boundaries
outside the inset area. A discussion of the limitations of the
various modeling approaches used is included in this report.
Representation of plume-source loading mechanisms, such as
contaminant inflow from land surface, was beyond the scope
of the study. Simulations described in this report do not char-
acterize the historical development of any plume and represent
only the conditions during the timeframe of the model history-
matching period (2005-19).

Previous Investigations

Numerical models developed for the Long Island
groundwater-flow system have been used by the USGS since
the late 1960s to evaluate the availability and suitability of the
island's groundwater resources (Schubert and others, 1997).
A detailed timeline of the history of groundwater-flow model
development in Nassau County through the 2010s is given in
Misut (2011). Simulation of the groundwater-flow system of
Nassau County began before the advent of digital comput-
ers through the experimental use of electric-analog models
(Getzen, 1977). Smolensky and Feldman (1995) simulated



groundwater-flow paths encompassing the NGBF and NWIRP
area in cooperation with the Nassau County Health Department
(NCHD) using the USGS model codes MODFLOW (McDon-
ald and Harbaugh, 1988) and MODPATH (Pollock, 1994a, b).

At the time of the first MODFLOW analysis near the
NGBF and NWIRP sites in 1995, groundwater flowed toward
deep industrial pumping wells and away from surface-recharge
basins where water captured by industrial wells was reintro-
duced. Use of an open-loop geothermal cooling system that
included pumping wells and discharge to surface-recharge
basins resulted in rearrangement and partial containment of a
VOC plume, which was migrating in a generally southward
direction at a rate of about 200 feet per year (ft/yr) as described
by Smolensky and Feldman (1995).

Smolensky and Feldman (1995) also indicated that some
groundwater upgradient from surface-recharge basins was
drawn into the deep zones of industrial-well influence, but not
captured, and ultimately discharged to the far-southern model
boundary in the bottom part of the Magothy aquifer, near the
contact with the underlying Raritan confining unit (refer to
“Hydrogeologic Setting” section). From 1995 to the present
(2023), consultants for the responsible parties developed a
series of MODFLOW, MODPATH, and MT3D (Zheng, 1999)
models that are generally consistent with the earlier USGS
analyses but depict greater containment of VOCs upgradient
from an onsite containment system and continued southward
migration of VOCs downgradient from the onsite containment
system (Arcadis G&M, Inc., 2009).

Particle-tracking analyses completed recently by USGS
of partial (Misut, 2014, 2018) or complete (Misut and oth-
ers, 2020) plume capture by pumping wells were in general
agreement with previous studies. An analysis of total hydraulic-
containment alternatives for the Navy Grumman groundwater
plume began with the Naval Facilities Engineering Command
(Tetra Tech, 2012) in 2011 and was continued by the NYSDEC
(HDR Inc., 2019). The NYSDEC analysis was supported by
USGS modeling of the effects of remedial scenarios on the
movement of the Navy Grumman groundwater plume (Misut
and others, 2020).

Misut and others (2020) also evaluated the effects of
optimal plume-containment scenarios on streams and the
location of the freshwater/saltwater interface along the south
shore of Long Island. Further analyses were needed to com-
prehensively evaluate the effects of the hydraulic containment
and post-treatment water-management system on the Navy
Grumman groundwater plume and the potential hydraulic influ-
ences on surface waters, public-water supply wells, existing
groundwater-recovery systems, and the potential for saltwater
intrusion.

Description of the Study Area

Long Island is about 120 miles (mi) long, 25 mi across
at its widest point, and 1,400 square miles (mi?) in total area.
Long Island is bounded by Long Island Sound to the north, the
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Great Peconic Bay and Block Island Sound (not shown) to the
east, the Atlantic Ocean to the south, and the East River (not
shown) and the Upper New York Bay (not shown) to the west.
The existing regional groundwater-flow model encompasses
the entire four-county (Kings, Queens, Nassau, and Suffolk)
area of Long Island (fig. 1). Inset models were developed

for the local area encompassing the full extent of the Navy
Grumman groundwater plume in southeastern Nassau County
to represent two independent aquifer characterizations to help
refine decision support for the remedial design. This inset area
encompasses 36.2 mi? and is bounded by South Oyster Bay to
the south (fig. 2).

Hydrogeologic Setting

Land-surface altitudes on Long Island range from 0 feet
(ft) above North American Vertical Datum of 1988 (NAVD 88)
at the coast to more than 300 ft above NAVD 88 in some areas
underlain by glacial moraines (fig. 3). The hummocky terrain
associated with glacial moraines generally is bounded to the
south by gently sloping outwash plains. Within the inset area,
land-surface altitudes range from near sea level at the coast to
more than 150 ft above mean sea level (MSL) in the northeast-
ern part of the inset area.

The seven major hydrogeologic (and geologic) units
on Long Island (fig. 4; Smolensky and others, 1990) are, in
descending order, the upper glacial aquifer (Pleistocene depos-
its), Gardiners Clay (Gardiners Clay), Jameco aquifer (Jameco
Gravel), Monmouth greensand (Monmouth Group, not shown
in fig. 4), Magothy aquifer (Magothy Formation and Matawan
Group, undifferentiated), Raritan confining unit (unnamed clay
member of the Raritan Formation), and Lloyd aquifer (Lloyd
Sand Member of the Raritan Formation). Within the inset area,
the Jameco aquifer and Monmouth greensand are generally
absent, and the Magothy aquifer is directly overlain by the
upper glacial aquifer and (or) Gardiners Clay (in the southern-
most portion). In addition to the major hydrogeologic units,
other Pleistocene hydrogeologic units—the North Shore aqui-
fer and North Shore confining unit (both of which are north
of the study area)—underlie the upper glacial aquifer in some
areas where Cretaceous hydrogeologic units are absent along
the northern shore of the island (Stumm, 2001). Confining
units occur locally within the upper glacial aquifer (Doriski
and Wilde-Katz, 1982; Krulikas and Koszalka, 1982; Schubert
and others, 2004).

Recharge from precipitation is the sole source of natural
water to the aquifer system. Long Island received an average
of about 48 inches per year (in/yr) from 1900 to 2019; on aver-
age, about 48 percent (23 in/yr) recharges the aquifer at the
water table (Finkelstein and others, 2022). Groundwater flows
away from regional groundwater divides towards discharge
at streams, coastal waters, and wells; some deep groundwa-
ter discharges upwards through confining units into salty
groundwater (as subsea discharge; fig. 4). Water-table alti-
tudes exceed 60 ft in two areas—to the east and west of major
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Figure 3. Inset model extent (Corson-Dosch and Fienen, 2023), and topography and bathymetry of Long Island, New York. Modified from Walter and others (2020). [m,
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Figure 4. The major hydrogeologic units, generalized groundwater-flow directions, and general position of the freshwater/saltwater
interface in the Long Island aquifer system, New York. From Walter and others (2020).
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surface-water drainages in the central part of Long Island

(fig. 1). The western part of these two areas extends into the
northern portion of the inset area. Water-table altitudes are also
high locally in northern parts of Queens County, on necks and
peninsulas in northern Nassau County, and in eastern Suffolk
County (Walter and others, 2020).

The major aquifers are extensive, unconsolidated deposits
that generally yield large quantities of water to wells. The
most permeable units within this multilayered aquifer system
consist predominantly of either sand or sand and gravel. The
two regionally extensive clay units (the Gardiners Clay and
Raritan confining units) have been estimated to have a vertical
hydraulic conductivity (Kv) several orders of magnitude lower
than that of the aquifers, and strongly restrict groundwater
flow between the adjacent aquifers (Franke and Cohen, 1972).
Where present, the two clay units separate the groundwater-
flow system into three major aquifer assemblages: the upper
glacial, Jameco, Magothy, and Lloyd aquifers (fig. 4). The
Gardiners Clay impedes vertical flow between the upper
glacial and Jameco and Magothy aquifers, predominately
along the southern shore of the island including the inset area;
the Raritan confining unit impedes vertical flow between the
Jameco, Magothy and Lloyd aquifers in most areas of Long
Island, including the inset area. The crystalline bedrock under-
lying the unconsolidated sediments is much less permeable,
and the bedrock surface is considered the lower extent of the
aquifer system.

This multilayered aquifer system is known for abundant
water resources and groundwater-fed surface waters that
harbor unique ecosystems. Surface runoff is negligible, and
most precipitation recharges the aquifer at the water table in
undeveloped areas. Recharge to the aquifer may be lower in
developed areas owing to the interception of precipitation by
impervious surfaces. The largest groundwater recharge deficits
caused by impervious surfaces are in urbanized areas of New
York City and southern Nassau County. However, much of
the recharge potentially lost to impervious surfaces in Nassau
County can recharge the aquifer through sumps, dry wells,
and a network of more than 6,000 recharge basins (Walter and
others, 2020).

Precipitation-derived groundwater is the sole source
of drinking water for the residents of Nassau and Suffolk
Counties and is the primary source of freshwater discharge
to the numerous kettle-hole ponds, streams, and wetlands
across Long Island and the inset area (fig. 1). Major streams
in the inset area include Bellmore Creek and Massapequa
Creek; minor streams include Carman Creek, Seaford Creek,
Seamans Creek, Newbridge Creek, and Cedar Swamp Creek
(fig. 2). These streams receive perennial (base) flow where
their channels incise the water table, which only occurs in
the southern part of the inset area. Because the channels are
generally shallow, the low-lying areas surrounding these
streams are vulnerable to flooding owing to the shallow depth
to groundwater.

Population and Land Use

Long Island is densely populated and had an estimated
population of about 8.1 million people in 2020 (U.S. Census
Bureau, 2021). About 5 million people reside in Kings
and Queens Counties, which constitute the New York City
Boroughs of Brooklyn and Queens (not shown). The remain-
ing population resides to the east, following a general west-to-
east trend in land cover from highly developed areas in Nassau
County to medium- and low-intensity developed areas in
Suffolk County (Finkelstein and others, 2022).

Land use shows a similar pattern, generally transitioning
from urban in the west to rural in the east, with densely urban-
ized landscapes in New York City and areas of undeveloped
and agricultural land in eastern Suffolk County. Within the
inset area, land use varies from urbanized in the southern and
western parts to medium- and low-intensity developed areas in
the northeastern part. More detailed information on population
and land use across Long Island is presented in Finkelstein
and others (2022).

Water Use

From 2005 to 2019, a total of about 424 million gallons
per day (Mgal/d) of groundwater on average was withdrawn
annually from the Long Island aquifer system for multiple
uses, including public supply, agriculture, and industry
(Walter and others, 2024). The public supply of drinking
water accounted for nearly all (95 percent) of the total annual
groundwater withdrawal on Long Island. About 34 Mgal/d
of that total was withdrawn for public supply within the inset
area. A total of about 8 Mgal/d of groundwater on average was
withdrawn annually from the Long Island aquifer system for
contaminant remediation during the same period (New York
State Department of Environmental Conservation, 2020). This
remedial pumping generally does not vary seasonally and
has increased with time; all water is generally returned to the
aquifer system after treatment. The vast majority (7.9 Mgal/d)
of the total was withdrawn as part of Navy Grumman ground-
water plume remediation within the inset area.

Hydrogeologic Framework

The Long Island aquifer system consists of unconsoli-
dated Pleistocene and Cretaceous sediments that are underlain
by somewhat impermeable crystalline bedrock. The altitude
of the bedrock surface ranges from about 2,000 ft below
NAVD 88 beneath Fire Island (not shown), a barrier island
along the south-central part of Long Island (fig. 3), to near
sea level along the East River (not shown) in northwest-
ern Queens County, where there are small areas of bedrock
outcrops (fig. 5; Smolensky and others, 1990). The overlying
Late Cretaceous sediments (older than about 66 million years



before present) are part of the Northern Atlantic Coastal Plain
regional aquifer system (Masterson and others, 2016) and are,
in turn, generally overlain by Pleistocene sediments.
Pleistocene sediments were deposited largely during
the Wisconsinan glaciation, when periods of ice advance and
retreat formed morainal ridges that trend east to west along the
spine of Long Island, and associated outwash plains generally
to the south (Fuller, 1914; Cadwell and Muller, 1986). Locally
extensive pre-Wisconsinan Pleistocene clay units lie within or
beneath the glacial sediments and overlie Cretaceous sedi-
ments along the northern and southern shores of the island.
Long Island is bifurcated at the eastern end where two
morainal ridges diverge to form the North and South Forks
(fig. 3). The glacial moraines are bounded to the south by
glacial outwash deposits and, generally, to the north by ice-
contact deposits. The Pleistocene—glacial and nonglacial—
sediments and the underlying Cretaceous units constitute a
series of aquifers and confining units that is as thick as 2,000 ft
on the southeastern-dipping bedrock surface. The Cretaceous
units are absent in some areas near the northern shore of the
island (fig. 5); Wisconsinan glacial sediments in these areas
are either underlain by bedrock or by older (pre-Wisconsinan)
Pleistocene glacial and nonglacial sediments. Pleistocene,
coarse-grained (mainly sand and gravel) deposits on Long
Island are commonly considered one hydrologic unit, which is
referred to as the upper glacial aquifer (table 1).

Modification of Cretaceous Stratigraphy

Regional correlations between Long Island’s Cretaceous
coastal plain sediments are based upon lithologic descrip-
tions, core samples, pollen analyses, and gamma log patterns
(Brown and others, 1972; Zapecza, 1989; Sirkin, 1986). The
drill-core data and geophysical logs obtained by Stumm and
others (2024) provide a basis for the naming of an additional
Cretaceous hydrogeologic unit—the upper Raritan aquifer.
More details about the information used to describe the upper
Raritan aquifer and make this determination are provided in
Stumm and others (2024). All other geologic and hydrologic
unit names used in this report are those currently used by the
USGS (Suter and others, 1949; Smolensky and others, 1990;
Stumm, 2001; Stumm and others, 2002, 2004).

Upper Raritan Aquifer

The upper Raritan aquifer was introduced by Stumm and
others (2024) to represent a unit of Cretaceous sediments that
are part of the Raritan Formation present above the clay and
silt of the Raritan confining unit and below the basal gravel
of the Magothy aquifer in parts of western Long Island. The
upper Raritan aquifer was initially identified by Stumm and
others (2024) through analysis of high resolution (5-ft interval)
core descriptions and gamma logs from a dense network of
about 50 vertical profile borings drilled into the Raritan con-
fining unit to help define the comingled plumes in southeastern
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Nassau County (fig. 6). The analysis indicated a substantial
deviation of the top surface of the Raritan confining unit as
compared to that in previously published maps (Suter and
others, 1949; Smolensky and others, 1990). Dense clay beds
clearly were absent in the upper part of the Raritan confining
unit, indicating a possible facies or depositional change from
fine- to coarse-grained lithologies in this part of the Raritan
Formation.

The newly mapped upper part of the Raritan Formation
is generally characterized by fine to coarse sand with silt
and minor clay lenses below the Magothy aquifer’s basal
gravel, whereas the Raritan confining unit has been previ-
ously described as consisting of dense clay and silt with small
sand interbeds (Suter and others, 1949; Smolensky and oth-
ers, 1990). Further analysis of hundreds of core descriptions
and gamma logs in Kings, Queens, and Nassau Counties by
Stumm and others (2024) indicated the upper Raritan aquifer
extends throughout the southernmost parts of these counties.
The aquifer also appears to extend throughout the central
part of Nassau County (fig. 6) and may extend eastward into
Suffolk County.

Raritan Confining Unit

The unnamed clay member of the Cretaceous Raritan
Formation forms the Raritan confining unit (fig. 7), which
underlies most of Nassau County (including the entire inset
area) and dips to the southeast (Suter and others, 1949). The
unit consists of dense clay and silt that are multicolored,
including gray, white, red, and tan (Suter and others, 1949;
Stumm, 2001; Stumm and others, 2002, 2004). The top of
the Raritan confining unit was defined in Stumm and others
(2024) and in this study by the presence of a dense clay and
silt that is at least 20 ft in thickness based on core samples and
gamma logs.

Distribution of Hydraulic Properties

Nuclear magnetic resonance (NMR) logs measure the
induced magnetic moment of hydrogen protons contained
within the fluid-filled pore space of porous media. Unlike
other geophysical logs that respond to the rock matrix and
fluid properties and are strongly dependent on mineralogy,
NMR logs respond to the presence of hydrogen protons in
the formation fluid to determine water content (equivalent
to porosity in the saturated zone) and pore-size distribution
(derived from bound versus mobile water; Dlubac and others,
2013). NMR logs can be used to estimate vertically continuous
porosity and hydraulic conductivity in the adjacent formation
using equations and compilations of regressions determined
from published collocated hydraulic tests of unconsolidated
aquifers (Walsh and others, 2013; Knight and others, 2016;
Kendrick and others, 2021).
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Figure 5.

Inset area (Corson-Dosch and Fienen, 2023), extent of Cretaceous sediments, altitude of bedrock surface, and depth to water on Long Island, New York, in 2010.
Modified from Walter and others (2020).
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Table 1. Major hydrogeologic units of the Long Island aquifer system, New York.

[From Stumm and others (2024). ft/d, foot per day; NMR, nuclear magnetic resonance]

Hydrogeologic unit

Geologic unit

Description

Upper glacial aquifer

Glacial aquifer
(semiconfined)

Gardiners confining unit
(Gardiners clay)

Jameco aquifer (gravel)

North Shore confining unit

North Shore aquifer

Magothy aquifer

Upper Raritan aquifer

Raritan confining unit
(Raritan clay)

Lloyd aquifer

Bedrock

Upper Pleistocene sediments with recent

deposits

Upper Pleistocene sediments

Upper Pleistocene sediments

Upper Pleistocene sediments

Upper Pleistocene sediments

Upper Pleistocene sediments

Upper Cretaceous undifferentiated
Matawan Group or Magothy
Formation

Upper Cretaceous Raritan Formation

Upper Cretaceous clay member of the
Raritan Formation

Lloyd Sand Member of the Raritan
Formation

Hartland Formation; crystalline bedrock

Till and outwash sediments of boulders, sand, silt, and clay.
Average hydraulic conductivity north of the moraine was
120 ft/d. Outwash south of the moraines has the highest
geometric mean hydraulic conductivity, about 200 ft/d.

Till and outwash sediments of boulders, sand, and silt.
Semiconfined locally by the North Shore confining unit. The
geometric mean hydraulic conductivity is 120 ft/d.

Clay, silt, and a few layers of sand along the southern part of the
study area. Greenish-gray clay with some shells. Confines water
in the Jameco aquifer below. No estimates of the geometric
mean hydraulic conductivity from NMR logs were completed,
but are probably similar to the North Shore confining unit.

Gravels, boulders, and coarse sand. Gravels and coarse sand
contain distinctly dark mineralogy with various dark-colored
rock fragments including diabase, sandstone, granite, schist, and
gneiss. The geometric mean hydraulic conductivity is 500 ft/d.

Dark olive-gray clay and silt with some sand layers. Typically
hundreds of feet thick, clay sometimes with varves within
buried valleys of multiple depositional environments and ages
as an assemblage. Marine and glacial lake clay sediments. The
geometric mean hydraulic conductivity estimated from NMR
log is 0.22 ft/d.

Brown and gray gravel, sand, and silt, consisting of rock fragments
composed of mostly quartz within buried valleys. Aquifer is
confined by the North Shore confining unit and in hydraulic
connection with the Lloyd aquifer. The geometric mean
hydraulic conductivity is 31 ft/d.

Fine sand and silt with basal gravels consisting of gray and pale-
yellow quartz-rich sand. Lignite and iron-oxide concretions
common. The geometric mean hydraulic conductivity is 120 ft/d.

Fine to coarse sand with silt and minor layers of dense clay.
Multicolored pinkish, reddish, yellow, and gray quartz-rich sand.
The geometric mean hydraulic conductivity from NMR logs
ranges from 110 to 40 ft/d.

Clay; dense and multicolored, including gray, red, white, and tan.
Minor amounts of sand and silt. Confines water in the Lloyd
aquifer below. The geometric mean hydraulic conductivity
estimated from NMR logs ranges from 9.9 ft/d in the siltier
upper portions to 0.12 ft/d in the lower, denser clay portion.

Fine to coarse sand and basal gravels with some clay lenses. White
to pale-yellow quartz-rich sand well sorted. Clay lenses tend to
be thin solid with multi-colors such as gray, red, white, or tan.

Typically highly weathered saprolitic zone about 50 feet thick. In
glacially scoured areas solid bedrock was encountered consisting
of gneiss, schist, granite, and granodiorite.
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Figure 6. Inset area in relation to the surface altitude and extent of the upper Raritan aquifer underlying Nassau

County, New York (Corson-Dosch and Fienen, 2023). Modified from Stumm and others (2024).
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NMR logs were collected from five deep groundwater
monitoring wells in Nassau County (fig. 8) and were analyzed
to determine clay-bound, capillary-bound, and mobile-water
content or fraction and to estimate hydraulic conductivity of
aquifers and confining units. More details about the collec-
tion and analysis of NMR logs from these wells, including the
estimation of hydraulic properties using published co-located
hydraulic tests, are provided in Stumm and others (2024).

Upper Glacial Aquifer

The upper glacial aquifer south of the glacial moraines
consists predominantly of well-sorted outwash and is more
hydraulically conductive than sediments north of the moraine
where the aquifer consists of variably silty ice-contact depos-
its (fig. 9). The geometric mean horizontal hydraulic conduc-
tivity (Kh) estimated from 121 pumping tests in the glacial
outwash was 200 feet per day (ft/d), whereas the geometric
mean horizontal hydraulic conductivity estimated from 22
pumping tests north of the moraine was 120 ft/d (Stumm
and others, 2024). The total porosity outwash (south of the
moraine) ranged from 30 to 40 percent based on laboratory
analysis of several hundred samples from southern Long
Island reported by Veatch and others (1906).

Magothy Aquifer

The geometric mean Kh of the Magothy aquifer esti-
mated from 35 pumping tests was 120 ft/d (Stumm and
others, 2024). The geometric mean Kh estimated from
the NMR logs of monitoring wells N 12523, N 14421,
DEC-HCO05-VPBO02 (Pollen well), and N RW8-MW01D3
(fig. 8) was 140, 81, 88, and 110 ft/d, respectively (U.S.
Geological Survey, 2022a, 2022b, 2022¢). The geometric
mean Kh ranged from a low of 0.33 ft/d for finer-grained
intervals to a high of 590 ft/d for coarse-grained intervals.
The mean total porosities of the Magothy aquifer estimated
from the NMR logs of the four wells were 0.33, 0.38, 0.38,
and 0.38, respectively (Stumm and others, 2024). The esti-
mated mean mobile-water fractions of the Magothy aquifer
in the four wells were 0.26, 0.24, 0.25, and 0.28, respectively.
The mean mobile and bound water fractions for coarser-
grained intervals were 0.34 and 0.03, whereas the mean
mobile and bound water fractions for finer-grained intervals
were 0.02 and 0.38, respectively.

Upper Raritan Aquifer

The geometric mean Kh estimated from the NMR logs
of the upper Raritan aquifer penetrated by monitoring wells
N 14421, DEC-HC05-VPBO02 (Pollen well), and N RW8-
MWO01D3 (fig. 8) was 110, 100, and 40 ft/d, respectively, sug-
gesting that the aquifer has similar Kh values to those of the
upper parts of the Magothy aquifer (U.S. Geological Survey,
2022a, 2022b, 2022¢; Stumm and others, 2024). In the upper
Raritan aquifer, the geometric mean Kh values were as low as
about 2 ft/d for finer-grained intervals and exceeded 350 ft/d

in some coarser-grained intervals. The mean total porosities
of the upper Raritan aquifer estimated from the NMR logs of
monitoring wells N 14421, DEC-HCO05-VPBO02 (Pollen well),
and N RW8-MWO01D3 were 0.34, 0.33, and 0.28, respectively
(Stumm and others, 2024). The estimated mean mobile-water
fractions of the upper Raritan aquifer in the three wells were
0.26, 0.24, and 0.18, respectively. The mean mobile and bound
water fractions for coarse-grained intervals were 0.34 and
0.03, whereas the mean mobile and bound water fractions for
a fine-grained interval were 0.03 and 0.33.

Raritan Confining Unit

The geometric mean Kh of the clay and silt of the Raritan
confining unit estimated from the NMR log of well N 12523
(fig. 8) was 0.30 ft/d (U.S. Geological Survey, 2022a, 2022b,
2022c¢; Stumm and others, 2024). The geometric mean Kh
of a portion of the Raritan confining unit dominated by a silt
and sand interval and a clay and silt interval estimated from
the NMR log of well N 14421 (fig. 8) were 9.9 and 0.12 ft/d,
respectively (Stumm and others, 2024). The total porosities
of the Raritan confining unit clay and silt intervals estimated
from the NMR logs of wells N 12523 and N 14421 averaged
0.28 and their bound water fractions averaged 0.26 and 0.27,
respectively (Stumm and others, 2024). The silt and sand
interval in N 14421 had a mean estimated total porosity of
0.32 and mean bound water fraction of 0.17.

Aquifer Characteristics

A large amount of lithologic data on the Long Island
aquifer system has been collected as part of water-supply
exploration and remedial investigations. The quality of these
data varies, but when considered together, and in sufficient
numbers, the data can be used to gain insight into the distri-
bution of important aquifer characteristics such as hydraulic
properties (Walter and Finkelstein, 2020).

Texture Model of the Upper Glacial and Magothy
Aquifers

We completed a detailed characterization of lithologic
descriptions and the conversion of these qualitative data to
more quantitative measures of important hydrogeologic char-
acteristics for the upper glacial and Magothy aquifers. This
detailed analysis was centered on the inset area and included
the development of a local-scale model of changes in sedi-
ment characteristics referred to herein as a “texture model.”
This analytical approach generally followed the one used by
Walter and Finkelstein (2020) to develop a model of changes
in the sediment distribution correlated to changes in hydraulic
conductivity for the entire Long Island aquifer system.
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Lithologic Data Analysis

We generally followed the analytical approach of Walter
and Finkelstein (2020) with 22,523 lithologic descriptions
from 256 boreholes in the inset area (fig. 10) to define standard
lithologic codes (table 1 in Walter and Finkelstein, 2020) for
each vertical interval in each borehole. These coded intervals
were assigned values of Kh and Kv from previous investiga-
tions (Walter and Finkelstein, 2020) and were assigned a
binary variable representing the presence or absence of silt
and clay. Each borehole was divided into 10-ft lengths, and
mean hydraulic conductivity values were calculated for each
interval; values in each 10-ft layer represented a thickness-
weighted mean horizontal and geometric mean vertical cal-
culated from all lithologic intervals coincident with the layer.
These borehole descriptions were compiled into a geographic
information system database containing borehole locations and
mean hydraulic conductivity values.

Texture Model Development

Following the methods of Walter and Finkelstein (2020),
stacked grids of Kh and Kv were created, each representing 10
ft of aquifer thickness spanning the upper glacial and Magothy
aquifers in the inset area (fig. 11). Grids representing the upper
glacial aquifer were horizontal, whereas those representing the
Magothy aquifer were sloping and were draped onto a surface
representing the bottom of the unit (fig. 11). A single grid
represented the hydraulic conductivity over the full thickness
of the upper Raritan aquifer (fig. 11).

We queried a geographic information system database
(Walter and Finkelstein, 2020) to extract those boreholes that
extended to or beyond each successive grid. These que-
ried subsets of data points were used to interpolate values
of Kh and Kv by use of ordinary, spherical kriging. The
vertical stack of interpolated grids constitutes a quasi-three-
dimensional texture model of each hydrogeologic unit (fig. 12)
that, when combined, form a detailed representation of the
principal aquifer system of the inset area (fig. 13).

Distribution of Hydraulic Conductivity

We modeled Kh and Kv, both important controls on
groundwater flow, following the methods of Walter and
Finkelstein (2020). The spatial and vertical patterns in Kh
within the inset area (figs. 11-13) generally are consistent with
the depositional history of the regional aquifer system.

Values of hydraulic conductivity in the upper glacial
aquifer generally are lower in northern parts of the inset area
and are associated with glacial moraines (fig. 124). Hydraulic
conductivity is highest in outwash sediments south of the
moraine (fig. 124). Outwash sediments consist largely of
well-sorted sand; moraine sediments generally consist of fine-
grained and poorly sorted sediments. In addition, the glacial
sediments generally become finer with depth (figs. 13 and 14).
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The Magothy aquifer within the inset area is more
heterogenous than the upper glacial aquifer, with fewer broad
spatial patterns, except in its basal portion. Hydraulic conduc-
tivity in the basal portion of the Magothy aquifer (fig. 12C),
where sediments likely were deposited in fluvial depositional
environments, generally is higher than in overlying portions
of the unit (figs. 12B and C). Hydraulic conductivity values
generally are lowest in the middle part of the Magothy aquifer
(fig. 12B) where fine-grained sands and silts with interbedded
clay lenses likely were deposited in overbank lake and wetland
environments.

Geostatistical Analysis of Aquifer Heterogeneity

Transition probability geostatistics (Carle, 1999) were
used to generate multiple equally probable interpretations of
aquifer heterogeneity conditioned to borehole data (New York
State Department of Environmental Conservation, 2024a,
2024b). We used the Transition Probability Geostatistical
Software (T-PROGS) in Aquaveo’s Groundwater Modeling
System (GMS), which is a pre- and post-processing software
package for building models and simulating groundwater
processes (Aquaveo, LLC, 2021). This geostatistical analysis
resulted in 500 T-PROGS realizations of the hydrostratig-
raphy using the same input structure in a Monte Carlo-type
analysis to explore aquifer heterogeneity as part of the ground-
water modeling component of this investigation.

T-PROGS allows for the implementation of a Transition
Probability and Markov Chain approach to geostatistical
simulation of category-based variables (for example, geologic
units, facies). This implementation involves three main steps
(Carle, 1999):

1. calculation of transition probability,
2. modeling spatial variability with Markov chains, and

3. conditional simulation.

Each of these steps are accomplished by the following
programs:

* GAMEAS: computes bivariate statistics (for example,
transition probability, indicator cross-variogram, and
so forth).

* MCMOD: develops one- and three-dimensional
Markov chain models of spatial variability.

» TSIM: generates three-dimensional, cross-correlated
conditional simulations (Carle, 1999).

In comparison to traditional variogram-based geosta-
tistical methods, the Transition Probability and Markov
Chain approach has the potential to improve spatial cross-
correlations and can help with the integration of geologic
interpretation of facies into the model development process
(Carle, 1999).
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Transition Probability Approach

The transition probability approach was developed to
better describe the relation between observable features and
model parameters. The transition probability measures the spa-
tial variability (for example, given that a facies j is present at
a location x, what is the probability that another [or the same]
facies k occurs at location x+#). The approach can consider all
cross-correlation information in three dimensions instead of
just two dimensions (Carle, 1999).

Markov Chain Analysis

Markov chains are generated to represent the spatial
variability seen from the observed transition probabilities and
where the mean length and the proportions of the facies are
identified. This assumes that the spatial occurrences depend
only on the nearest data. The Markov chains are then used as a
reference for the conditional simulation (Carle, 1999).

Conditional Simulation

The conditional simulation creates multiple equally
probable spatial distributions of random geostatistical realiza-
tions that closely match the hard data at specified locations
and exhibit a realistic pattern of spatial variability (Deutsch
and Journel, 1992). There needs to be an understanding of
the available data and the appropriate stratigraphic relations
and spatial variability to produce a plausible representation
in a geostatistical realization. These conditional simulations
provide an example of geologic heterogeneity and hydraulic
properties distribution for flow and transport modeling and can
be used to develop realistic aquifer system models to evaluate
effects of heterogeneity on groundwater flow and contaminant
transport (Carle, 1999).

Sediment Categories

A boring log is a description of the subsurface lithology
and hydrogeologic conditions encountered during drilling,
sampling, and coring. A total of 256 boring logs, the same as
those used to develop the texture model, were described over
a span of 20 years at and surrounding the NWIRP and NGBF
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sites. Variability in the description of encountered materi-

als owing to the length of drilling history and the numerous
geologists overseeing the coring had to be accounted for when
compiling the boring logs into a database for the T-PROGS
analyses. Each log was transcribed into a uniform format and
nomenclature that included the following:

 Boring identification number
* Coordinates
+ Start and end depth for each lithologic entry

* Material type (that is, clayey sand and poorly
graded sand)

* Remark-1 (Material description)

» Remark-2 (Adjustments needed based on material
description and gamma logs)

» Hydrogeologic unit

The sediment type, sediment description, and gamma
log (if available) of each boring log entry were compared to
verify the sediment type originally provided by the logger.
If the material type entered was inconsistent with the sedi-
ment description or gamma log, it was adjusted and noted in
Remark-2. This verification provided a framework to assess
each log and reduce inconsistencies among loggers.

Input for the T-PROGS simulation used a master dic-
tionary created from the boring log database of the boring
log sediment types. For each log description, the entry was
assigned to a lithologic category:

* gravel
* sand and gravel
* sand

 fines

We assigned a value of 1, 2, 3, or 4 to these categories to
represent their material identifier (table 2). Material identifiers
were then brought into GMS and used as the input for the T—
PROGS simulations.

Table 2. Sediment type, horizontal hydraulic conductivity, and example descriptions used in Transition Probabhility Geostatistical
Software (T-PROGS; Carle, 1999; Aquaveo, LLC, 2021) analysis of the aquifer system of southeastern Nassau County, New York.

[ID, identifier; Kh, horizontal hydraulic conductivity (Bureau of Reclamation, 1977)]

Kh

ID (feet per day) Material Description
500-650 Gravel Gravel, trace clay, silt, or sand to gravel
150-500 Sand and gravel Fine to coarse sand and fine to coarse gravel

40-150
0.3-40

Sand

Fines

B OW N =

Fine to coarse sand, trace gravel, silt, or clay to fine to coarse sand

Clay to medium sand, little gravel, little silt, and trace clay
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Simulation Descriptions

T-PROGS was used to generate multiple equally prob-
able models of aquifer heterogeneity all conditioned to the 256
boring logs. The goal was to create multiple material sets that
support the stratigraphic framework of the groundwater model.

A three-dimensional grid was set up in GMS with 288
rows, 224 columns, and 26 layers to be coincident with the
inset models (table 3, fig. 15). There are 256 boring logs with
22,838 individual intervals described that constitute the frame-
work for the T-PROGS simulation. Each interval was assigned
one of four categories (gravel, sand and gravel, sand, or fines;
as described previously in the “Sediment Categories” section).

The most important step when running T-PROGS is
defining the transition probability data for each material in the
three primary directions: vertical, strike, and dip. The vertical
transition is developed first based on the borehole data. The
data in the strike and dip directions are then derived from the
vertical data (Carle, 1999). The distribution of the boring logs
within the grid shell, the vertical extent of the boring logs,
and the sediment types within each boring log are shown in
figure 16. Sand is the most prevalent category with a distribu-
tion percentage of 60 percent (table 4, fig. 16). Sand and gravel
(fig. 16) is the second most dominant sediment type with a
distribution percentage of 24 percent. Sand and sand and gravel
combined account for 84 percent of the total sediment types
within the boring logs. Gravel and fines make up a distribution
percentage of 5 and 11 percent, respectively. These sediment
type distribution percentages were similar for each potential
geostatistical realization computed by T-PROGS.

Prior to creating a geostatistical realization, the GAMEAS
utility was used to compute a set of transition probability
curves as a function of lag distance for each material for a
given sampling interval (Carle, 1999). Using a lag spacing of
0.3 ft, a maximum lag distance of 450 ft was computed, mean-
ing the greatest distance a material correlates horizontally is
450 ft. In addition, the transition probability for each material
with respect to each of the other materials is calculated and
displayed graphically (fig. 17).

The probability is shown on each plot on the y-axis from
0 to 1, and the correlation distance on the x-axis (0 to 450;
fig. 17). The top right graph indicates that there is very low
probability to transition from gravel to fines throughout the
450-ft distance. The upper left plot indicates that there is a high
probability of gravel adjacent to gravel at close distances and
then the probability rapidly declines with distance. The goal of
this portion of the analysis is to closely fit the Markov chain
to the measured transition probability curve. The embedded
transition probabilities derived from the calculated transition
probability plots (fig. 17) are shown in table 5.

The next step in generating a realization is to define the
Markov chains in the strike and dip directions. We applied
Walther’s Law (Carle, 1999) to estimate the strike and dip
Markov chains because borehole data in these directions are
not sufficiently dense to calculate them in the same way as
vertically. Walther’s Law states that vertical successions of

deposited facies represent the lateral succession of environ-
ments of deposition. An assumption is made that the propor-
tions are the same in all three directions. The lens length ratio
is used to define the transition rate matrix with the diagonal
transition rates defined from the lens lengths. These ratios
calculate the lens length in the horizontal (strike and dip) direc-
tions based on the observed lens length in the vertical direction.

We used a trial-and-error method for determining the lens
length ratios in the strike and dip directions to allow for appro-
priate connectivity between the borings (table 6). Different
values were used for each sediment type in the lens length
ratio and an example realization was created. This process
was repeated until a realization was produced by T-PROGS
that compared reasonably with the cross-sections interpreted
by other methods, the borings, and knowledge of Long Island
hydrogeology (Walter and Finkelstein, 2020). An orthogonal
view of an example realization produced from the final lens
length ratios used in the strike and dip directions is shown in
figure 18.

Once the final lens length ratios were determined, T—
PROGS was used to create 500 realizations based on the same
input structure in a Monte Carlo type analysis. These 500
realizations were then used in the inset area groundwater-flow
model to determine the potential range of, and most likely
plume path based on, interpolated preferential flow paths.

Final Realizations

T-PROGS was run 500 times after a realization that
compared reasonably to the data, cross-section, and knowledge
of Long Island’s hydrogeology was created. These 500 realiza-
tions all held true to the boring logs at their locations and were
interpolated in the vertical, strike, and dip between boring loca-
tions using the already determined transition probabilities and
Markov chains. Six realization examples and the correspond-
ing sediment type distributions for each example are shown in
figures 19 and 20. Each realization varies slightly; however,
the percent distributions remain consistent with the material
distributions in the boring logs.

One of the 500 potential realizations shows channels
of gravel and sand-gravel that stretch throughout the grid as
would be expected in a deltaic deposit highlighting the prefer-
ential pathways that the plume at the NWIRP and NGBF sites
could potentially follow (fig. 21). The areas between isosur-
faces are areas of lower hydraulic conductivity and therefore
are not considered preferential flow paths.

The T-PROGS realization is constrained by the location
of the boring log information. Beyond the grid (fig. 16), the
results are no longer as constrained because there are no bor-
ings for T-PROGS to use to guide the realization. The realiza-
tion beyond the boundary of the existing borings is extrapo-
lated from the boring information using the Markov chains and
distribution percentages. Overall, the final compiled realiza-
tions match the boring logs closely and represent the known
geology of the area.
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Table 3. Grid properties used in Transition Probability Geostatistical Software (T-PROGS; Carle, 1999,
Aquaveo, LLC, 2021) analysis of the aquifer system of southeastern Nassau County, New York.

Item Value
X origin, in feet 2,132,713.4
Y origin, in feet 159,184.2
Z origin, in feet 0.0
Length in X, in feet 28,000
Length in'Y, in feet 36,000
Rotation angle, in degrees from 18.0
true north
Number of rows 288
Number of columns 224
Number of layers 26

Projection

State Plane Coordinate System, Zone: New York Long Island
(FIPS 3104), North American Datum of 1927, in feet
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Grid used in Transition Probability Geostatistical Software (T-PROGS; Carle, 1999; Aquaveo, LLC, 2021) simulation of the aquifer system in the inset area

(Corson-Dosch and Fienen, 2023), southeastern Nassau County, New York. Grid properties are presented in table 3.
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Table 4. Total percent material distribution for Transition Probability Geostatistical Software
(T-PROGS; Carle, 1999; Aquaveo, LLC, 2021) analysis of the aquifer system of southeastern
Nassau County, New York.

[ID, identifier; materials are described in table 2]

ID Material Approximate distribution percentage
1 Gravel 5
2 Sand and gravel 24
3 Sand 60
4 Fines 11

Hydrogeologic Framework

27
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Figure 16. Grid shell with boring logs and material distributions used in Transition Probability Geostatistical Software (T-PROGS; Carle, 1999; Aquaveo, LLC, 2021)
analysis of the aquifer system in the inset area (Corson-Dosch and Fienen, 2023), southeastern Nassau County, New York. Materials are described in table 2. Grid
properties are presented in table 3.
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Figure 17. Transition probability plots for each material set in the Transition Probability Geostatistical Software (T-PROGS; Carle, 1999; Aquaveo, LLC, 2021)
analysis of the aquifer system in the inset area (Corson-Dosch and Fienen, 2023), southeastern Nassau County, New York. Materials are described in table 2.
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Table 5. Embedded transition probability matrix calculated from Transition Probability Geostatistical Software (T-PROGS; Carle,
1999; Aquaveo, LLC, 2021) analysis of the aquifer system of southeastern Nassau County, New York, for the data used to generate the
transition probability plots shown in figure 17 of this report (New York State Department of Environmental Conservation, 2024a, 2024b).

[Materials are described in table 2]

Material Gravel Sand and gravel Sand Fines
Gravel 16.866 0.576 0.263 0.161
Sand and gravel 0.080 21.119 0.678 0.241
Sand 0.046 0.573 46.566 0.382
Fines 0.038 0.297 0.664 13.581

Table 6. Lens length ratios for strike and dip used in Transition Probability Geostatistical Software (T-PROGS; Carle, 1999; Aquaveo,
LLC, 2021) analysis of the aquifer system of southeastern Nassau County, New York.

[Materials are described in table 2]

Material Vertical lens length Lens ratio
Gravel 16.87 25.00
Sand and gravel 21.12 25.00
Sand 46.57 61.15

Fines 13.58 30.00
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Figure 18. Example realization for Transition Probability Geostatistical Software (T-PROGS; Carle, 1999; Aquaveo, LLC, 2021) analysis of the aquifer system of southeastern
Nassau County, New York (Corson-Dosch and Fienen, 2023). Materials are described in table 2. Grid properties are presented in table 3.
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Figure 19. Example of six of the final realizations for Transition Probability Geostatistical Software (T-PROGS; Carle, 1999; Aquaveo, LLC, 2021) analysis of the aquifer
system in the inset area (Corson-Dosch and Fienen, 2023), southeastern Nassau County, New York. Materials are described in table 2. Grid properties are presented in
table 3.
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Material distributions from the corresponding realizations in figure 19 for Transition Probability Geostatistical Software (T-PROGS; Carle, 1999;

Aquaveo, LLC, 2021) analysis of the aquifer system in the inset area (Corson-Dosch and Fienen, 2023), southeastern Nassau County, New York. Materials are
described in table 2. The total may not equal the sum of values because of rounding to significant digits.
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Figure 21. Preferential pathways (channels of higher hydraulic conductivity) a plume could potentially follow in 1 of the 500 final potential realizations for Transition
Probability Geostatistical Software (T-PROGS; Carle, 1999; Aquaveo, LLC, 2021) analysis of the aquifer system in the inset area (Corson-Dosch and Fienen, 2023),
southeastern Nassau County, New York. Grid properties are presented in table 3.
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Simulation of Monthly Changes in
Regional Groundwater Pumping and
Recharge

We updated the steady state Long Island Regional
Model (LIRM; Walter and others, 2020) to run in the MOD-
FLOW 6 code (Langevin and others, 2017) and converted it
from a steady state to a transient model to simulate changes
in monthly stresses from 2005 to 2019. Monthly hydro-
logic stresses from January 2005 through December 2019
were assembled for model inputs representing groundwater
recharge and groundwater withdrawals, following the methods
described in Walter and others (2020). Additionally, we incor-
porated existing remedial groundwater extraction and returned
treated water at specific locations in southeastern Nassau
County. Other than incorporating monthly hydrologic stresses
(groundwater recharge and withdrawals) and aquifer stor-
age properties, no modifications were made to the hydrologic
boundaries, model layers, or hydraulic properties specified in
the model described in Walter and others (2020). In this report,
the term “transient LIRM” refers to the transient, updated ver-
sion of the LIRM model.

Conversion from Steady State to Transient
Simulations

The transient LIRM (Walter and others, 2020) simulates
long-term steady-state conditions for the 200515 period
and does not simulate transient changes in hydraulic head
and groundwater flow. Monthly values for natural recharge
from precipitation were calculated using a soil-water bal-
ance (SWB) model code to estimate spatially variable,
natural recharge for Long Island (Finkelstein and others,
2022). Components of anthropogenic recharge—wastewater
return flow, stormwater inflow, and inflow from leaky
infrastructure—also were estimated for monthly stress periods
for the simulation period 2005—19, which is consistent with
the methods described in Walter and others (2020).

We compiled or estimated monthly groundwater with-
drawals for various sources, including public-water supply,
industrial, remediation, and agricultural uses, for the same
period. No additional parameter estimation was completed
for this scenario. Model properties and hydrologic boundaries
were not adjusted to improve the match between simulated
and observed heads; as such, model simulation results may
not accurately represent the temporal responses to monthly
hydrologic stresses in some locations. The input and output
files used to run the updated transient LIRM are available in
a USGS data release (Misut and others, 2024). The model
archive is also available in a USGS data release (Corson-
Dosch and Fienen, 2023).

Transient Recharge

We estimated recharge for each month from January 2005
through December 2019. Recharge components included
natural and redirected recharge, return flow, and leakage
from water-supply infrastructure. These recharge components
were combined to estimate the total monthly recharge for the
2005-19 period.

Natural and Redirected Recharge

Finkelstein and others (2022) used the SWB model
(Westenbroek and others, 2010) to estimate natural and
redirected groundwater recharge for the Long Island aquifer
system. Monthly recharge generally follows a seasonal cycle
with most of the recharge occurring during the nongrowing
season (fig. 22). Anomalies include Tropical Storm Tammy,
which added significant recharge during October 2005; the wet
summer of 2006; and a March 2010 Nor’easter (Finkelstein
and others, 2022). Tropical Storm Tammy resulted in about
a sixfold increase in the monthly mean recharge rate, and the
March 2010 Nor’easter resulted in about a fourfold increase in
this rate.

In the more urbanized areas of Long Island, impervi-
ous surfaces intercept precipitation, resulting in less aquifer
recharge as compared to predevelopment (prior to 1900 in
Nassau County) conditions. The largest recharge deficits
attributed to interception from impervious surfaces occur in
the urbanized areas of New York City and southern Nassau
County; however, much of the recharge potentially lost to
impervious surfaces in Nassau County can recharge the aquifer
through sumps, dry wells, and a network of more than 6,000
recharge basins (Walter and others, 2020).

Monthly estimates of redirected recharge from impervi-
ous surfaces were computed by subtracting SWB computations
of the steady-state predevelopment condition from the 2005
to 2019 condition, resulting in a total redirected recharge of
about 3 percent of natural recharge under present conditions
(Finkelstein and others, 2022). The temporal pattern of redi-
rected recharge (fig. 23) is like that of natural recharge (fig. 22)
because of the correlation of predevelopment and 2005-19
conditions recharge with seasonal patterns of precipitation.

In addition to Tropical Storm Tammy and the March 2010
Nor’easter, the Halloween Nor’easter of October 2011 also
generated notable redirected recharge volume.

Wastewater Return Flow

We estimated wastewater return flow using population
density derived from the 2010 census in conjunction with
annual water use (Walter and others, 2020). About 85 percent
of public-supply water use on Long Island is returned annu-
ally as wastewater return flow to the aquifer system by way of
onsite domestic septic systems and constitutes a spatially and
temporally distributed supplemental recharge. In areas served
by public sewering, we assumed that 1 percent of wastewater
recharged the aquifer from leaky sanitary sewer lines (Walter
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Figure 22. Monthly natural recharge applied to the model, 2005 to 2019, Long Island, New York (Corson-Dosch and Fienen, 2023).
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Figure 23. Monthly redirected recharge applied to model, 2005-19, Long Island, New York (Corson-Dosch and Fienen, 2023).
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and others, 2020). Wastewater return flow was about 5 per-
cent of total recharge to the water table during the 2005-19
period. The monthly wastewater return flow component of
total recharge increased steadily from 130 to 140 cubic feet per
second (ft3/s) during the 2005—19 period (fig. 24).

Water-Supply Infrastructure Leakage

An additional source of artificial recharge to the aquifer
system is leakage from public-supply infrastructure. Most of
Long Island is served by public supply; private water supplies
do exist but are limited to small areas of eastern Suffolk County
and the northern shore of Nassau County. The distribution of
public-supply lines was estimated from the extent of roads
within individual model cells (Walter and others, 2020). The
potential for recharge from leaky infrastructure (as indicated by
road length) generally reflects patterns of population and devel-
opment and is largest in New York City and parts of Nassau
County. In Kings and Queens Counties, about 700 Mgal/d of
water is imported from a reservoir system in upstate New York,
and assuming a 10-percent loss of water from the water dis-
tribution system, may result in about 70 Mgal/d of additional
recharge on western Long Island (Misut and Monti, 1999).

Water-supply infrastructure leakage accounted for about 2
percent of natural recharge during the 2005 to 2019 period. The
large seasonal range in this leakage term (fig. 25) is correlated
with the seasonal variation in water use (fig. 26).

Groundwater Withdrawals

An average of about 424 Mgal/d of groundwater was
withdrawn annually from 2005 to 2015 from the Long Island
aquifer system for multiple uses, including public supply,
agriculture, and industry. The public supply of drinking water
accounted for nearly all (95 percent) of the total annual ground-
water withdrawal on Long Island. Agricultural withdrawals
for crop irrigation generally were limited to eastern Suffolk
County, with limited reporting (Walter and others, 2020).
However, potential agricultural pumping was represented using
the SWB model (Finkelstein and others, 2022) by estimating
water demand by crop type and available precipitation, result-
ing in an estimated demand of about 2 Mgal/d. Seasonal cycles
in pumping (fig. 26) relate to increased water demand during
the summer caused by increased inhabitation, irrigation, and
lawn irrigation demand.

During the 2005 to 2019 period, a total of about 8 Mgal/d
of groundwater on average was withdrawn annually from
the Long Island aquifer system for contaminant remediation
(Corson-Dosch and Fienen, 2023). This remedial pumping gen-
erally does not vary seasonally and has increased with time; all
water generally is returned to the aquifer system after treatment
either by reinjection wells or discharge to recharge basins. The
vast majority (7.9 Mgal/d) of the total was withdrawn as part
of Navy Grumman groundwater plume remediation in south-
ern Nassau County.

Hydraulic Properties

The transient LIRM model requires specification of
unconfined and confined storage. We assigned a uniform
value of 0.25 to represent specific yield (Sy; unconfined
storage) and a uniform value of 0.00001 to represent specific
storage (Ss; confined storage), which are reported for Long
Island sediments (Smolensky and others, 1990). All other
hydraulic properties are unchanged from the values reported
in the steady-state model of the LIRM (Walter and oth-
ers, 2020).

Simulation of Heads and Flows

Hydraulic heads and groundwater flows were simulated
using the MODFLOW 6 code (Langevin and others, 2017),
for January 1, 2005, through December 31, 2019. Simulated
hydraulic heads within the focus area ranged from about 10
to about 80 ft above NAVD 88, and water-table depressions
and mounds formed in areas of remedial pumping and dis-
charge to recharge basins, respectively. Hydraulic heads and
groundwater flows at representative monitoring points (U.S.
Geological Survey, 2023) within the inset area are shown on
figure 27 and presented in tables 7 and 8.

Hydrographs of simulated and observed hydraulic heads
at selected observation wells are presented in figures 28 and
29. Hydraulic heads generally follow a seasonal cycle that
peaks in the winter, with similarities to cycles of ground-
water recharge (figs. 22 and 23) and the inverse of pumping
cycles (figs. 25 and 26). The annual range of hydraulic heads
is generally greater for deep wells screened in the Magothy
aquifer than for shallow wells screened in the upper glacial
aquifer, likely owing to the lesser water storage potential in
the Cretaceous sediments as compared to glacial outwash
sediments. However, during extreme precipitation events
such as the March 2010 Nor’easter, the shallow upper glacial
aquifer may be affected to a greater extent than the Magothy
aquifer because the shallow upper glacial aquifer is closer to
the recharge source.

We accessed daily mean streamflow using the R
package dataRetrieval (De Cicco and others, 2018) from
the U.S. Geological Survey National Water Information
System (NWIS) database (U.S. Geological Survey, 2023)
for the three streamgages in southeastern Nassau County:
Massapequa Creek at Massapequa, New York (01309500);
Bellmore Creek near Bellmore, New York (01309950); and
Bellmore Creek Tributary at Bellmore, New York (01309990;
fig. 27, table 8). We performed base-flow separation of daily
mean streamflow using the R package “hydrostats” (Bond,
2022), which uses a Lynne-Hollick filter to separate daily
streamflow data into base-flow and quickflow components.
An alpha filtering parameter value of 0.975 (Ladson and
others, 2013) was used to provide the best match to observed
base flows.
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Figure 24. Monthly return flow applied to model, 2005 to 2019, Long Island, New York (Corson-Dosch and Fienen, 2023).
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Table 7.

Characteristics of hydraulic head observation wells, southeastern Nassau County, New York (U.S. Geological Survey, 2023).

[Altitude, elevation, and screen midpoint in feet above North American Vertical Datum of 1988; ID, identification number; NWIS, National Water Information

System (U.S. Geological Survey, 2023)]

Measuring point  Screen midpoint Mean head,
State ID NWIS ID County Aquifer . . altitude,
altitude altitude
2005-19
N 180 404029073294201 Nassau Magothy 16 —746 14.51
N 12250 404303073295501 Nassau Upper glacial 71 22 48.51

Table 8. Average base flow at U.S. Geological Survey streamgages, southeastern Nassau County, New York.

[Observed data for 2005-19 (U.S. Geological Survey, 2023); base flows computed using the R package “hydrostats” (Bond, 2022) with an alpha filtering param-
eter value of 0.975 (Ladson and others, 2013); ft3/s, cubic feet per second; ft, feet; NAVD 88, North American Vertical Datum of 1988; NA, not applicable]

Average base flow, Streamgage datum

Site number Station name Latitude Longitude 2005-19 (ft above NAVD 88)
(ft3/s)

01309500 Massapequa Creek at Massapequa, 40.69 —73.45 2.71 17.12
New York

01309950 Bellmore Creek near Bellmore, 40.68 —73.52 3.93 13.89
New York

01309990 Bellmore Creek Tributary at 40.68 =73.51 0.6 15.79
Bellmore, New York

01310000 Bellmore Creek at Bellmore, New 40.68 -73.51 3.11 NA

York

Hydrographs of simulated and observed base flows
at Massapequa Creek (01309500) and Bellmore Creek
(01309950) are presented in figures 30 and 31. The observed
base flows for Bellmore Creek and Bellmore Creek Tributary
streamgages (01309950 and 01309990) were summed to
represent the total base flow for Bellmore Creek. Base
flows generally followed a seasonal cycle that peaks in the
winter, with similarities to cycles of groundwater recharge
(figs. 22 and 23), simulated hydraulic heads (figs. 28 and

29), and the inverse of pumping cycles (figs. 25 and 26). The
observed mean base flow for the available period of record

at Massapequa Creek for 2005—-19 was 2.71 cubic feet per
second, which was comparable to the simulated base flow of
8.46 cubic feet per second. The observed mean base flow for
the available period of record at Bellmore Creek for 2005-19
was 3.11 cubic feet per second, which was comparable to the
simulated base flow for 200519 of 6.21 cubic feet per second.
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Well N12250: Model layer 2, water table aquifer
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Figure 28. Simulated (Corson-Dosch and Fienen, 2023) and observed (U.S. Geological Survey, 2023) hydraulic heads at monitoring well
N12250 screened in the upper glacial aquifer, 2005-19, southeastern Nassau County, New York.
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Figure 29. Simulated (Corson-Dosch and Fienen, 2023) and observed (U.S. Geological Survey, 2023) hydraulic heads in monitoring well
N180, 2005-19, screened in the Magothy aquifer, southeastern Nassau County, New York.
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2005 to 2019, New York.

Plume-Focused Inset Model for
Decision Support

We created a groundwater-flow model with particle-
tracking and management optimization utilities as an inset
from the transient LIRM. We developed this inset model to
better understand the groundwater-flow system and the pro-
posed remedial system designed to extract, treat, and return
water to the aquifer system in the area of the Navy Grumman
groundwater plume on Long Island, New York (refer to fig. 2).
We used this inset model to simulate the currently proposed
remedial pumping strategy for the plume, and a proof-of-
concept management optimization modeling approach to refin-
ing the remedial design to explore tradeoffs among competing
objectives related to plume containment.

Inset Model Development

We implemented the inset model using MODFLOW 6
(Langevin and others, 2017). The location of the inset model
relative to the regional “parent” model is presented in fig-
ure 3. The inset model is connected to the regional hydrologic
system using time-varying Constant Head (CHD) package
(Langevin and others, 2017) boundary conditions set at the

Simulated (Corson-Dosch and Fienen, 2023) and observed (U.S. Geological Survey, 2023) base flows at Bellmore Creek,

hydraulic head values in the transient LIRM for the same tran-
sient times simulated in both models. The inset model simu-
lates 2005 to 2019 with monthly stress periods. The monthly
water use and recharge, streambed conductance, and storage
information were all inherited from the transient LIRM with
layering, hydraulic conductivity, and a Streamflow Routing
(SFR) package created using the MODFLOW-setup and
SFR-maker codes (Leaf and others, 2021; Leaf and Fienen,
2022) using a similar insetting approach as Fienen and others
(2022a). The remainder of this section describes the specific
information as applied to the inset model.

Inset Model Domain

The inset model domain encompasses an area of about of
36 mi? in southeastern Nassau County surrounding the plume.
Surface elevations are highest in the northeastern part of the
inset domain near the hamlet of Plainview and Bethpage State
Park and generally decrease from north to south towards South
Oyster Bay and the Atlantic Ocean. Streams drain the inset
domain and typically flow parallel to the north-to-south slope.
Larger streams in the inset domain include Bellmore Creek
and Massapequa Creek, smaller streams include Seamans
Creek, Seaford Creek, and Carman Creek. Although stream
channels (expressed as a drainage pattern in the surface
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elevation model) extend into the northern part of the inset
domain, stream reaches with perennial flow are only present
in the southern part of the inset domain (fig. 32). There are
wetlands adjacent to anastomosing sections of Bellmore Creek
and Massapequa Creek near the coast in the southern part of
the inset domain, which have shallow depth to groundwater.

Hydrogeologic units in the inset model domain include
unconsolidated glacial and coastal-plain deposits and are
described in detail in the “Hydrogeologic Framework™ section.
Permeable sand and gravel glacial deposits make up the surfi-
cial (upper glacial) aquifer. The glacial deposits are underlain
by a thin, discontinuous marine clay layer in the southern-
most portion of the domain (Gardiners Clay) that may act as a
confining unit. Both units are underlain by a thick, regionally
extensive coastal-plain deposit (Magothy aquifer) consisting
of mostly sand and silt with a basal layer of gravel. This basal
gravel is underlain by another unit of sand and silt (upper
Raritan aquifer), which in turn is underlain by a fine-grained,
clay-rich deposit (Raritan confining unit) that acts as a confin-
ing unit to the Lloyd aquifer below. Impermeable crystalline
bedrock underlies the Lloyd aquifer and is considered to be the
base of the aquifer system.

The area encompassed by the inset model domain is
highly developed with extensive residential, commercial, and
industrial land use. Aerial recharge is limited by impervi-
ous surfaces that generate excess stormwater runoff. Many
large, human-constructed basins have been installed in
developed areas throughout the model domain for stormwa-
ter retention and infiltration (Aronson and Seaborn, 1974).
Numerous sole-source water-supply wells are active in the
inset model domain, managed by distinct water utilities. An
existing network of remedial pumping and reinjection wells
are also active as part of a groundwater extraction, treatment,
and return remedial system (New York State Department of
Environmental Conservation, 2024a, 2024b).

Inset Model Discretization

The inset model extent adopted the bounds of the south-
eastern Nassau County inset area shown in figure 2. The layer-
ing adopted the same lithologic definitions as in the transient

Table 9.

[--, no data]

LIRM with the exception that layer 24 of the transient LIRM
was subdivided into two layers in the inset model. The pur-
pose of the two layers was to divide the Raritan confining unit
into a clayey unit (inset model 25, the “lower Raritan™) and a
sandy unit (inset model 24, the “upper Raritan”). Inset model
layer 26 represents the Lloyd aquifer, which is consistent with
layer 25 in the transient LIRM (table 9). All layers shallower
than layer 24 are lithologically consistent with the transient
LIRM (Walter and others, 2020).

We refined the horizontal discretization from the square
500 ft by 500 ft cells in the transient LIRM to square 125 ft by
125 ft cells. This is a 16-fold refinement of the transient LIRM
geometry and is intended to facilitate higher resolution rep-
resentation of the relation among remedial wells, the plume,
surface waters, and boundary conditions.

The transient temporal discretization adopted the same
180 monthly stress periods as used in the transient LIRM,
representing each month from January 1, 2005, through
December 31, 2019. We implemented an initial steady-state
stress period at the beginning of the simulation, which was
constructed using the average stresses and boundary condi-
tions of the entire 2005—19 period. More detailed information
on the transient stress periods that were represented in the
transient LIRM is presented in the “Conversion from Steady
State to Transient Simulations” section.

Boundary Conditions

Boundary conditions that do not change from the tran-
sient LIRM model are mapped by MODFLOW-setup to the
overlapping model cells in the inset model. These boundary
conditions are presented on a map of the inset model area in
figure 32.

Recharge

Recharge was inherited from the transient LIRM at the
500 ft by 500 ft resolution represented by the transient LIRM.
As a result, each 16-cell block of inset model cells contained
within a single transient LIRM model cell used the same
recharge value. Average annual recharge rates for the simula-
tion period (2005-19) are shown in figure 33.

Layers and corresponding lithology in the inset model (Corson-Dosch and Fienen, 2023).

Hydrogeologic unit Inset model layers

Notes

Upper glacial 1-3
Gardiners Clay 4
Magothy 5-23
Upper Raritan 24
Lower Raritan 25

Lloyd 26

Discontinuous; only present in southern region of the inset model

Coarse subdivision of the Raritan

Fine subdivision of the Raritan
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Boundary conditions for the inset model inherited from the transient Long Island Regional Model
(Corson-Dosch and Fienen, 2023).

Stream-Aquifer Interactions

We simulated stream-aquifer interactions using the
SFR package in MODFLOW 6 (Prudic and others, 2004;
Niswonger and Prudic, 2005; Langevin and others, 2017). The
SFR package simulates stream stage, surface-water exchange
with the underlying aquifer, and streamflow routing. We

developed the SFR network using SFR-maker (Leaf and oth-
ers, 2021) based on the USGS National Hydrography Dataset
Plus High Resolution (NHDPIus HR; U.S. Geological Survey,
2024). The NHDPIus HR provides geometry and routing
information, which are both represented in the SFR package.
Streambed conductance was calculated by using the drain
conductance represented in the transient LIRM using the Drain
(DRN) package in MODFLOW 6. Streambed conductance is
the product of hydraulic conductivity in the stream sediments
and the area of the streambed, assuming a unit thickness. The

finer resolution of the inset model grid meant that between 1

and 16 inset model cells could overlap an individual DRN cell

in the transient LIRM. To account for this change in area, we

calculated the streambed hydraulic conductivity in each cell of
the inset model as

L% DR,
SFR, = —mp5— 1
K,m D R NAREA ( )
where
SFRy,,  isthe SFR conductance assigned to the mth
inset model cell,
DRN, is the conductance of nth LIRM model cell
DRN 44

is the DRN cell area in the LIRM, and

is the number of inset model cells overlapping
the nth LIRM model cell.

49
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Figure 33. Average annual recharge conditions for 2005-19 for southern Nassau County, New York (Corson-Dosch and

Fienen, 2023).

Pumping Wells

Water-use data were inherited from the transient LIRM.
Precise locations were provided to MODFLOW-setup to map
x and y coordinates of hydrologic stresses such as pumping
wells to the appropriate model cells. As a result, the loca-
tion of pumping wells in the inset model is four times more
accurate than in the transient LIRM; however, pumping rates
are the same. In addition to improved location accuracy, the
finer discretization further reduces the potential for wells in
the inset model to act as weak sinks.

Focused Recharge

Several recharge basins (fig. 34) were simulated in
the inset model to represent locations where treated water
extracted in the remedial system was returned to the sub-
surface. We represented these in the inset model using the

MODFLOW 6 Well (WEL) package with a return-flow (or
reinjection) well implemented in each cell in the shallowest
layer that overlaps with the outline of a recharge basin. We set
hydraulic conductivity in these basins to an initial value that
was high enough to accommodate the known return flows of
treated water without simulating excessive mounding. This
hydraulic conductivity parameter was allowed to vary in the
history-matching process.

Static Constant Hydraulic Head Connection to the Long
Island Regional Model

For each stress period (each month during 2005-19),
the hydraulic head in the transient LIRM was mapped to the
lateral bounding cells of the inset-model using MODFLOW-
setup and assigned to the MODFLOW 6 CHD package. These
groundwater heads represent the groundwater-flow dynamics
of the regional system.
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Hydraulic Properties

The hydraulic properties applied to the inset model
include hydraulic conductivity, storage, and porosity. The
initial values of these hydraulic properties were adjusted using
history matching, as described in the “Parameter Estimation
by Ensemble History Matching” section. Hydraulic conductiv-
ity was represented using two methods: a single realization
generated using geostatistical interpolation referred to as the
“texture model,” and an ensemble of 500 realizations gener-
ated using the transition probability geostatistical method (T—
PROGS; Carle, 1999). Both conceptualizations are described
in detail in the “Hydrogeologic Framework” section.

We specified specific yield as a constant value of 0.25
throughout the model and specific storage also was speci-
fied as a constant value of 1x1075. Both uniform values were
inherited from the transient LIRM. A single value for poros-
ity of 0.35 was selected for the analysis in this report. Travel
times were not reported in the particle-tracking simulations,
and those model outputs are the only outputs that would be
affected by changes in porosity.

Parameter Estimation by Ensemble History
Matching

We adopted a Bayesian approach (Tarantola, 2005) to
history matching for conditioning the prior estimates of model
parameters on a systematic comparison of model outputs with
field observations collocated in space and time. The result-
ing posterior estimate of model parameters reflects the prior
knowledge of parameters and the information contained in the
site-specific observations. This history-matching process was
performed using the iterative ensemble smoother (iES) ensem-
ble technique (White, 2018) implemented in the Parameter
Estimation Software (PEST++; version 5.0.0; White, 2018;
White and others, 2021). This process involves defining
an objective function (phi) as the weighted sum of squared
discrepancies between model outputs collocated in space and
time with field observations. The iES algorithm systematically
finds parameters that minimize phi. In this report, we use the
terms “phi” and “objective function” interchangeably.

We performed separate iES history-matching processes
for the texture model and T-PROGS representations of the
hydraulic conductivity properties. The resulting posterior
parameter ensembles were then available to characterize the
variability (uncertainty) of model outputs and to form the basis
for subsequent analysis including the management optimiza-
tion as described below. Each process was represented by an
initial ensemble of 500 realizations. The posterior ensemble
was subjected to rejection sampling in which ensemble mem-
bers with extremely poor correspondence to observation data,
as quantified by the objective function, were removed.

Observation Data

Observations of groundwater heads and base flows
were used for history matching for the 2005—19 period. The
observation dataset consisted of three categories: (1) base
flow in streams, (2) hydraulic heads in wells, and (3) tem-
poral hydraulic head differences. Base-flow observations
were derived from streamflow records at the streamgage
on Massapequa Creek (01309500) and two streamgages
on Bellmore Creek (01309950 and 01309990) shown in
figure 27 and table 8 (U.S. Geological Survey, 2023).

Hydraulic head observations were collected from
multiple sources, as outlined in Corson-Dosch and Fienen
(2023). These observations were supplied at various tempo-
ral intervals ranging from occasional instantaneous values
to some collected every 15 minutes for many months. To
map these values to the monthly temporal discretization of
the inset model, we selected the final (in time) measurement
of groundwater head in each month as representative of
that month in the model. Temporal differences were finally
derived by subtracting sequential groundwater head obser-
vations in each well from each other where more than one
monthly measurement was available. These temporal differ-
ences can be valuable in amplifying the effects of storage
on the timing of aquifer dynamics (Doherty and Hunt, 2010;
Anderson and others, 2015).

Observations are assigned weights to indicate how
closely model outputs are expected to correspond to the
observed values. We initially assigned these weights based
on assumed standard deviations of 10-percent coefficient of
variation for the base flow observations, 1.5 ft for ground-
water head observations, and 0.5 ft for temporal ground-
water head difference observations. These initial weights
were calculated as the reciprocals of the assumed standard
deviations and resulted in an imbalanced objective function.
Information about observations and weights are summarized
by group in table 10. Subjectively, weights were adjusted
to rebalance the objective function for the texture model
and T-PROGS models (fig. 35) so that base flow, hydrau-
lic heads, and temporal hydraulic head differences make
up 40, 40, and 20 percent of the initial objective function,
respectively.

The ensemble approach of iES also allows for realiza-
tions of variability around the reported observation values,
referred to below as “observation noise.” By default, the
reciprocal of the weights is used as the standard deviation
which, combined with the observation value as the mean, can
be used by the PEST++ software to formulate a normal dis-
tribution about which a sample including observation noise
for each observation is drawn for each ensemble realization.

Rebalancing the objective function and thus chang-
ing weights can result in standard deviation specifications
that are inappropriate for the assumed variability around the
observation values. Further, the default behavior in PEST++
does not include autocorrelation of the observation noise.
To account for this, we calculated the covariance of the time
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Table 10. Summary of observation data and weights by group (Corson-Dosch and Fienen, 2023).

[NA, not applicable]

Observation Count of

Count of Observation

Standard

Group nonzero weighted zero-weighted weight I Percent error
value j ~ . deviation
observations observations (unitless)
basin_flooding (depth to 10 (feet) 0 12,489 0 NA NA
water near recharge
basins)
Flux (base flow measured 0to 652,720 278 127 0to 0.0010753 929.97 to 62684.4 9.60356 to
in streams) (cubic feet per 9.60356
day)
head (as measured in 7.09 to 103.89 7,137 250 0t0 09125 1.09589 to 1.40068 to
observation wells) (feet) 2.19178 26.5671
head_tdiff (temporal —36.07 to 33.44 6,709 270 0to 1.38413 0.722478 6.8742 to
difference between (feet) 72,247.8
sequential head obser-
vations)
percent_discrep (percent 0 (percent) 0 182 0 NA NA
discrepancy in the mass
balance reported by
MODFLOW 6)
synthetic_flux (base flow  —9,999 (unitless) 0 362 0 NA NA

in unmeasured streams)

series for all transient observations assuming an exponential
variogram with unit variance and a correlation length of 140
days, and then scaled by the variance (the standard deviation
values ascribed to each observation in table 10, squared).
Examples of the observation noise realizations calculated in
this way are shown in figure 36. In figure 364, which includes
temporal autocorrelation, the realizations are smoother, and
more consistent with error on the time series that should vary
smoothly, whereas in figure 368 the uncorrelated observa-
tion noise can suggest errors jumping above and below the
reported values.

Estimating Model Parameters

We adopted a multiscale approach to parameterizing
inputs of properties in the inset model based on the methods
described in White and others (2020) and Fienen and oth-
ers (2022b). In this approach, most parameter values were
defined as multipliers that are multiplied together against
the initial reference property values. In the specific case of
hydraulic conductivity, this allowed us to apply parameter
adjustment at two scales: homogeneous zones and pilot points
(Doherty, 2003). Different scales of parameters respond dif-
ferently to information contained in observations so there
is an advantage to designing the history-matching setup to
accommodate this. The summary of initial parameter values,
bounds, and numbers of parameters for the texture model
and T-PROGS inset models are shown in tables 11 and 12,
respectively.

We developed separate inset models with the hydrau-
lic conductivity distribution from the texture model and
T-PROGS. The texture model was created using more and
thinner layers than the layering in the inset model. As a result,
the texture model was mapped to the inset model layers using
a thickness-weighted arithmetic mean for Kh and a thickness-
weighted geometric mean for Kv. The T-PROGS model was
generated with the same layer configuration as the inset model,
so the mapping was one-to-one in this case except for the
Lloyd and Raritan units, which were omitted from T-PROGS
calculations. We parameterized these two layers from a homo-
geneous starting point.

In both cases, the hydraulic conductivity values were
adjusted such that their mean value was the same as the mean
of the corresponding layer in the transient LIRM. This adjust-
ment was done for all layers except for layer 4 (the Gardiners
Clay, which was represented as a single value) and layer 24
(the representing the upper Raritan, which was not represented
in the transient LIRM). As a result, each of the 500 initial
realizations for the T-PROGS model has the same bulk mean
hydraulic conductivity per layer, and because the relative
proportions of each of the four zones in each layer are consis-
tent among the realizations, the initial hydraulic conductivity
values per zone per layer were nearly identical at the start.

For the texture model, we assigned a zonal multiplier to
each layer and a network of pilot points in each layer for Kh
and Kv. A subsequent analysis confirmed that Kv was less than
Kh in all cells. For the T-PROGS model, each layer has four
discrete values, and as a result, unique values were assigned
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A. Texture model initial

Flux
(36.9 percent)

Head
(21.4 percent)

Head_tdiff
(41.8 percent)

C. Texture model rebalanced

Flux
(40 percent)

Head
(40 percent)

Head_tdiff
(20 percent)

Figure 35.

B. Transition Probability Geostatistical Software
(T-PROGS) initial

Flux
(40.9 percent)

Head
(14 percent)

Head_tdiff
(45 percent)

D. Transition Probability Geostatistical Software
(T-PROGS) rebalanced

Flux
(40 percent)

Head
(40 percent)

Head_tdiff
(20 percent)

Rebalancing of the objective function based on prior Monte Carlo analysis (Corson-Dosch and

Fienen, 2023). A, Pre-balanced objective function for the texture model inset. B, Pre-balanced objective
function for the Transition Probability Geostatistical software model inset. C, Adjusted objective function
after rebalancing for the texture model inset. D, Adjusted objective function after rebalancing for the
Transition Probability Geostatistical (T—PROGS) software model inset.

to each of the four zones in each layer (for layers 1-23 except
for layer 4, which was simulated as homogeneous) in addition
to the same network of pilot points and layer-wise constant
multipliers as for the texture model.

Each of the 500 realizations used for the texture model
represented multipliers that expressed variability around
an initial hydraulic conductivity distribution. An additional
parameter was required in the T-PROGS inset model to
indicate which of the initial 500 realizations of hydraulic
conductivity was the starting point for multipliers to express
variability around them. This parameter was set at an inte-
ger value and not allowed to change through the history-
matching process.

The remaining parameterization was the same for the
texture and T-PROGS models. We implemented a single
multiplier, each, for 181 transient parameters for the boundary
CHD, WEL, and recharge (RCH; Langevin and others, 2017)
MODFLOW packages for each stress period. These multiplier
parameters were restricted to the range of 1.0 to 1.2 for CHD,

0.9 to 1.1 for WEL, and 0.6 to 1.1 for RCH, respectively
(table 11). Direct values (not multipliers) were assigned for
hydraulic conductivity in the three recharge basins where the
return of treated water to the aquifer was simulated, result-
ing in three Kh and three Kv parameters used in the history-
matching process.

The same pilot-point network was used for all Ss, Sy,
Kh, and Kv parameters. This pilot-point network included one
pilot point assigned for every 15th row and column, resulting
in a total of 6,650 parameters for each of the four properties
spaced every 1,875 ft apart. Finally, vertical multipliers were
assigned by model layer for Ss and Sy. The total number of
adjustable parameters was 27,317 for the texture model and
27,501 for the T-PROGS model. The additional parameters
in the T-PROGS formulation account for individual homo-
geneous Kh values we assigned to the four discrete zones per
layer, which we allowed to vary independently from the pilot-
point multipliers.
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Figure 36. Noise realizations for a single representative, illustrative transient hydraulic head observation (Corson-Dosch and
Fienen, 2023). A, Noise realization considering autocorrelation. B, Noise realization not considering autocorrelation.

Prior Monte Carlo Analysis

The first step in the history-matching process is to evalu-
ate a prior Monte Carlo analysis using the initial ensemble of
500 realizations to evaluate the overlap between model outputs
and the noise realizations of observations. This “prior-data
conflict” step provides an assessment of whether the model
setup and initial ensemble of model parameters overlap suf-
ficiently such that history matching is likely to improve their
correspondence (Evans and Moshonov, 2006; Alfonzo and
Oliver, 2019). A significant number of observations in prior-
data conflict indicates either an error in the observation, an
error in the model, or insufficient flexibility in adjusting the
parameters (Fienen and others, 2022b). The prior Monte Carlo
analysis of the texture model inset determined that 146 of the
14,124 observations were in prior-data conflict (1.03 percent
of all the observations). Ninety percent of these 146 observa-
tions were determined to be in conflict owing to identifiable
issues with the observation values (for example, possible well
flooding, datum issues, and other factors; Corson-Dosch and
Fienen, 2023). For these observations, the observation weight

was set to 0.0 so they do not play a role in the parameter esti-
mation process, but their values are still reported for qualita-
tive inspection.

History Matching with the Iterative Ensemble Smoother

We selected the iES (White, 2018) as implemented in
PEST++ (White and others, 2021) for history matching. This
technique builds on the prior Monte Carlo analysis by evalu-
ating an ensemble of parameter values, yielding a residual
matrix, and calculating a weighted objective function for each
member of the parameter ensemble. From this information,
the algorithm calculates an updated ensemble of parameters to
evaluate, and iterations are repeated until a posterior condi-
tioned ensemble is obtained. This process results in an ensem-
ble of objective function values from iteration to iteration.

The “Base” line on figure 37 represents a base realization
ensemble member (discussed further in the “Base Realization”
section) that is considered representative of the entire ensem-
ble when a single realization is desired. This base ensemble
member is calculated by iES by applying the approximate
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Table 11. Parameterization summary for the texture model version of the inset model (Corson-Dosch and Fienen, 2023).
Type Transform Type Count Initial value Lower bound Upper bound

basin_k log Vertical hydraulic conductivity 6 20 to 200 15to 150 2510 250
under recharge basins

chd_const log Constant head multipliers applied 181 1 1 1.2
to all constant head cells once per
stress period

const_rch log Recharge multipliers applied to all 181 1 0.6 1.1
recharge cells once per stress
period

pp_k log Horizontal hydraulic conductivity 6,650 1 0.5 2
pilot points

pp_k33 log Vertical hydraulic conductivity pilot 6,650 1 0.5 2
points

pp_ss_ log Specific storage pilot points 6,650 1 0.1 100

pp_sy_ log Specific yield pilot points 6,650 1 0.975 1.45

sfr_rhk log Streamflow Routing package 64 0.07 0.01 0.13
segment-wise streambed conduc-
tance multipliers

wel const log Well pumping multipliers applied to 181 1 0.9 1.1
all wells once per stress period

zn_k log Horizontal hydraulic conductivity 26 1 0.5 2
multipliers by layer

zn_k33 log Vertical hydraulic conductivity 26 1 0.5 2
multipliers by layer

zn_ss log Specific storage multipliers by layer 26 1 0.1 100

zn_sy log Specific yield multipliers by layer 26 1 0.975 1.45

upgrade information to the initial parameter values and using
observations unperturbed by noise to approximate a single
minimum-error-variance solution. A base realization can be
estimated for the texture model inset because it started with a
single initial realization of hydraulic conductivity. However, a
base realization of hydraulic conductivity cannot be estimated
for the T-PROGS model inset because a single initial realiza-
tion does not exist.

History-Matching Ensemble Results

The results of the first iES iteration were selected as opti-
mal based on a subjective judgement that assumes the objec-
tive function had achieved an acceptable level of fit while still
retaining enough variability in the ensemble to characterize the
uncertainty in the system. Individual model runs may fail to
converge during the history-matching process because of the
randomized generation of parameter sets. When a model run
fails to converge, iES drops that run from the ensemble. Most
texture model inset realizations converged through the first
iteration of the history-matching process, but many T-PROGS
model inset realizations (209 out of 500) did not. These non-
converging runs likely were due to the large variability in the

T-PROGS model inset hydraulic conductivity (Kh) zonations
that produced unrealistic model properties when combined
with randomized parameter sets.

Ensemble members with unacceptably high phi values
were removed through the process of rejection sampling as a
final step towards obtaining a posterior parameter ensemble.
We selected a separate phi cutoff for each of the texture and
T-PROGS model insets that removed anomalously high phi
results and yielded an approximately normal distribution
(fig. 38). This reduced the number of realizations retained in
the posterior ensembles from the initial size of 500 realiza-
tions to 459 for the texture model inset and 268 for T-PROGS
model inset.

Anomalously high phi values are common in the prior
Monte Carlo analysis, and because high phi realizations are
either eliminated or move toward the mean of the ensemble,
more normally distributed phi values become apparent as the
algorithm progresses through iterations. The T-PROGS model
inset realizations are less constrained than the texture model
inset, resulting in more realizations with phi values being
dropped and fewer realizations remaining for the posterior
ensemble than for the texture model inset.

The history matching discussion includes the full range
of results from the entire posterior parameter ensemble and
the results from the single representative base realization. The
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Table 12. Parameterization summary for the Transition Probability Geostatistical Software (T-PROGS; Carle, 1999) version of the inset

model (Corson-Dosch and Fienen, 2023).

[T-PROGS, Transition Probability Geostatistical Software]

Type Transform Type Count Initial value Lower bound Upper bound

basin_k log Vertical hydraulic conductivity 6 20 to 200 15to 150 2510250
under recharge basins

chd_const log Constant head multipliers ap- 181 1 1 1.2
plied to all constant head cells
once per stress period

const_rch log Recharge multipliers applied 181 1 0.6 1.1
to all recharge cells once per
stress period

pp_k log Horizontal hydraulic conductiv- 6,650 1 0.5 2
ity pilot points

pp_k33 log Vertical hydraulic conductivity 6,650 1 0.5 2
pilot points

pp_ss_ log Specific storage pilot points 6,650 1 0.1 100

pp_sy_ log Specific yield pilot points 6,650 1 0.975 1.45

real number  fixed Realization number for 1 1 0.01 1,000
T-PROGS

sfr_rhk log Streamflow Routing package 64 0.07 0.01 0.13
segment-wise streambed
conductance multipliers

tprogs_k log Zonal horizontal and vertical 184 0.001 to 549.399  0.0001 to 223.492 0.01 to 1,000
hydraulic conductivity for
T-PROGS zones per layer
where T-PROGS zones are
defined

wel const log Well pumping multipliers ap- 181 1 0.9 1.1
plied to all wells once per
stress period

zn_k log Horizontal hydraulic conductiv- 26 1 0.5 2
ity multipliers by layer

zn k33 log Vertical hydraulic conductivity 26 1 0.5 2
multipliers by layer

zZn_ss log Specific storage multipliers by 26 1 0.1 100
layer

zn_sy log Specific yield multipliers by 26 1 0.975 1.45

layer

entire posterior parameter ensemble is used in the discussion
of head and base-flow observations and for boundary condi-
tion parameters, where the visualization of the full range is
possible. The base realization is preferrable for visualizing
properties and water budget results. Results from both models
are discussed in this section; however, only texture model
inset results are shown for a base realization because the T—
PROGS model inset had no base realization and, therefore, no
single representative realization.

Base Realization

The base realization differs from the other realizations
obtained by making a stochastic sample using the bounds of
the initial parameter values. Instead, the base realization is
initially made up of the specific starting values provided to
PEST++. As a result, this base realization starts at values that
are considered “most likely” by the users. This base realization
then is subjected to adjustment during each iteration of the iES
algorithm, but this single realization typically is less variable
than the other realizations. The final values of the base realiza-
tion represent the central tendency of the posterior parameter
distribution (White and others, 2021).
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Figure 37. Change in the objective function (phi) for ensembles over iterative ensemble smoother iterations

(Corson-Dosch and Fienen, 2023). A, Texture model inset. B, Transition Probability Geostatistical (T-PROGS) software

model inset.

Heads and Flows Residuals

Heads and flows residuals are calculated from the entire
ensemble rather than focusing on a single realization; there-
fore, these residuals represent a range of outcomes consistent
with prior knowledge of the parameters and the information
from the observation data. The correspondence between model
outputs and observations are grouped separately for the texture
model and T-PROGS model insets. The base realization and
the spread from all the realizations are shown on each plot as
a dot and whiskers, respectively (figs. 39 and 40). The fit for
the texture model inset base realization is shown in figure 39,
whereas the fit for the T-PROGS model inset realizations
closest to the median of the ensemble, based on weighted
residuals, are shown in figure 40. There is more variance and
bias in modeled outcomes with the T-PROGS model inset
than with the texture model inset (figs. 39 and 40); however,
these results are shown to have little bias and low variance
relative to the uncertainty of the observations.

The correspondence between modeled flow in SFR cells
at streamgage locations and observed base flow indicate that
the ensemble of model outputs generally overlaps with the
ensemble of observations (fig. 41). There is less scatter for
all cases in the modeled results than in the observed data (for
example, the two streamgages for the texture and T-PROGS
model insets); overall, there is little bias, and the fit is consid-
ered reasonable.

Transient hydraulic head and temporal hydraulic head-
difference results (figs. 42 and 43) for selected locations
shown in figures 44 and 45 were generated for the texture and
T-PROGS model insets. Although there is some bias relative
to the measured observation values, the modeled results are
generally completely enveloped by the range of observation
noise as shown by the modeled ensemble limits region being
completely inside the observation ensemble limits region
(fig. 42C, D, G, H).

A similar pattern is observed in the temporal hydraulic
head-difference targets as seen with the transient hydraulic
head targets; however, the temporal hydraulic head-difference
results are less biased than those of the transient hydraulic
head results (figs. 424, B, E, F and 434, B, E, F). Temporal
hydraulic head-difference observations provide insight into the
dynamics of the aquifer system over time, so even when there
is some overall bias in transient hydraulic head observations,
the dynamics can still be represented in meaningful ways to
improve model prediction capabilities.

The average residuals (modeled minus observed) of
hydraulic heads and flux observations were computed over
time and over the entire ensemble to display these results
spatially. Maps of the spatial residuals grouped by hydrogeo-
logic unit are shown on figures 44 and 45 for the texture and
T-PROGS model insets, respectively. The residuals generally
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Figure 38. Histogram comparisons of phi for posterior parameter ensembles for texture model inset

and Transition Probability Geostatistical (T-PROGS) software model inset (Corson-Dosch and Fienen,
2023). A, Texture model inset phi before trimming. B, T-PROGS inset model phi before trimming. C,
Texture model inset phi after trimming. D, T-PROGS model inset phi after trimming.

are low (close to zero) and randomly distributed for the texture
and T-PROGS model insets, indicating low bias, which is a
goal of the history-matching process.

Hydraulic Properties

The post-history matching Kh and Kv from the base real-
ization are shown in figures 46 and 47 for the texture model
inset. Texture model inset Kh values agree favorably with
literature values (Walter and Finkelstein, 2020) and values
used in this area in the transient LIRM. The highest Kh values
were typically in the upper glacial aquifer in represented in
model layer 1, with a maximum value of 375 ft/d. The lowest
values were in the layers representing fine-grained confining
units including the Gardner’s Clay (layer 4, average Kh 0.009
ft/d) and the lower Raritan (layer 25, average Kh 0.01 ft/d).
Kv is typically one to two orders of magnitude lower than Kh
in the texture model inset. The average vertical anisotropy (the
ratio of average Kh to average Kv) across all model layers
was about 62 to 1 and ranged from 120 to 1 in model layer 1
to about 9 to 1 in model layer 9. These ranges are considered

appropriate for the layered glacial- and marine-deposited sedi-
ments that make up the aquifers in the inset model domain. Kv
was adjusted below recharge basins to reduce water-table flood-
ing in these locations and to better represent measured infiltra-
tion rates by Seaburn and Aronson (1974). Kv was adjusted to
200 feet per day in layer 1 cells that contained recharge basins
(in texture model and T-PROGS model insets). These adjusted
cells exceed the upper bound of the color bar on this figure,
which was intentionally limited to 40 feet per day to better
illustrate Kv variably within and between other model layers.
The Ss and Sy for the optimal base realization of the
texture model are shown in figures 48 and 49, respectively.
Literature values and the ranges used in the transient LIRM
were used to set history-matching bounds for Ss and Sy
because of the limited data available to constrain these storage
properties (Walter and others, 2024). In MODFLOW 6, both
storage properties (Ss and Sy) must be defined for each model
cell. The Sy value then is used to calculate water exchange
with storage when the water table is below the top of the cell;
otherwise, Ss is used for this calculation. The water table is
almost exclusively present within the top three layers in this
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Figure 39. Observed versus modeled (one-to-one) and residuals (calculated as observed minus modeled for all texture models
realizations) plots for the texture model inset (Corson-Dosch and Fienen, 2023). A, One-to-one plot for base-flow observations. B,
Residuals plot for base-flow observations. C, One-to-one plot for hydraulic head observations. D, Residuals plot for hydraulic head
observations. E, One-to-one plot for temporal hydraulic head difference observations. F, Residuals plot for temporal hydraulic head
difference observations.



Modeled head, in feet Modeled base flow, in cubic feet per second

Modeled temporal head difference, in feet

o A. T-PROGS: base-flow one-to-one

80

70

60

50

40

30

20

15

25

Plume-Focused Inset Model for Decision Support

B. T-PROGS: base-flow residuals
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Figure 40. QObserved versus modeled (one-to-one) and residuals (calculated as observed minus modeled for all texture models
realizations) plots for the Transition Probability Geostatistical software (T-PROGS) model inset (Corson-Dosch and Fienen, 2023).

A, One-to-one plot for base-flow observations. B, Residuals plot for base-flow observations. C, One-to-one plot for hydraulic head
observations. D, Residuals plot for hydraulic head observations. E, One-to-one plot for temporal hydraulic head difference observations.
F, Residuals plot for temporal hydraulic head difference observations. Transition Probability Geostatistical software (T-PROGS) model
plots of observed versus modeled (one-to-one plot) and residuals (calculated as observed minus modeled for all T-PROGS realizations.
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Simulated (Corson-Dosch and Fienen, 2023) and observed (U.S. Geological Survey, 2023) base flow. A, Texture

model inset at Massapequa Creek. B, Transition Probability Geostatistical software (T-PROGS) model inset at Massapequa
Creek. C, Texture model inset at Bellmore Creek. 0, T-PROGS model inset at Bellmore Creek.

model, so Sy values are summarized and visualized only in
layers 1-3, whereas Ss values are summarized and visualized
in layers 4-26. The average Ss was 9.7e-5 ft™! across layers
4-26 and reached the lower and upper bounds of 1.0e-6 ft!
and 1.0e-3 ft™! in at least some places (fig. 49). Generally,

Ss values are consistent with changes in lithology; however,
close alignment of estimated Ss with lithology is not always
achieved during the history-matching process. The average Sy
was 0.276 in layers 1-3 and was highest in the top two model
layers representing the upper portion of the upper glacial
aquifer (fig. 48). Some Sy values reached the lower and upper
bounds of 0.238 to 0.290, respectively; however, the Ss and Sy
values resulting from the history-matching process generally
are in good agreement with values reported for similar sedi-
ments in the literature (Batu, 1998).

Boundary Conditions

We parameterized the principal model boundary condi-
tions including specified flux (well pumping and recharge)
and specified head (constant head), using multipliers that were
constant for all stresses in a given stress period but varied
with time between stress periods. These parameters were
not constrained with autocorrelation because errors were not
interpreted and uncertainty in their values would be associ-
ated from one time to another. For example, recharge might
be adjusted in a stress period with a storm that occurs near the
end of a stress period such that the effect of that storm is more
appropriately applied to the model in the next stress period. In
such a case, one stress period would be adjusted to decrease,
whereas the next would be adjusted to increase recharge. The
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Figure 42. Simulated (Corson-Dosch and Fienen, 2023) and observed (U.S. Geological Survey, 2023) hydraulic
head observations for selected observation locations, as identified in figure 44 and 45. A, Texture model inset at
mw-109-3. B, Transition Probability Geostatistical software (T-PROGS) model inset at mw-109-3. C, Texture model
inset at n—1233-4. D, T-PROGS model inset at n—1233-4. E, Texture model inset at n—1259-5. F, T-PROGS model
inset at n—1259-5. G, Texture model inset at tt-301d. H, T-PROGS model inset at tt-301d.

values of these multipliers across stress periods and across Hydrologic Budget
ensemble realizations for the texture and T-PROGS model
insets are shown in figure 50. The limited range (20 percent)
of flexibility is evident on these charts and, with a few excep-
tions, the multipliers did not reach their bounds.

The main components of the hydrologic budget for the
texture model inset base realization are shown by model stress
period in figure 51 and by calendar year in figure 52. The
primary sources of groundwater inflow to the model include
recharge (“RCHA In,” figs. 51-52), groundwater inflow across
lateral boundary faces (“CHD In,” figs. 51-52), and through
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Figure 43. Simulated (Corson-Dosch and Fienen, 2023) and observed (U.S. Geological Survey, 2023) temporal

hydraulic head-difference observations for selected observation locations, as identified in figures 44 and 45.

A, Texture model inset at mw-109-3. B, Transition Probability Geostatistical software (T-PROGS) model inset at
1233-4. D, T-PROGS model inset at n—1233-4. E, Texture model inset at
n—1259-5. F, T-PROGS model inset at n—1259-5. G, Texture model inset at tt-301d. H, T-PROGS model inset at
tt-301d.

mw-109-3. C, Texture model inset at n
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Figure 44. Spatial texture model average hydraulic head and base-flow residuals (Corson-Dosch and Fienen, 2023). Residuals are
averages of each observation point for all stress periods and posterior ensemble members. Hydraulic head residuals are shown by
aquifer. A, Upper glacial aquifer hydraulic head residuals and hase-flow residuals. B, Magothy aquifer hydraulic head residuals. C,
Upper Raritan residuals. The model layers corresponding to each lithology are presented in table 9.
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Figure 45. Spatial Transition Probability Geostatistical software (T-PROGS) model inset average hydraulic head and base-flow
residuals (Corson-Dosch and Fienen, 2023). Residuals are averages of each observation point for all stress periods and posterior
ensemble members. Hydraulic head residuals are shown by aquifer. A, Upper glacial aquifer hydraulic head residuals and base-flow
residuals. B, Magothy aquifer hydraulic head residuals. C, Upper Raritan residuals. The model layers corresponding to each lithology

are presented in table 9.

injection wells at recharge basins (“WEL In,” figs. 51-52).
The primary outflows from the groundwater system were
groundwater outflow across layer boundary faces (“CHD
Out,” figs. 51-52), groundwater pumping at wells (“WEL
Out,” figs. 51-52), and through discharge to gaining streams
(“SRF Out,” figs. 51-52).

Storage terms are consistent with MODFLOW conven-
tions where storage out is water entering storage and thus leav-
ing the flowing groundwater system (STO-SS out and STO—
SY out) and storage in (STO-SS In and STO-SY In) is water

leaving storage and thus rejoining the flowing groundwater
system (figs. 51 and 52; Langevin and others, 2017). Recharge
was the largest source of groundwater inflow on an annual
basis (fig. 52), though the volume of recharge inflow varied
substantially by month (stress period), reflecting seasonal and
event-driven dynamics in precipitation. Groundwater outflow
across lateral boundaries was typically the largest annual
groundwater sink. Well pumping was also a major outflow of
groundwater and was often the largest outflow component dur-
ing summer months (fig. 51).
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Figure 47. Texture model inset vertical hydraulic conductivity (Kv) in all layers of the optimal base realization (Corson-Dosch and Fienen, 2023). The lithology corresponding
to each model layers is presented in table 9.
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Figure 48. Texture model inset specific yield (Sy) in layers 1-3 of the optimal base realization (Corson-Dosch and Fienen, 2023).
The lithology corresponding to each model layers is presented in table 9.

Proof-of-Concept Multiobjective Management
Optimization

A key application of this inset model is use by the
NYSDEC to inform evaluations of proposed and poten-
tial remedial strategies for the contamination plume in the
Navy-Grumman area. The selected strategy for remediation is
groundwater extraction and treatment in which contaminated
water is pumped from the aquifer, treated in an aboveground
facility, and then returned to the subsurface through infiltra-
tion basins or injection wells. A proof-of-concept evaluation
of this remedial strategy was completed to provide informa-
tion on the performance of different combinations of pumping
rates and was subject to various environmental and operational
constraints. Further discussion of the optimization techniques
used in this report is provided in Fienen and others (2024).

The multiobjective aspect of this proof-of-concept
approach stems from recognition that various objectives of
the remediation plan may be in competition with one another,
so a single scenario representing, in a sense, an “optimal”
remediation strategy may not represent a fair tradeoff among
the competing objectives. These objectives were based on both
operational characteristics, such as the total amount of reme-
diation pumping required, and the fate of plume contaminants
as determined by the tracking of simulated water particles
originating in the footprint of the plume defined as all model
cells where the contaminant(s) of concern exceed their respec-
tive NYSDEC Standards, Criteria, and Guidance (Daniel St.

Germain, HDR Inc., written commun., 2022). Selection of an
“optimal” strategy requires subjective judgement and discus-
sion of results in this report involve making such a subjective
selection to illustrate characteristics of the algorithm and the
solutions. This discussion does not indicate endorsement or
recommendation of a specific outcome by the USGS.

A steady-state version of the inset model was used to per-
form this proof-of-concept multiobjective optimization analy-
sis. This steady-state model represents pumping rates that are
expected to be constant over long times but simplifies some
of the aquifer system dynamics, such as seasonal recharge and
pumping. This simplification was necessary at this proof-of-
concept stage to keep model execution run times manageable
so the optimization algorithm, introduced in the following
section, could be executed multiple times with each execution
requiring as much as tens of thousands of model runs.

Converting Model Stresses to Steady State

We calculated long-term average model stress and bound-
ary values to create the steady-state inset model. Recharge and
pumping rates, and constant head boundary heads that link
the inset model to the transient LIRM, were averaged during
2005-19 to represent long-term average conditions. Water-
supply pumping rates were adjusted to represent expected
long-term average rates. Additionally, long-term average
remedial well pumping rates (referred to by NYSDEC and
hereafter in this report as the “commitments” pumping rates)
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Figure 49. Texture model inset specific storage (Ss) in layers 4-26 of the optimal base realization (Corson-Dosch and Fienen, 2023). The lithology corresponding to each
model layers is presented in table 9.
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Figure 50. Ensemble parameter multipliers for temporal multipliers, displayed over model stress periods
with upper and lower bounds. A, Well multipliers for the texture model inset (Corson-Dosch and Fienen, 2023).
B, Well multipliers for Transition Probability Geostatistical software (T-PROGS) model inset. C, Boundary
constant hydraulic head multipliers for the texture model inset. D, Boundary constant hydraulic head
multipliers for T-PROGS model inset. £, Recharge multipliers for the texture model. F, Recharge multipliers for
T-PROGS model inset.

represented the starting values for simulating the remedial
system. With these changes in pumping, this steady-state inset
model differs from the steady-state LIRM (Walter and others,
2020). Pumping rates for the commitments wells (the remedia-
tion wells for which commitments pumping rates have been
assigned) were adjusted from these starting values to explore

the tradeoffs of multiple objectives while maintaining constant
pumping at the water-supply wells. The term “commitments”
is used interchangeably with “baseline” in subsequent discus-
sion to represent the initial assumed pumping regime from

which optimization analysis starts.
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Figure 51. Texture model inset water balance, by stress period (Corson-Dosch and Fienen, 2023).

Running Monte Carlo on Nontransient Estimated
Parameters

The history-matching process described in the “Parameter
Estimation by Ensemble History Matching” section resulted in
two ensembles of model parameters—one each for the texture
model inset and the T-PROGS model inset. These include
constant parameter values for hydraulic conductivity and
streambed conductance, and time-varying parameter values for
recharge and constant head boundaries. The transient history-
matching model runs include a steady-state initial stress
period, so transient parameter multipliers for the constant

head boundaries and recharge were adopted from that initial
stress period. The storage parameters are not applicable to the
steady-state model and thus are disregarded.

The performance of the ensemble as described above
in the history-matching effort is based on correspondence
between transient model outputs and the observation dataset.
However, for evaluating remedial system performance, a dif-
ferent set of metrics are needed to explore the uncertainty of
model outputs and to determine a risk with respect to optimi-
zation. The metrics of interest to the NYSDEC are metrics of
capture by remedial wells and water-supply wells.
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Figure 52. Texture model inset water balance, summed by year, with component percent of total inflows or outflows (Corson-Dosch and Fienen, 2023).
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We added a particle-tracking algorithm, MODPATH 7
(Pollock, 2016) to the steady-state MODFLOW 6 model to
evaluate plume capture. Forward trajectories of particles were
simulated as starting in all model cells that intersect the plume
shell (fig. 2). At the end of the simulation, the final destination
(that is, endpoint) of the 113,328 particles was used to calcu-
late the fraction of particles ending in various locations includ-
ing the pumping wells or other model boundaries. The entire
posterior Monte Carlo generated parameter ensemble was used
for this particle-tracking analysis to provide an evaluation of
the particle-capture uncertainty.

Selection of a Risk Level for Optimization

The posterior Monte Carlo analysis resulted in a range of
values for metrics of capture by various classes of wells. The
range of particles captured by commitment remedial wells (as
a percentage of all particles released from the footprint of the
plume shell) are shown on figure 53. The median of percent
particles captured represents the risk-neutral stance. Only one

A. Texture model inset
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realization from the ensemble of parameter sets is consistent
with that median behavior. All realizations indicating percent
capture less than the median can be considered risk-averse in
the sense that the uncertainty of the results indicates a poten-
tial underestimate of capture. Conversely, realizations indicat-
ing percent capture greater than the median can be considered
risk-tolerant in that they represent realizations that may over-
estimate capture. Evaluation of the uncertainty in this way is a
form of correcting the model outputs considering uncertainty
through “chance constraints” (Wagner and Gorelick, 1987).
The risk-neutral stance selected for this analysis required the
use of the realization that resulted in particle capture by the
remedial wells closest to the median for each of the conceptual
models (texture model and T-PROGS model insets).

Parameter Sweep

The initial optimization setup included adjusting reme-
dial well pumping rates to maximize total plume capture.
We initially started simulations with no remedial pumping

B. Transition Probability Geostatistical Software
(T-PROGS) model inset
[ [ [ [ [

73 74 75 76 77 78 79 80
Percent particle capture

EXPLANATION

= 5th percentile
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== == Median
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Figure 53. Histograms showing the percent of particles captured by remedial wells across all posterior Monte Carlo model
runs (Corson-Dosch and Fienen, 2023). A, Texture model inset steady-state model. B, Transition Probability Geostatistical

software (T-PROGS) model inset steady-state model.
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and then adjusted pumping rates upward in increments of 5
percent of the total baseline or commitments remedial pump-
ing, applied to all remedial wells equally, as much as 200
percent of the baseline remedial pumping. The increase in
total capture is only from 80 percent to nearly 100 percent for
the texture model inset and 95 percent to nearly 100 percent
for T-PROGS model inset (fig. 54). However, as remedial
pumping decreases from the baseline (100 percent of commit-
ments) pumping, water-supply well capture increases owing
to the location of several water-supply wells within the plume
shell boundary as the remedial well capture decreases. In other
words, adjusting remedial pumping substantially affects redis-
tribution of capture between water-supply and remedial wells
but only slightly affects total capture. Therefore, using total
capture as an objective for optimization would likely result

in an unacceptable level of water-supply well capture of the
plume, which highlights the importance of evaluating system
behavior prior to running through a sophisticated analysis.

Formal Nonlinear Multiobjective Management
Optimization

The tradeoffs between remedial and water-supply well
pumping and plume capture necessitate a more complicated
analysis than traditional single-objective optimization where
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a single objective is to be minimized or maximized, such as
water-supply well and remedial well plume capture. Fienen
and others (2024) provide a comparison between single

and multiple objective optimization for this case. Instead,
exploring the tradeoffs between these potentially compet-
ing objectives using a multiobjective approach may be more
appropriate. In this analysis, the Non-Dominated Sorting
Genetic Algorithm II (NSGA-II; Deb and others, 2002) as
implemented in PEST++ through the Multiple Objective
Optimization under Uncertainty (MOU) version (White and
others, 2022) was used.

The NSGA-II is a genetic algorithm requiring multiple
generations of computations to converge on an optimal set of
solutions that traverse the alternatives that are not dominated
by any other alternative (a pareto frontier; Goodarzi and oth-
ers, 2014). Solutions on this pareto frontier are defined ideally
as points that are optimal for all objectives. However, exact
pareto optimality with respect to all objectives is not achiev-
able, so the frontier solutions are actually those for which only
one objective can be improved.
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Figure 54. Tradeoffs of capture among total capture, remedial well capture, and water-supply well capture over
a range of remedial pumping from 0 to 200 percent (Corson-Dosch and Fienen, 2023). A, Texture model inset. B,
Transition Probability Geostatistical software (T-PROGS) model inset.



Defining Decision Variables

“Decision variables” in management optimization are
defined as the model inputs that are adjusted to explore
optimal model solutions with respect to the multiple objec-
tives and are subject to hard constraints. The only decision
variables in this analysis were pumping extraction rates in
remedial wells.

Simulating the Remedial System

The remedial system is defined by remedial pumping
wells, treatment systems, injection wells, and infiltration
basins at which treated water is returned to the subsurface.
Extraction rates (decision variables) are selected by the
algorithm to simulate each candidate solution. The amount of
water extracted by each well then must be simulated as con-
veyed through the appropriate treatment system. The pumped
water in each treatment system is then returned to the sub-
surface through the appropriate infiltration basin or injection
well. The conveyance of extracted water to specific treatment
systems is outlined in table 13 and shown schematically in
figure 55.

Enforcing Constraints

Hard constraints are a combination of functions of model
inputs and outputs and can restrict the search space for deci-
sion variables. For this analysis, the constraints enforced on
model inputs included the following:

* specific ranges of pumping rates allowed for each
remedial well (table 13)

* treatment system throughput limits (table 13)

* a minimum depth-to-water of 10 ft within a 1,500-ft
buffer around infiltration basins to simulate the poten-
tial for flooding of residential infrastructure

 an upper limit on particle capture at downgra-
dient wells

* an upper limit on particle capture by supply wells

These constraints can be operational (for example,
limitations on treatment system capacity) or more subjec-
tive to set limits on the feasible search space of the algorithm
(such as setting an upper limit on particle capture by sup-
ply wells, which was determined using early versions of the
optimization).

Defining Objectives

Five potentially competing objectives that the algorithm
was intended to optimize were defined. The objectives were
the following:

Plume-Focused Inset Model for Decision Support 75

1. maximize capture at remedial wells

2. maximize total particle capture (to avoid particles from
leaving the area and making their way to the sea)

3. minimize capture at water-supply wells

4. minimize total remedial pumping (this is a proxy metric
for cost of pumping and treating water)

5. minimize particles captured at downgradient wells

Analysis of Optimal Solutions for Plume
Remediation

The MOU algorithm was started with 800 initial ran-
domly selected sets of decision variable values (that is,
individuals in a population). This population was allowed to
progress for 70 generations in which various attributes of the
individuals are combined and their fitness is evaluated. Fitness
is defined as metrics in line with the objectives (for example,
higher total particle capture and lower remedial pumping are
both considered to have higher fitness).

The solutions that are chosen for management are “opti-
mal” in the sense of having the greatest “fitness” as described
above. However, particularly with multiple competing objec-
tives, the determination of “optimal” is subjective. For the
discussion here, we chose representative solutions as optimal
for the purpose of discussion, but other analysts may judge the
tradeoffs differently and choose different optimal solutions.
The final set of optimal solutions, chosen for the purpose of
discussion, for the texture model and T-PROGS model insets,
are shown in figure 564 and B, respectively. The final set
of optimal solutions for all the model simulations that were
evaluated throughout the process are shown in figures 56C
and D for the texture model and T-PROGS model insets,
respectively. There is a nearly linear tradeoff between water
supply and remedial capture, with the maximum capture by
remedial wells corresponding with the lowest water-supply
capture (fig. 54) in figure 564 and B; however, this selection
does not consider the cost of remedial pumping or the costs
of treatment that may be required at water-supply downgradi-
ent wells.

A key advantage to using multiple objectives is that opti-
mal solutions can be refined by incorporating additional infor-
mation. For example, figure 57 shows the same information as
figure 56, but the y-axes are changed from remediation capture
to total remediation pumping. Remedial pumping is expressed
as a percent of the baseline pumping rates where values less
than 100 indicate a decrease in overall pumping and values
greater than 100 indicate an increase in overall pumping. In
contrast with the relation between water-supply and remedial
capture, which is largely linear, the tradeoff is nonlinear when
comparing water-supply capture with total remedial pumping.
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Table 13. Bounds on remedial pumping well rates, which treatment system each remedial well sends its water to, and limits on
treatment capacity (Corson-Dosch and Fienen, 2023).

[gal/min, gallon per minute; NA, not applicable; ft, feet; MSL, mean sea level; BWD, Bethpage Water District; ONCT, onsite containment system]

Commitments Pumping constraints (gal/min) .
Well - Treatment system capacity
identification ~ EXtractionrate oo reinjection well identification ~ Minimum Maximum (gal/min)
(well, gal/min)
DECHC-06 400 N-00191 0 480 NA
DECHC-02 750 N-00033 0 900 NA
0U-3 treatment system
DECEX-06 400 N-00960, PU-00961 400 400 NA
DECHC-12 500 T-00398 (TOB #20) 0 625 NA
DECHC-13 500 T-00398 (TOB #20) 0 625 NA
DECHC-14 800 BPW 4-1 (screen = —461 to —521 ft 0 1,000 NA
MSL; reinjection well)
DECHC-15 800 BPW 4-2 (screen = —465 to —525 ft 0 1,000 NA
MSL,; reinjection well)
DECHC-16 800 ST-0112 (BWD Plant 4) 0 1,000 NA
GM-38 Hotspot treatment system
RW-1 470 N-00495 400 1,000 1,100
RWwW-4 400 N-00495 400 1,000 1,100
ONCT treatment system
Well 1 800 ONCT West Basins 800 800 3,800
Well 3R (1) 700 ONCT West Basins 700 700 3,800
Well 17 1000 ONCT South Basins 1,000 1,000 3,800
Well 18 800 ONCT South Basins 800 800 3,800
Well 19 500 ONCT South Basins 500 500 3,800
Bethpage Community Park treatment system
RW-1 30 N-00960, PU-00961 30 30 250
RW-2 75 N-00960, PU-00961 75 75 250
RW-3 75 N-00960, PU-00961 75 75 250
Rw-4 30 N-00960, PU-00961 30 30 250
RW-21 Area treatment system
RW20 630 ONCT South Basins 500 700 2,400
RW21 630 ONCT South Basins 500 700 2,400
RW22 630 ONCT South Basins 500 700 2,400
Southern area new/planned wells treatment system
RWS5A 200 N-00210, N-00477 200 250 2,100
RW5B 400 N-00210, N-00477 400 500 2,100
RW6A 200 N-00210, N-00477 200 250 2,100
RW6B 400 N-00210, N-00477 400 500 2,100
RW7A 200 N-00210, N-00477 200 250 2,100
RW7B 400 N-00210, N-00477 400 500 2,100
RE-137 600 N-00305 400 600 NA
RWSA 400 N-00163, N-00173, N-00282 0 750 2,800
RW9A 400 N-00163, N-00173, N-00284 0 750 2,800
RWI10 450 T-00394 (TOB #23) 0 750 2,800
RWI11 475 T-00394 (TOB #23) 0 750 NA
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Figure 56. Tradeoffs among water-supply capture, remedial capture, and downgradient capture
(Corson-Dosch and Fienen, 2023). A, Texture model inset, 70th generation. B, Transition Probability
Geostatistical software (T-PROGS) model inset, 70th generation. C, Texture model inset, all model runs. D, T-

PROGS model inset, all model runs.

The shape of the curves in figure 57 is less linear than
in figure 56 and is characteristic of a pareto frontier. Near
the origin of each graph, improving one objective degrades
another objective—this is referred to as a pareto optimal point.
For example, the decrease in water-supply plume capture from
21 to 18 percent results in an increase in remedial pumping
of nearly 30 percent. From another perspective, increasing
remedial pumping from 90 to 120 percent of the baseline only
represents a 2-percent change in water-supply capture.
However, the straighter edges of the curve distant from
the origin indicate locations where improvement can be
made in one objective without incurring cost in the other. For
example, there is a potential outcome where the water-supply
capture can be decreased from 27 to 21 percent with only a
small increase in total pumping (fig. 574) because the MOU
algorithm is able to redistribute pumping among the wells to
optimize this outcome without significantly increasing the
total pumping.

The previous discussion presented the pareto optimal
point example when only two competing objectives were
considered. A third objective—downgradient capture—is
also shown in figures 56 and 57. All three objectives (water-
supply capture, remedial pumping, and downgradient capture)
are observed at low values near the origin where a trough of
downgradient capture is present when all the model runs are
evaluated along the path to optimality (fig. 57C and D).

The pumping rates for two selected solutions from the
optimization are shown in figures 58 and 59. The spatial distri-
bution of pumping for the solutions were chosen (figs. 58B3-C
and 59B—C, respectively) based on the criterion of maximizing
remedial capture without regard to total remedial pumping or
downgradient capture (fig. 58), and the tradeoff point is identi-
fied in figure 56. A comparison of the optimal solutions with
the baseline indicates slight increases in remedial well pump-
ing along the outer edge of the plume. The subtlety of these
changes largely is due to the strict constraints on pumping that
allowed for limited redistribution of pumping among a subset
of the remedial wells.
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B. Transition Probability Geostatistical
Software (T-PROGS) model inset

Maximum remediation
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D. Transition Probability Geostatistical
Software (T-PROGS) model inset

11.5 20

Water-supply capture, in percent

(Corson-Dosch and Fienen, 2023). A, Texture model inset, 70th generation. B, Transition Probability
Geostatistical software (T-PROGS) model inset, 70th generation. C, Texture model inset, all model runs. D, T-

PROGS model inset, all model runs.

When total remedial pumping cost and downgradient
plume capture were considered (fig. 59), the optimal solution
was identified as closest to the pareto optimal point indicated
in figure 57. The subtle changes from the baseline needed to
achieve optimal pumping are similar to changes shown in

Downgradient, percent capture

figure 56 but with pumping generally redistributed to focus
more on the center of the plume, which allows for more water-
supply capture to the east in favor of preventing further down-
gradient migration. Baseline and optimal pumping rates for the
two optimal solutions for each model are listed in table 14.

1
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Figure 58. Pumping rates for water-supply wells and remedial wells (Corson-Dosch and Fienen, 2023). A, Baseline
pumping rates. B, Optimal rates based on maximizing remedial capture for the texture model inset. C, Optimal rates
based on maximizing remedial capture for Transition Probability Geostatistical software (T-PROGS) model inset.
Baseline and optimal pumping rates are listed in table 14.
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C. Optimal Transition Probability
Geostatistical Software (T-PROGS)
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Figure 59. Pumping rates for water-supply wells and remedial wells (Corson-Dosch and Fienen, 2023). A, Baseline
pumping rates. B, Optimal rates based on minimizing downgradient capture for the texture model inset. C, Optimal
rates based on minimizing downgradient capture for Transition Probability Geostatistical software (T-PROGS) model
inset. Baseline and optimal pumping rates are listed in table 14.
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Table 14. Baseline remediation pumping well rates, upper and lower bounds, and optimal rates from the maximum remediation
capture and the minimum downgradient capture scenarios (Corson-Dosch and Fienen, 2023).

[gal/min, gallon per minute; Min, minimum; Max, maximum; DGC, downgradient capture; T-PROGS, Transition Probability Geostatistical Software; ONCT,
onsite containment system]

Well Bast_eline Pumping cm]straints Texture model inset T-PROGS model inset

identification  EXtraction rate (gal/min) Max remediation ~ Max DGC Max remediation Max DGC
(well, gal/min Min Max (well, gal/min)  (well, gal/min) (well, gal/min)  (well, gal/min)
DECHC-06 400 0 480 1132 02 3842 2944
DECHC-02 750 0 900 900° 883b 900° 900
0U-3 treatment system
DECEX-06 400 400 400 400 400 400 400
DECHC-12 500 0 625 560 1462 2632 4a
DECHC-13 500 0 625 625> 545b 625 5000
DECHC-14 800 0 1,000 7892 02 1,0000 02
DECHC-15 800 0 1,000 1,000° 4002 1,0000 3202
DECHC-16 800 0 1,000 999v 1,000° 1,000° 1,000P
GM-38 Hotspot treatment system
RW-1 470 400 1,000 4002 5130 400° 43092
RW-4 400 400 1,000 6930 486° 6830 6420
ONCT treatment system
Well 1 800 800 800 800 800 800 800
Well 3R (1) 700 700 700 700 700 700 700
Well 17 1,000 1,000 1,000 1,000 1,000 1,000 1,000
Well 18 800 800 800 800 800 800 800
Well 19 500 500 500 500 500 500 500
Bethpage Community Park treatment system
RW-1 30 30 30 30 30 30 30
RW-2 75 75 75 75 75 75 75
RW-3 75 75 75 75 75 75 75
RW-4 30 30 30 30 30 30 30
RW-21 Area treatment system
RW20 630 500 700 7000 6390 5002 5082
RW21 630 500 700 6600 5002 7000 5002
RW22 630 500 700 5002 5142 5002 5882
Southern area new/planned wells treatment system

RWSA 200 200 250 234b 200¢ 2310 2500
RWS5B 400 400 500 400 423b 446> 400°
RW6A 200 200 250 2500 224b 212b 240b
RW6B 400 400 500 5000 496> 5000 491>
RW7A 200 200 250 200¢ 2500 224b 206°
RW7B 400 400 500 5000 5000 482> 5000
RE-137 600 400 600 600¢ 600¢ 600¢ 600°

RWSA 400 0 750 7500 7500 02 02
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Table 14. Baseline remediation pumping well rates, upper and lower bounds, and optimal rates from the maximum remediation
capture and the minimum downgradient capture scenarios (Corson-Dosch and Fienen, 2023).—Continued

[gal/min, gallon per minute; Min, minimum; Max, maximum; DGC, downgradient capture; T-PROGS, Transition Probability Geostatistical Software; ONCT,
onsite containment system]

. Pumping constraints Optimization scenario adjustments
Well Baseline (gal/min) Texture model inset T-PROGS model inset
identification extraction rate — et
! (well, gal/min) Min Max Max remediation Max DGC Max remediation Max DGC

(well, gal/min)  (well, gal/min) (well, gal/min) (well, gal/min)
Southern area new/planned wells treatment system—Continued

RW9A 400 0 750 7500 7490 6500 662>
RW10 450 0 750 7500 748P 7500 7500
RWI1 475 0 750 7500 22 7500 7500

aPumping rates that are less than the baseline.

bPumping rates that are greater than or equal to the baseline.

cUnchanged from baseline.
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Simulation of the Effects of Remedial
Pumping and Recharge on the
Freshwater/Saltwater Interface

The potential effects of the proposed remedial pump
and treatment plan on movement of the freshwater/saltwater
interface were assessed when the recent (2024) model of Long
Island was developed to simulate changes in the position and
movement of the freshwater/saltwater interface in response to
time-varying pumping and recharge stresses. This model simu-
lates historical stresses for 1900-2019 to estimate the current
(2019) position of the freshwater/saltwater interface, which
then serves as the initial condition for simulation of future
changes in stresses.

For this investigation, the simulated position of the inter-
face, as represented in the simulation of hydrologic conditions
for 1900-2019, was used as the starting condition in a simula-
tion that includes the current and future remedial stresses
discussed in this report. Changes in hydraulic heads and the
position of the freshwater/saltwater interface were simulated
for a 101-year period from 2020 to 2120. Two scenarios were
evaluated: (1) a “no-change” scenario using public-supply
and remedial stresses from 2019, and (2) a “commitments”
scenario augmenting those 2019 stresses with additional

Analysis of Factors Affecting Plume Remediation in a Sole-Source Aquifer System, Southeastern Nassau County, New York

remedial stresses representing commitments by responsible
parties to fully remediate of the Navy Grumman groundwa-
ter plume (New York State Department of Environmental
Conservation, 2019).

The simulated freshwater/saltwater interface, defined for
the sake of evaluation of interface movement as the 5-percent
1sochlor between fresh and saltwater, continues to move
landward under both future scenarios; however, the landward
movement of the simulated interface position under the pro-
posed “commitments” pumping scenario does not appreciably
exceed that which results from the continued simulation of
current condition pumping and recharge stress (figs. 60—61).
The landward movement of the simulated interface position
likely is due to the lagging response of the groundwater sys-
tem to changes in pumping and recharge from 1900 to 2019,
and the post-glacial sea-level rise as described in Walter and
others (2024). There is no substantial difference in the rate of
the movement of the interface position in the basal Magothy
and Lloyd aquifers, although there is some water redistribu-
tion during future scenarios caused by the combination of deep
remedial pumping and shallow recharge of treated water. This
water redistribution likely is due to the large distance (about
10 mi) between remedial systems for the Navy Grumman
groundwater plume and the current (2019) location of the
coastline.
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Figure 60. Simulated location of freshwater/saltwater interface (defined as the 5-percent isochlor between fresh
and saltwater; Corson-Dosch and Fienen, 2023) in the Magothy aquifer for current (2019) and future (2100) conditions,

southeastern Nassau County, New York.
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Figure 61. Simulated location of freshwater/saltwater interface (defined as the 5-percent isochlor between fresh

and saltwater; Corson-Dosch and Fienen, 2023) in the Lloyd aquifer for current (2019) and future (2100) conditions,

southeastern Nassau County, New York.

Summary and Conclusions

Several plumes of dissolved, chlorinated solvents,
including trichloroethylene, have been identified in a sole-
source aquifer near the former Northrop Grumman Bethpage
facility (NGBF) and Naval Weapons Industrial Reserve
Plant (NWIRP) in southeastern Nassau County, New York.
Past investigations have documented that the groundwater
contamination originated from the NGBF and NWIRP area
and now extends nearly 4 miles to the south, in the direc-
tion of groundwater flow. As such, the comingled plumes
are commonly referred to as the Navy Grumman ground-
water plume. Knowledge of groundwater-flow patterns and
rates is essential for effective management of groundwater
resources and for mitigation of potential adverse effects of the
plume on drinking-water supplies and ecosystems. A recent
groundwater-flow model developed by the U.S. Geological
Survey (USGS), in cooperation with the New York State
Department of Environmental Conservation (NYSDEC), eval-
uated alternatives to hydraulically contain the plume as part of
a feasibility study. The USGS modeling effort helped inform
an Amended Record of Decision that identified a comprehen-
sive plan to contain and clean up the contamination plume.

Further model development and refinement was needed
for the NYSDEC to evaluate design options necessary for
the construction, operation, optimization, maintenance, and

monitoring of the comprehensive remedy selected in the
December 2019 Amended Record of Decision to address these
plumes. The purpose of this report is to describe the results

of a multicomponent study undertaken to further develop and
refine models to evaluate design scenarios for groundwater
extraction and treatment remediation of the Navy Grumman
groundwater plume. This report includes an updated interpre-
tation of the hydrogeologic framework with two independent
characterizations of aquifer heterogeneity; an updated regional
model providing transient boundary conditions for inset mod-
eling of the plume area; new inset models for the two indepen-
dent aquifer characterizations and risk-based optimization of
the remedial design; and an updated regional model of fresh-
water/saltwater interface movement. This multiscale modeling
approach allows the area near the plume to be simulated in
finer detail than would be possible with the regional model
but still establishes and maintains hydrologic connections to
natural flow boundaries outside the inset area.

The existing regional (parent) groundwater-flow model
encompasses the entire four-county (Kings, Queens, Nassau,
and Suffolk) area of Long Island, New York. New inset models
to help refine decision support for the remedial design focused
on the local area encompassing the full extent of the Navy
Grumman groundwater plume in southeastern Nassau County.
Major streams in the inset area include Bellmore Creek and
Massapequa Creek; minor streams include Carman Creek,
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Seaford Creek, Seamans Creek, Newbridge Creek, and Cedar
Swamp Creek. These streams receive perennial (base) flow in
the southern part of the inset area where their channels incise
the water table. Because the channels are generally shallow,
the low-lying areas surrounding these streams are vulnerable
to flooding caused by the shallow depth to groundwater. From
2005 to 2019, a total of about 424 million gallons per day
(Mgal/d) of groundwater was withdrawn annually from the
Long Island aquifer system for multiple uses, including public
supply, agriculture, and industry. About 34 Mgal/d was with-
drawn for public supply within the inset area. During the 2005
to 2019 period, a total of about 8 Mgal/d of groundwater on
average was withdrawn annually from the Long Island aquifer
system for contaminant remediation. The vast majority (7.9
Mgal/d) of the total was withdrawn as part of Navy Grumman
groundwater plume remediation within the inset area.

A texture model inset was developed from the results of
a detailed analysis of lithologic descriptions and the conver-
sion of these qualitative data to more quantitative measures of
important hydrogeologic characteristics of the upper glacial
and Magothy aquifers. The detailed analysis was centered on
the inset area and included the development of a local-scale
texture model similar to the one previously developed for the
entire Long Island aquifer system. The analytical approach
was used with 22,523 lithologic descriptions from 256
boreholes in the inset area to define standard lithologic codes
for each vertical interval in each borehole. A set of stacked
three-dimensional grids was created, each 10 feet in thickness,
that spanned the thicknesses of the upper glacial and Magothy
aquifers in the inset area.

The spatial and vertical patterns in hydraulic conductivity
within the inset area generally are consistent with the deposi-
tional history of the regional aquifer system. Lower values of
hydraulic conductivity in the upper glacial aquifer generally
occur in northern parts of the inset area and are associated with
glacial moraines. Hydraulic conductivity is highest in outwash
sediments south of the moraine. The Magothy aquifer is more
heterogenous, with fewer broad spatial patterns, except in its
basal portion. Hydraulic conductivity in the basal portion of
the Magothy aquifer, where sediments likely were deposited
in fluvial depositional environments, generally is higher than
in overlying portions of the unit. The hydraulic conductivity
generally is lowest in the middle part of the Magothy aquifer
where sediments likely were deposited in overbank lake and
wetland environments.

Transition Probability Geostatistical Software (T—
PROGS) is a software package that performs transition
probability geostatistics to generate multiple equally probable
models of aquifer heterogeneity conditioned to borehole data.
Five hundred T-PROGS realizations of the hydrostratigraphy
were created using the same input structure in a Monte Carlo-
type analysis to form the stratigraphic basis for the groundwa-
ter modeling. A total of 256 soil boring logs were described
over a span of 20 years at and surrounding the NWIRP and
NGBEF sites. T-PROGS was used to generate multiple equally
probable models of aquifer heterogeneity all conditioned to

the 256 boring logs. The category sand is the most prevalent
with a percentage distribution of approximately 60 percent.
Sand and gravel is the second most dominant material with an
approximate distribution percentage of 24 percent. Gravel and
fines make up the last 16 percent at 5 percent and 11 percent,
respectively. This material distribution holds true for each
potential realization computed by T-PROGS when using these
boring logs. Each realization varies slightly; however, the per-
cent distributions remain consistent with the material distribu-
tions found in the borings.

A regional model was constructed generally following
the Long Island regional groundwater-flow model (LIRM) to
provide transient boundary conditions for inset modeling of
the plume area. Enhancements to the existing regional model
included updating of ongoing inset area remedial stresses
(groundwater extraction and treatment systems), representa-
tion of transient stress periods, and updating the model code
to MODFLOW 6. The transient LIRM simulates long-term
steady-state conditions and does not simulate seasonal and
other shorter-term, transient changes in hydraulic head and
groundwater flow. To represent these transient changes in
the groundwater system, monthly hydrologic stresses from
January 2005 through December 2019 were assembled for
seven stress components: natural recharge, redirected recharge,
return flow, ponds, water-supply infrastructure leakage, public
supply well pumping, and remedial pumping.

Using the MODFLOW 6 model code, hydraulic heads
and groundwater flows were simulated for the period
January 1, 2005, through December 31, 2019. Simulated heads
within the inset area ranged from about 10 to about 80 feet
above the North American Vertical Datum of 1988 and water-
table mounds and depressions formed at points of remedial
pumping and discharge, respectively. Hydraulic heads and
base flows in streams at representative monitoring points
within the inset area are similar to those of a model recently
developed to simulate plume movement and effects on down-
gradient public-supply wells in the area. With regard to the
inset area portion of the transient LIRM, average total inflow
of about 105 cubic feet per second was divided as follows:
water-table recharge (66 percent), lateral inflow (22 percent),
and remedial system return flow from discharge of treated
water to recharge basins (12 percent). Outflow that generally
balanced inflow was divided as follows: groundwater pumping
(57 percent), stream discharge (11 percent), and lateral outflow
(32 percent).

An inset model was developed from the regional model
for the evaluation of the efficacy of proposed remedial plans
for the Navy Grumman groundwater plume area. This inset
model was created using MODFLOW 6 and scripting tools
to connect to the transient LIRM, which simulates all Long
Island. This inset approach allows us to simulate the area
near the plume in finer detail than would be possible with the
regional model but still establishes and maintains the hydro-
logic connections to regional boundaries including Long
Island Sound and the Atlantic Ocean. History matching was
performed to tune model parameters for the inset such that two



ensembles with different conceptual bases (the texture model
and the T-PROGS model insets) were generated exploring
the range of plausible aquifer hydraulic property conditions
consistent with field observations.

The ensembles of parameters resulting from history
matching provided a platform with which to evaluate capture
by water-supply and remedial wells using particle tracking
with MODPATH 7. Using the ensemble to select a risk stance,
multiobjective optimization was completed to identify various
configurations of remedial pumping that are consistent with
external constraints and that balance potentially compet-
ing objectives. Multiple solutions from the multiobjective
optimization simulations have tradeoffs that NYSDEC can
consider. In general, if pumping is redistributed to focus more
on the center of the plume, some water-supply well con-
taminant capture may increase to the east to prevent further
migration downgradient. The choice of what constitutes an
“optimal” solution from this analysis is subjective, requiring
consideration of the competition among multiple objectives.
For illustrative purposes, we selected candidate solutions for
further analysis and discussion, but those selections do not
constitute a recommendation of a solution for the decision-
makers to select.

A recently (2024) developed transient LIRM that simu-
lates the response of the freshwater/saltwater interface to
changes in hydrologic conditions from 1900 to 2019 was used
to assess future response of the freshwater/saltwater interface
to the proposed remedial pumping and return flow needed for
plume containment.

Proposed plume containment remedial pumping and
return flow stresses were simulated for two conditions—one
simulating current stresses (“no change”) and one representing
planned future remedial stresses (“commitments™) from 2020
to 2100. The simulations showed that there was progressive
movement of salty groundwater towards the plume site regard-
less of the stress scenario used. The future rate of movement
of the freshwater/saltwater interface was similar to historical
rates and is attributed to the lagging response of the ground-
water system to post-glacial sea-level rise. There was no
substantial change in the rate of the movement of the Lloyd or
basal Magothy freshwater/saltwater interfaces, although there
is some redistribution of water owing to the combination of
deep remedial pumping and shallow recharge of treated water,
which likely is due to a sufficient distance between and the
plume site and the current freshwater/saltwater interface.
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