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INTRODUCTION

Purpose and Scope

The purpose of this report is to document the subsurface

geological framework controlling groundwater in the 

area between Wrangle Hill and Delaware City, Delaware

(Fig. 1). The geology and hydrology of this area have been

the focus of decades of study because of the heavy utilization

of groundwater by industry, the development of aquifer 

storage and recovery wells, and the need to assess the 

potential impacts on groundwater quality from intensive

industrial activity.

The study area lies within the Atlantic Coastal Plain phys-

iographic province in east-central New Castle County, just west

of Delaware City and east of the cross-roads of Wrangle Hill in

the vicinity of Delaware Route 1, U.S. Route 13, Delaware

Route 7, and Delaware Route 72 (Wrangle Hill Road) (Fig. 1).

The study area is bounded by Red Lion Creek to the north, the

Delaware River along the east, and Dragon Run to the south,

just north of the Chesapeake and Delaware Canal. Land surface

elevations range from sea level along the tidal waterways to

nearly 80 ft in the upland areas between Red Lion Creek and

Dragon Run.

The subsurface geology is characterized by a south-

eastward-dipping wedge of Cretaceous sediments that

unconformably overlie lower Paleozoic-age crystalline rocks

and associated saprolite; these Cretaceous sediments are

unconformably overlain by a thin veneer of Pleistocene and

Holocene sediments. The lower part of the Cretaceous sec-

tion is a thick interval of non-marine sediments, referred to

as the Potomac Formation; the upper part of the Cretaceous

succession is characterized by a succession of thinner marine

formations (Fig. 2). Groundwater is principally obtained

from the deeper, confined aquifer sands of the Potomac

Formation, and from shallow, unconfined aquifer sands in

the Pleistocene-age Columbia Formation.

The stratigraphy, distribution, and correlation of the

geological units examined in this study are presented through

a series of cross sections and derivative maps. The study is

focused on the shallow (less than 150 ft below land surface)

subsurface geology because there are more data available, but

interpretations of the deeper subsurface geology also are pre-

sented on the basis of more limited data. The foundation for this

report is work by the senior author (Jengo) on the subsurface

geology of the Delaware City refinery property, including adja-

cent refinery-owned undeveloped land. Previous studies and

Delaware Geological Survey • Report of Investigations No. 78 1

SubSurface GeoloGy of the area between 

wranGle hill anD Delaware city, Delaware

abStract

The geology and hydrology of the area between Wrangle Hill and Delaware City, Delaware, have been the focus of numerous

studies since the 1950s because of the importance of the local groundwater supply and the potential environmental impact 

of industrial activity. In this report, 490 boreholes from six decades of drilling provide dense coverage, allowing detailed 

characterization of the subsurface geologic framework that controls groundwater occurrence and flow.

The region contains a lower section of tabular Cretaceous strata (Potomac, Merchantville, Englishtown, Marshalltown,

and Mount Laurel Formations in ascending order) and a more stratigraphically complex upper section of Pleistocene-to-modern

units (Columbia, Lynch Heights, and Scotts Corners Formations, latest Pleistocene and Holocene surficial sediments and 

estuarine deposits). The lowermost Potomac Formation is a mosaic of alluvial facies and includes fluvial channel sands that

function as confined aquifer beds; however, the distribution of aquifer-quality sand within the formation is extremely hetero-

geneous. The Merchantville Formation serves as the most significant confining layer. The Columbia Formation is predominantly

sand and functions as an unconfined aquifer over much of the study area.

To delineate the distribution and character of the subsurface formations, densely spaced structural-stratigraphic cross 

sections were constructed and structural contour maps were created for the top of the Potomac Formation and base of the

Columbia Formation. The Cretaceous formations form a series of relatively parallel strata that dip gently (0.4 degrees) to the

southeast. These formations are progressively truncated to the north by more flatly dipping Quaternary sediments, except in

a narrow north-south oriented belt on the east side of the study area where the deeply incised Reybold paleochannel eroded

into the Potomac Formation.

The Reybold paleochannel is one of the most significant geological features in the study area. It is a relatively narrow sand-

filled trough defined by deep incision at the base of the Columbia Formation. It reaches depths of more than 110 ft below sea level

with a width as narrow as 1,500 ft. It is interpreted to be the result of scour by the sudden release of powerful floodwaters from the

north associated with one or more Pleistocene deglaciations. Where the Reybold paleochannel cuts through the Merchantville

confining layer, a potential pathway exists for hydrological communication between Columbia and Potomac aquifer sands.

East of the paleochannel, multiple cut-and-fill units within the Pleistocene to Holocene section create a complex geologic

framework. The Lynch Heights and Scotts Corners Formations were deposited along the paleo-Delaware River in the late

Pleistocene and are commonly eroded into the older Pleistocene Columbia Formation. They are associated with scarps and

terraces that represent several generations of sea-level-driven Pleistocene cut-and-fill. They, in turn, have been locally 

eroded and covered by Holocene marsh and swamp deposits. The Lynch Heights and Scotts Corners Formations include sands

that are unconfined aquifers but complicated geometries and short-distance facies changes make their configuration more

complex than that of the Columbia Formation.



additional interpretive work by the Delaware Geological

Survey (DGS) provided a broader context for this site-

specific information.

Knowledge of the geological framework in the study area

has significant implications for ascertaining the distribution,

transmission, and quality of the groundwater resources that

are utilized by local industrial, public, and agricultural users.

Use of this enhanced framework will enable investigators to

select optimal locations for future groundwater monitoring

wells, select appropriate screen depths for target hydrogeo-

logical intervals, and improve the understanding of ground-

water occurrence and flow in and near the study area, 

which will result in more accurate site characterizations, envi-

ronmental investigations, and water supply studies.

Previous Work

The industrial area near Delaware City has been the

focus of numerous environmental and hydrogeological

assessments by state and local government agencies as well

as consultants under contract to government and industry. A

number of the older publications in and around the study

area examined the surficial geology, including exposures of

Cretaceous formations that exist, or once existed, along the

Chesapeake and Delaware Canal (Carter, 1937; Owens et al.,

1970; Houlik et al., 1983). Pickett (1970a) authored a

1:24,000 map of the subcrop geology of the Chesapeake and

Delaware Canal area. Ramsey (2005) updated this frame-

work in a 1:100,000 map of the surficial geology of New

Castle County and showed the subsurface stratigraphy on

geologic cross sections. Dugan et al. (2008) provided a con-

cise summary of the formations within the study area as well

as maps showing the extent of aquifers in southern New

Castle County, just south of the study area.

For subsurface geology, Spoljaric (1967b) examined the

lithofacies of the Potomac Formation, including maps of the

distribution of sand bodies within the 

stratigraphically complex Potomac interval.

Spoljaric (1973) presented a basement map

for the area and hypothesized the existence of

a network of normal faults in the basement

rocks. Doyle and Robbins (1977) did a

detailed study of fossil angiosperm pollen in

two wells in the refinery area, Dc53-07 and

Ec14-01, and supported the reproducibility of

the zonation they established by showing its

consistency with the geophysical log 

correlations for the wells. More recently, 

the DGS performed several related studies of

the Potomac Formation in New Castle

County, resulting in a significantly improved

understanding of stratigraphic correlations

and facies (McKenna et al., 2004; Benson,

2006; McLaughlin, 2006).

A number of previous studies have

examined hydrology and aquifers in the

study area (Rasmussen et al., 1957; Jordan,

1962, 1964; Sundstrom et al., 1967; Sund-

strom and Pickett, 1971; Woodruff, 1986, 1988; Donnelly and

Hinaman, 1996a, b). The existence of Pleistocene-age chan-

nels in the Chesapeake and Delaware Canal area was noted in

Groot et al. (1954), Rasmussen et al. (1957), and Spoljaric

(1967a); Woodruff (1986) depicted a paleochannel on a cross

section using one well from the study area (Ec13-06, same

location as Ec13-21 in this study).

For decades, consulting geologists have conducted basic

descriptive geologic and hydrologic work in the Delaware

City area; however, there have been few published works

since the early 1970s that present the geology of this area in

detail. Most of the hydrogeological data generated by envi-

ronmental consultants (primarily soil boring logs, water well

production data, and monitoring well descriptive and geo-

physical logs) were included as appendices to environmental

reports or as well record submissions to various regulatory

agencies, but no attempt has been made to integrate these data

into a comprehensive hydrogeological framework. In addition

to dozens of water production wells, more than a thousand soil

borings and hundreds of groundwater monitoring wells were

installed during the industrial development and subsequent

investigations of the Delaware City area. In this study, we uti-

lize large volumes of these types of data; however, it was a chal-

lenge to reconcile the wide variation of detail and interpretation

by past geologists. In addition, the interpretations in many of

the past works were out of date; for example, logs recorded

in the 1950s referenced formation names not currently used

in Delaware or reported deposits that have subsequently

been interpreted to be absent in the study area (e.g., Red

Bank, Navesink, Wenonah, Raritan, Patuxent). As described

below under the Data and Methods section, a significant

effort was expended to standardize the interpretations of

these logs and assign them valid and consistent geographic

coordinates so that they could be utilized in this study.

2 Delaware Geological Survey • Report of Investigations No. 78

Figure 1. Location map, central New Castle County, Delaware. Study area is bounded 
by black box.



Acknowledgments

The senior author recognizes the efforts of numerous

field geologists over the last 15 years, including Vince

Piazza, Stephen Zahniser, Suzanne Eckel, Bryn Welker,

Scott Knoflicek, Gus Remenicky, and Chad Smith. Thanks

also to the former environmental management team at the

refinery for their support of this stratigraphic analyses 

project of the facility and its environs.

We wish to acknowledge valuable reviews by Dana

Desonie, Michael J. Brayton (USGS), Scott Stanford (NJGS),

and A. Scott Andres (DGS), which significantly improved the

manuscript. Final illustrations were created by Lillian T. Wang.

Discussions of hydrology and regional geology with Thomas E.

McKenna were helpful and are gratefully acknowledged. We

also thank student interns Lauren Cook and Curt Romanchok

for significant efforts in data collection, quality control, repro-

duction, and cataloguing.

DATA AND METHODS

This study utilized borehole lithologic and geophysical

logs from 490 sites in the area between Wrangle Hill and

Delaware City, Delaware (Appendix 1; Plate 1). The data

include well logs obtained from test holes drilled in the mid-

1950s as part of the siting process for the original Tidewater

Associated Oil Company refinery as well as from a large

number of water production wells and geo-technical borings

associated with the facility’s construction. Extensive datasets

of soil borings, temporary groundwater sampling points, and

permanent monitoring wells that were part of various hydro-

geological investigations and groundwater characterization

studies over the last 30 years were also utilized. Much of the

older data have been on file at the Delaware Geological

Survey since the 1950s and 1960s; the more recent soil boring

and well log data were filed with

Delaware state government agencies

as part of reporting requirements for

well permitting and environmental

com pliance. The primary identifica-

tion scheme used to represent these

data on the maps and cross sections

was by DGS ID numbers. All loca-

tions in this report are given as meter

coordinates in a Universal Trans-

verse Mercator (UTM), Zone 18,

North American Datum of 1983

(NAD 83) projection; all elevations

cited are relative to the North

American Vertical Datum of 1988

(NAVD 88).

This large and diverse dataset

required intensive review. Drilling

permit records, historic project maps

and reports, and multiple genera-

tions of aerial photographs were uti-

lized to establish accurate locations

and elevations of borehole sites.

Historical research was needed to

ascertain revised elevations for bor-

ings that were drilled before the site

was leveled because the original elevations were no longer

valid. Georectified topographic maps and aerial photographs

were interpreted and used to define the extent of the post-

Columbia stratigraphic units. Published and unpublished pre-

construction topographic maps and modern topography based on

recent (2007) LiDAR acquired for the State of Delaware were

used to identify geomorphic terraces; a comparison of lithology

from boring logs and samples allowed us to recognize mappable

stratigraphic units related to these terraces. Pre-construction aer-

ial photographs from 1936 and 1954 were critical in mapping the

extent of the Holocene marsh and swamp deposits and the

Quaternary units, which are now covered by dredge spoil. The

pre-spoil land surface elevations and the known locations of pre-

construction tidal channels and other features provided a baseline

for picking the contact of the base of the dredge spoil.

Borehole record quality and formation assignments also

required close scrutiny. Because the lithologic logs were

described over decades by a variety of geologists and drillers

who emphasized different aspects of the stratigraphy, inconsis-

tencies were evident even between closely spaced borings.

Therefore, for this study, every boring log was thoroughly

reviewed and reinterpreted, as needed. Some of the previous

geological interpretations that had to be rectified included 

the lack of recognition of the Englishtown Formation or 

confusion of this unit with the upper Merchantville Formation;

the erroneous assignment of gray, micaceous, Holocene-age

marsh sediments to the Merchantville Formation; a lack of 

distinction between in situ Holocene-age deposits and the

extensive dredge spoil hydraulic fill on the eastern portion 

of the site; and the need to identify where the Columbia

Formation was disturbed to level the site. An additional 

challenge was converting the horizontal survey data of the older

boring logs from the NAD27 datum to NAD83 and determin-

ing a valid elevation.
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Figure 2. Generalized stratigraphic column for the area between Wrangle Hill and Delaware City and

nearby parts of New Castle County. Chronostratigraphy is provided in the System and Series columns.

Wavy lines in the Formation column indicate unconformable contacts. Yellow intervals 

in the Aquifer column indicate aquifer sands; the presence of discontinuous sands is indicated by 

multiple small yellow lenses. Gray intervals indicate less permeable non-aquifer and confining 

beds. Generalized environments of deposition are identified in the Environments column.



A total of 188 high-quality boring logs were selected 

for inclusion on ten structural stratigraphic cross sections

(Plate 2). These borings represent the highest level of strati-

graphic detail, well defined formational or erosional contacts,

and a fairly evenly-spaced geographic distribution. The cross

sections were specifically developed to illustrate the geometry

and slope of a significant north-south trending Pleistocene-

age paleochannel, and its erosion through the Merchantville

Formation and incision into the top of the Potomac Formation,

and the offlapping relationship between the Holocene deposits

and the Cretaceous and Pleistocene formations along the 

eastern portion of the study area. The vertical extent of each

borehole appears on the cross sections as a line extending from

the elevation of the top of the hole at the time of drilling to

the elevation of the bottom of the hole. When a location 

was excavated or filled since the borehole was drilled, the

top of the borehole appears above or below present-day

ground level, respectively. Selected borings have associated 

geophysical logs (natural gamma, spontaneous potential, or

resistivity) that are depicted adjacent to the vertical line depict-

ing the borehole; in some instances, geophysical log shifts

may appear slightly offset from the formation contacts they

represent because those contacts were drawn through the

vertical borehole lines.

Structural contour maps were constructed for two surfaces

that are crucial to understanding the hydrogeology of the study

area: the top of the Potomac Formation (Plate 3) and base of

the Columbia Formation (Plate 4). The top of the Potomac

Formation map was developed by mapping 138 borings that

encountered the top of the formation. The lateral extent of the

Columbia Formation was determined by mapping 339 borings

that penetrated the entire formation, 17 borings that partially

penetrated the formation, and 134 borings where the forma-

tion was determined not to be present. Elevations for each 

surface, compiled from the cross sections and from boring sites

in between the sections, were then contoured. Elevation grids

were constructed from each contour map using ArcMap soft-

ware and both were surfaces rendered in three dimensions in

the same scene using ArcScene software.

Peat samples from borings advanced through probable

Holocene-age sediments along the eastern boundary of the

study area were submitted for Carbon-14 (14C) analyses in an

effort to distinguish between Pleistocene-age and Holocene-age

sediments. The radiocarbon dating was carried out by Beta

Analytic Inc. (USA); all analyses were performed using an

accelerator mass spectrometer (AMS) with extended counting

times. Conventional 14C age results were calculated by applying

a 13C /12C correction to measured 14C ages. Calibration to calen-

dar years before present (cal years BP) used Intcal 98 (Stuiver et

al., 1998). Corrections, calibrations, and other adjustments to the

measured 14C dates are listed with the data on Table 1.

STRATIGRAPHY

The stratigraphy overlying bedrock in the study area can

be divided into two parts, a lower section of Cretaceous sed-

iments and an upper section of Quaternary sediments (Fig.

2). The Cretaceous section includes five formations: the

Potomac, Merchantville, Englishtown, Marshalltown, and

Mount Laurel. The Magothy Formation appears to pinch out

just south of study area. The Quaternary sediments include the

Columbia Formation, the Delaware Bay Group (Lynch

Heights and Scotts Corners Formations), Holocene-age swamp,

marsh, and estuarine deposits, and anthropogenic fill.

In the section below, we review the definition, age, and

lithologic characteristics of each formation present in the

study area, including composition, texture, and depositional

environment in addition to geophysical log characteristics.

The thickness, distribution, and stratigraphic relationships of

the formations are presented on the accompanying maps

(Plates 1, 3, and 4) and cross sections (Plate 2). Data used to

construct the cross sections are included in Appendix 2.

One of the most notable geological features identified in

this study is a thick, north-south trending band of Columbia

Formation sediments in the eastern part of the study area.

Along this trend, the base of the Pleistocene-age sediments

of the Columbia Formation incises deeply into the underlying

Cretaceous section. Although this feature will be described

in more detail later in this section, its presence frames the
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Table 1. Radiocarbon dates collected for this study; samples were analyzed using the radiometric technique. Abbreviations: yrs BP = years
before present where present = 1950 AD; ft bls = depth in feet below land surface; ft NAVD = elevation in feet relative to the North American
Vertical Datum of 1988.



geology of most of the stratigraphic units present in the study,

so is introduced here at the start of the stratigraphy section.

This feature is referred to as the Reybold paleochannel herein.

The term paleochannel is used because it is a narrow trend of

thick fluvial deposits with an erosive base that represents an

abandoned and buried watercourse. For the purposes of this

report, the term paleochannel does not imply that the chan-

nel was part of a connected drainage network or that the

channel fill deposits are contemporaneous with the forma-

tion of the paleochannel.

Potomac Formation

Definition and Age

The Potomac Formation, a thick succession of non-

marine silts, clays, and sands, is the lowest known Cretaceous

sedimentary unit in the Coastal Plain of Delaware. The forma-

tion was first described by McGee (1886a, b) to characterize

the sands and iron-ore clays overlying the crystalline base-

ment in Maryland, Virginia, and the District of Columbia. 

In Maryland, the Potomac deposits are considered a group 

that is subdivided into three formations (Patuxent, Arundel,

Patapsco), but in Delaware, this subdivision cannot be 

recognized and the Potomac deposits have formation status

(Jordan, 1962, 1983; Benson, 2006).

In Delaware, the Potomac Formation is predominantly

silt, silty clay, sandy silt, and sand (Jordan, 1962, 1983;

Benson, 2006). The sand intervals compose approximately 20

to 30 percent of the thickness of the formation (Benson, 2006).

Sands are mostly quartzose and typically fine-grained, but

coarse- and medium-grained sand is common, particularly in

the lower part of the formation (Groot, 1955; Jordan, 1962,

1983). Thicker sands in the Potomac Formation have good

aquifer characteristics and provide significant quantities of

groundwater in central and southern New Castle County

(Sundstrom et al., 1967; Dugan et al., 2008). The finer-grained

lithologies are whitish gray, red-to-orange, and tan-to-

yellow muds with variable proportions of silt and clay, and

are commonly mottled or variegated (Jordan, 1962; McKenna

et al., 2004). Clays are predominantly kaolinite with lesser

illite (Groot and Glass, 1960). Plant-derived materials, including

lignitic beds and charcoal, are common.

In New Castle County, the Potomac Formation is mostly a

subsurface unit, although it crops out in a few areas near the

Fall Line (Marine and Rasmussen, 1955; Ramsey, 2005). The

base of the formation lies unconformably above a basement

of Paleozoic and older metamorphic rocks and associated

saprolite. The top of the formation is an unconformity overlain

by Upper Cretaceous sediments of the Magothy or Merchantville

Formations, or by Quaternary sediments. The thickness of the

Potomac Formation ranges from zero at the northern margin of

the Coastal Plain Province through more than 1,600 ft in south-

ernmost New Castle County to more than 4,600 ft at Ocean City,

Maryland (Benson, 2006; Hansen, 1982).

Fossil spores and pollen recovered in samples indicate

deposition during the Early (Aptian, Albian) and Late

(Cenomanian) Cretaceous Period, about 125 to 96 million

years (Ma) ago (Doyle and Robbins, 1977; Hochuli et al.,

2006; McLaughlin, 2006).

Composition, Textures, and Depositional Environment

In the study area, the Potomac Formation is composed

of sand, silt, and clay. The sand lithologies include 

moderately- to well-sorted, silty, very fine- to fine-grained

sand. The silt lithologies include clayey silt, silt, and fine-

grained sandy silt. The sands and silts are variable in color,

with a number of tones of white, pink, brown, yellow, red,

and gray. Clay beds are common, can occur in relatively

thick intervals, and are typically silty, highly plastic, mottled,

and they exhibit a range of colors with different tones of white,

pink, yellow, red, brown, and gray. Lignite and highly oxidized

ironstone/siderite nodules have been noted throughout the

formation and can be present in distinct layers.

Regional core and geophysical log data suggest that the

Potomac Formation sediments of Delaware were deposited in

an aggrading alluvial plain, probably associated with pre-

dominantly anastomosing river systems, with coarser channel

sands enclosed by finer overbank, flood-plain, and interfluvial

(region of higher land between two rivers in the same

drainage system) paleosol deposits (McKenna et al., 2004).

In the study area, the Potomac Formation lithologies re -

flect depositional environments consistent with the regional

understanding of this unit. On study area geophysical logs,

the thicker sands occur in blocky packages (Plate 2, Dc52-05

on C-C', Ec12-02 on E-E', and Ec22-16 on G-G') and in

packages that fine upward (Plate 2, Dc52-08 and Dc53-07 on

A-A') suggesting deposition in channels in anastomosing

river systems. The range of muddy (silt and clay) facies indi-

cates that the Potomac-age environments include the wet

floodplain (overbank, lake, swamp) and interfluvial areas

subject to paleosol-forming conditions. The connectivity of the

fluvial sands of the Potomac Formation is too complex to be

addressed in this study but is discussed in other DGS publi-

cations (Benson, 2006; McKenna et al., 2004).

Thickness, Distribution, and Bounding Relations

The Potomac Formation occurs across the entire study

area. Four borings used in the study penetrated the entire

Potomac Formation and reached saprolite or crystalline

bedrock. The thickness of the Potomac Formation at these

sites ranges from 625 ft (Ec14-01) to 684 ft (Dc53-07). The

elevation of the base of the formation has a narrow range

between �716.1 ft (Dc53-07) and �748.9 ft (Ec12-03), indi-

cating a general dip from north to south across the study

area. This is consistent with various published structural

contour maps of the top of crystalline basement in this area

(e.g., Fig. 5 in Sundstrom and Pickett, 1971).

The unconformity at the top of the Potomac Formation

ranges in elevation from �1.0 ft to below �120 ft in the study

area (Appendix 3). The Merchantville Formation uncon-

formably overlies the Potomac Formation in most areas west of

the paleochannel where the contact deepens from around 

�10 ft in the northwest to more than �80 ft in the south. The

Merchantville Formation also lies immediately above the

Potomac Formation in the southeastern part of the site, with

the contact as deep as �128 ft in Delaware City. The structural

contour map of the top of the Potomac Formation suggests

that the Merchantville – Potomac contact is a gently undulat-

ing surface with a dip of approximately 0.4 degrees to the

southeast and a strike of approximately N50°E (Plate 3).
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The contact between the Potomac Formation and the dark

silts of the overlying Merchantville Formation is readily rec-

ognizable on geophysical and lithologic logs when the upper-

most Potomac lithologies are sand (e.g., Plate 2, Dc53-50,

Dc53-51, Dc53-07, and Dc53-77 on A-A', Ec13-24 on F-F',

and Dc53-78 on H-H'). Where the Merchantville Formation

directly overlies the fine-grained facies of the upper Potomac

Formation (e.g., Plate 2, Ec13-28 and Ec22-16 on G-G', and

Dc53-74 on H-H'), the contact is difficult to identify from

geophysical logs and from lithologic logs if the quality of 

geologic description is poor. The Potomac–Merchantville

unconformity represents a significant amount of time. The

youngest Potomac strata are early Cenomanian in age

(approximately 96 Ma) whereas the oldest Merchantville

strata are Campanian in age (approximately 83 Ma) (Sugar-

man, 2004; McLaughlin, 2006).

In some locations, erosion at the base of the Quaternary

section removed the Merchantville Formation and the

Potomac Formation is instead unconformably overlain by

the Columbia Formation. The most notable instance is along

the trend of a deeply incised north-south trending 

paleochannel in the eastern part of the study area (Fig. 3).

The basal slope of the axis of this Columbia Formation 

paleochannel dips approximately 0.45 to 0.50 degrees trend-

ing just west of south (Plate 2, I-I'). This is steeper than the

apparent dip of approximately 0.3 degrees for the top of the

Potomac Formation in the same direction, which results in

progressive southward downcutting of the paleochannel into

the top of the Potomac.

In the parts of the study area where the Potomac

Formation is overlain by the Columbia Formation, the 

character of the highly erosive contact is variable. Where

sand facies occur at the top of the Potomac Formation, the

contact with overlying Columbia sands can be difficult to

distinguish on geophysical logs (e.g., Plate 2, Ec13-15 on D-

D', Ec13-25 and Ec13-34 on F-F', Ec13-27 on G-G' and

Ec13-68 on I-I'). However, where the top of the Potomac

Formation is muddy, the contact with sandy Columbia deposits

is readily recognizable on lithologic and geophysical logs

(e.g., Plate 2, Ec13-21 on E-E', Ec13-37 on G-G', and Dc53-

38 on I-I').

Magothy Formation

Definition and Age

The Magothy Formation was first described by Darton

(1893) along the Magothy River in Maryland, where its

coarser, looser sands are differentiated from the denser, finer

sands of the underlying Potomac Formation that grade laterally

into white and pink sandy clays. Clark (1904) recognized the

Magothy Formation from Maryland northeastward through

Delaware to the Raritan Bay area of New Jersey.

Fossil spores and pollen recovered from Magothy 

samples from northern Delaware and nearby New Jersey are

indicative of pollen Zone V, consistent with a Turonian or

Coniacian age, although the formation includes sequences of

other ages farther north in New Jersey (Jengo, 1995, 1999;

Sugarman et al., 2005; McLaughlin, unpublished data).

Composition, Textures, and Depositional Environment

In Delaware, the Magothy Formation has been

described from outcrops at the Chesapeake and Delaware

Canal. The formation is characterized by “sugary” sands and

dark clays (Groot, 1955; Pickett, 1970a; Jordan, 1962). The

sands include cross-bedded, well-sorted, fine- to medium-

grained, tan quartz sand, and white “sugary” quartz sand

with heavy minerals that accentuate cross-bedding (Carter,

1937; Groot, 1955; Jordan, 1962). Muds are typically less

common than sands and are mostly characterized by dark

gray to black carbonaceous silts and clays (Carter, 1937;

Groot, 1955; Jordan, 1962; Rasmussen et al., 1957). Groot

and Glass (1960) described the clay minerals as a kaolinite-

mica-chlorite assemblage. Woody material, including large

trunk- and branch-size pieces, and lignite are common

(Jordan, 1962). Similar lithologies are known from borehole

data in the subsurface of New Castle County (Groot, 1955;

Rasmussen et al., 1957; Jordan, 1962). The thick, clean sand

facies of the Magothy Formation serve as an important con-

fined aquifer in parts of southern New Castle County

(Sundstrom and Pickett, 1971; Dugan et al., 2008).

The lithologies observed in outcrops and boreholes in

Delaware are a combination of high-energy cross-bedded

sands, low-energy organic-rich muds, and large woody
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Figure 3. Three-dimensional relationship of Pleistocene-age

Columbia Formation and Cretaceous-age Potomac Formation. The

surfaces depicted are three-dimensional representations of hand-

drawn structural contour maps of the base of the Columbia

Formation (silver) and top of the Potomac Formation (bronze). 

A. Oblique overhead view from the south illustrating the deep 

erosional scour at the base of the Columbia Formation in the 

elongate, north-south trending Reybold paleochannel and its 

contrast to the gently undulating and step-like nature of the base of

the Columbia Formation west of the paleochannel. B. Side view,

from south looking north, showing the deep erosion of the base of

the Columbia Formation in the Reybold paleochannel incised into

the significantly older Potomac Formation. Rendering done using

ArcScene software to view surface grids created using multiquadric

radial basis function interpolation of digitized contour line data.



debris, indicating that the Magothy sediments were deposit-

ed in a coastal alluvial plain or in an estuarine setting (Groot,

1955; Jordan, 1983).

Thickness, Distribution, and Bounding Relations

As noted by Rasmussen et al. (1957), the Magothy

Formation is discontinuous in the area of the Chesapeake

and Delaware Canal and absent in most of the Delaware City

area. Jordan (1962) noted that the Magothy Formation,

though similar to the Potomac Formation in many aspects in

Delaware, can be differentiated by the generally thinner,

more continuous nature of its bedding and the absence of

variegated clays. The contact between these two formations

is unconformable (Groot, 1955; Jordan, 1962). The Magothy

Formation in the Canal area is discontinuous at its northern

pinch-out because it represents incised valley fill that only

occurs in paleotopographic lows related to incision at its

basal unconformity (McLaughlin et al., 2003; McLaughlin

and Benson, 2005). Farther downdip, the formation is more

extensive, with the continuous character of the sand beds

also differentiating it from the underlying Potomac Formation.

The top of the formation appears to be an unconformity

(Groot, 1955) that is eroded progressively deeper in a north-

ward direction (Benson and Spoljaric, 1996). In New Castle

County, the formation ranges from 15 to 85 ft thickness 

between these unconformities (Ramsey, 2005; Dugan 

et al., 2008).

We have not identified any definite occurrences of 

the Magothy Formation in the study area based on core sam-

ples from several locations. Although a more consistent

occurrence of sands is recognized at the contact with 

the overlying Merchantville or Columbia formations in a

number of borings south of Wrangle Hill Road, these facies

have been assigned to the Potomac Formation because there is

no definitive trend or lithologic characteristic persuasive

enough to assign those sands to the Magothy Formation.

Merchantville Formation

Definition and Age

The Merchantville Formation is characterized by mica-

ceous, glauconitic, dark blue-gray sandy silt and silty fine

sand (Groot et al., 1954; Jordan, 1962; Pickett, 1970a;

Ramsey, 2005). The name Merchantville was first used by

Knapp (Salisbury, 1899) for “marly clay” beds that occur in

the area of Merchantville, New Jersey and the unit was sub-

sequently mapped as a clay formation by Kümmel and Knapp

(1904). The Merchantville Formation has been examined in a

number of outcrops along the Chesapeake and Delaware Canal

just southwest of the study area. In addition, the Merchantville

strata (which would be under the name Matawan Formation)

were mapped by Bascom and Miller (1920) in the bank of Red

Lion Creek in the northern part of the study area. Groot et al.

(1954) described the Merchantville Formation as dark blue to

black, micaceous glauconitic silt that coarsens upward into

gray, silty, very fine quartz sand with some mica and glau-

conite. Clay minerals include kaolinite, illite, and vermiculite

(Pickett, 1970b). The formation is between 10 and 50 ft thick in

New Castle County (Ramsey, 2005).

The lithologic differences within the Merchantville

Formation explain why it has been subdivided in past stud-

ies in Delaware and why three formations are recognized in

this interval in nearby areas of New Jersey. Sugarman et al.

(2004) recognized the Cheesequake, Merchantville, and

Woodbury Formations in this interval on the basis of cores

obtained at Fort Mott, New Jersey, directly across the 

Delaware River from the study area (Figure 1). There the

Merchantville Formation designation was restricted to 

glauconitic sandy silts and silty sands that occur in the middle

of this interval. The Cheesequake Formation was differentiated

in the bottom of this interval by the reduced abundance of glau-

conite compared to the Merchantville Formation and by

more abundant mica. The name Woodbury Clay was applied

to the mica-rich and glauconite-poor silty sands and sandy

silts at the top of this interval. This differentiation follows

Owens et al. (1977), which divided this interval in Delaware

into a lower glauconitic portion, placed in the Merchantville,

and an upper micaceous portion, placed in the Woodbury.

This entire interval had been grouped together as the

Crosswicks Clay by Carter (1937) on the basis of outcrop

studies along the Chesapeake and Delaware Canal. Owens et

al. (1970) and Pickett (1970a) mapped these sediments as the

Merchantville Formation, a designation that has been main-

tained in Delaware since that time. The Merchantville strata

are regarded as a confining unit in New Castle County

(Dugan et al., 2008).

In Delaware, the basal Merchantville strata uncon-

formably overlie the Magothy Formation (Groot et al., 1954;

Pickett, 1970a; Owens et al., 1977) where the Magothy is pre-

sent, or the Potomac Formation where the Magothy is

absent. The top of the Merchantville is conformable with the

overlying Englishtown Formation in most places; however,

the contact can be difficult to identify because of the 

gradational transition from the sandier upper Merchantville

to the sands of the Englishtown. In some locations, 

especially near its northerly, updip limit, the Merchantville

Formation is unconformably and directly overlain by

Quaternary sediments.

At Fort Mott, across the Delaware River from this study

area, calcareous nannofossils from strata equivalent to the

upper part of the Merchantville in Delaware, but referred to

as Woodbury in New Jersey, indicate a Late Cretaceous,

early Campanian age (CC18) (Sugarman et al., 2004). The

ammonite Placenticeras placenta, reported from the forma-

tion in Delaware, also indicates a Campanian age. 

Composition, Textures, and Depositional Environment

In the study area, the Merchantville Formation is 

composed of dark gray to black silt to clayey silt with 

intervals of fine-grained sandy silty clay, silty clay and trace

to little fine-grained sand. The formation is characterized by an

abundance of muscovite and the presence of glauconite, which

in places are concentrated in glauconite-rich laminations.

Pyritized nodules, embedded wood fragments, shell frag-

ments, trace fossil burrows, and siderite concretions may

also be present. The lowermost part of the formation, at its

contact with the underlying Potomac Formation, may be 

partially lithified. The upper section of the Merchantville
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Formation can have a brownish-yellow oxidized appearance

near its upper contact.

The fossiliferous and glauconitic character of the

Merchantville Formation indicates deposition in a shallow-

marine environment (Pickett, 1970a); rare occurrences of

foraminifera in borehole samples just south of the

Chesapeake and Delaware Canal suggest mid- to outer-shelf

water depths (Houlik et al., 1983). In the study area, the

Merchantville Formation generally has an overall upward

coarsening trend. Near the base of the formation, many geo-

physical logs exhibit high natural gamma ray (gamma) and

low resistivity values that gradually transition upward to

slightly lower gamma and higher resistivity values (e.g.,

Plate 2, Ec12-02 on E-E', Ec13-33 on F-F', and Ec22-16 on

G-G'). Together with the lithologies, the logs indicate an

upward trend of shallower environments within a shelfal

succession.

Thickness, Distribution, and Bounding Relations

The Merchantville Formation is present throughout

most of the study area but is absent where the Columbia

Formation paleochannel eroded through it and into the

Potomac Formation. The formation is approximately 75 ft

thick at its thickest occurrence in the southeastern part of the

study area (Plate 2, J-J'); however, it can be significantly thin-

ner where it was eroded beneath Quaternary unconformities.

The Merchantville Formation is consistently underlain by the

Potomac Formation. The contact is unconformable and can

have a degree of relief, as described in the Potomac

Formation section of this report.

The Englishtown Formation caps the Merchantville

Formation in the southern part of the study area. The contact

between these Upper Cretaceous units is conformable but

can be difficult to recognize in rudimentary descriptive logs

because the units share a number of characteristics (e.g.,

muscovite content, occurrences of glauconite). However,

where high quality, detailed lithologic observations are

available, it is possible to clearly distinguish the silty, 

fine-grained sandy Englishtown Formation from the 

predominantly clayey silts of the Merchantville Formation.

On geophysical logs, the gradational nature of the contact

makes its exact placement challenging but feasible (e.g.,

Plate 2, Ec13-13 on D-D', Ec14-01 on F-F', and Ec13-24 on

F-F' and on H-H'). In a cross-section transect (J-J') relatively

unaffected by the paleochannel, the dip of the top of the

Merchantville Formation is 0.413 degrees.

Quaternary deposits overlie the Merchantville

Formation in its northernmost and eastern occurrences.

Because the top of the Merchantville Formation dips more

steeply than the overall elevation trend of the base of the

Columbia Formation, the base of the Columbia Formation

eroded progressively deeper into the Merchantville

Formation to the north, resulting in thinner Merchantville

sections. Where the Columbia Formation paleochannel is

present, the top of the Merchantville Formation is more

deeply incised, with the formation eroded entirely in places.

The Merchantville–Columbia contact is represented by

a lithologic shift from silt to unconsolidated sand, allowing

the boundary to be picked clearly on gamma and resistivity

logs (e.g., Plate 2, Dc53-50 on A-A', Dc51-03 on B-B',

Dc52-05 on C-C', Ec13-14 on D-D', Ec13-05 on E-E', Ec13-

33 on F-F', Ec12-41 on G-G', and Dc52-56 on J-J'). In 

the easternmost portion of the study area, near the Delaware

River, the Quaternary unconformity at the top of the

Merchantville Formation can be overlain by either Holocene-

age sediments or anthropogenic fill (Plate 2, A-A', B-B', and C-

C'). Because of the deep Quaternary erosion in parts of the

study area, the elevation of the top of the Merchantville

varies significantly both in the vicinity of the paleochannel

(in particular, Plate 2, B-B', D-D' and G-G') and where the

Holocene-age sediments eroded and offlapped the formation

(i.e., Plate 2, A-A', B-B', and C-C').

Englishtown Formation

Definition and Age

The Englishtown Formation in New Castle County is a

body of micaceous, fine-grained sand that lies above the silts

of the Merchantville Formation. The Englishtown sand was

named by Kümmel (1907) to identify white to yellow quartz

sands in the area of Englishtown, New Jersey. The sand was

originally identified as a distinct unit named the Columbus

sand by Knapp (in Salisbury, 1899).

Englishtown sediments have been described in detail in

a number of studies of outcrops along the Chesapeake and

Delaware Canal (Carter, 1937; Groot et al., 1954; Jordan,

1962; Owens et al., 1970). The formation consists of light

gray, white, yellow, buff, and rusty quartz sand that is very

micaceous and slightly glauconitic. It may be clean or some-

what silty, is generally well sorted, and has been described as

having a soft “fluffy” texture in outcrop. Ophiomorpha trace

fossils, which are large burrow traces with nodose-textured

surfaces, are common, especially in the upper part of the for-

mation. Thin laminae of silty sand and clay have been noted

to occur; the clays are kaolinite and illite (Pickett 1970b).

Sands in the Englishtown Formation may function locally as

a minor confined aquifer in New Castle County, particularly

in updip areas where sandier facies occur (Woodruff, 1990;

Dugan et al., 2008).

The Englishtown Formation occurs in the subsurface of

the Chesapeake and Delaware Canal area and to the south.

The formation ranges from 5 to 75 ft in thickness in New

Castle County (Dugan et al., 2008; Ramsey, 2005), and is

generally around 15 ft thick where it is exposed along the

Canal (Carter, 1937; Owens et al., 1970). The Englishtown’s

contact with the underlying Merchantville Formation is 

conformable. Although the contact has been described as

distinct in some outcrops (Owens et al., 1970) and in the 

subsurface (Houlik et al., 1983), in many areas, it appears 

to reflect a gradual upward coarsening from silt

(Merchantville) to sand (Englishtown), and the precise 

contact is difficult to detect on some geophysical logs (Benson

and Spoljaric, 1996). The contact with the overlying

Marshalltown Formation to the south is unconformable. 

In outcrop, the Englishtown-Marshalltown contact is sharp

and heavily burrowed, with a pebble layer and woody debris
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present at the base of the Marshalltown Formation (Carter,

1937; Owens et al., 1970).

In some of the past studies of the Chesapeake and

Delaware Canal area outcrops, this interval was referred to

as the Wenonah sand (Spangler and Peterson, 1950; Groot 

et al., 1954; Jordan, 1962) and it was distinguished by the 

presence of Ophiomorpha (then called Halymenites) tubes.

However, since the geologic map of Pickett (1970a), which

was consistent with Carter (1937) and Owens et al. (1970),

the name Englishtown Formation has been accepted for

these strata in Delaware because of the strong lithologic 

similarity to the Englishtown Formation at its New Jersey

type locality.

The age of the Englishtown Formation in Delaware is

Late Cretaceous, specifically Campanian. Though the

Englishtown strata lack calcareous fossils in most places,

samples from the Fort Mott corehole yield nannofossils

indicative of Campanian nannofossil zone CC19 (Sugarman

et al., 2004), which is consistent with results from Dover

(well Je32-04) reported by Benson and Spoljaric (1996).

Composition, Textures, and Depositional Environment

In the study area, the Englishtown Formation is 

composed of silty fine-grained sand, with some medium-

grained sand, and interbedded fine-grained sandy silt to silt

(e.g., Plate 2, Ec13-114 on H-H'). The sands are commonly

muscovite-rich, contain glauconite, and may be oxidized.

Weak to moderate cementation has been noted. The color, one

of several tones of brown, yellow, orange, olive, or gray, is

typically a bit lighter than that of the underlying

Merchantville Formation.

The environment of deposition of the Englishtown

Formation regionally is likely shallow-marine; Ophiomorpha

are consistent with energetic nearshore environments and

rare foraminifera retrieved from the formation indicate less

than 150 ft water depths (Houlik et al., 1983). Owens and

Gohn (1985) suggested that Delaware localities represent delta-

margin barrier shorelines. On the study area geophysical

logs, the Englishtown Formation is characterized by generally

low gamma and high resistivity values that represent the 

culmination of an upward coarsening trend from the 

underlying Merchantville Formation (e.g., Plate 2, Ec13-13

on D-D', Ec14-01 on F-F', and Ec13-24 on F-F' and on H-

H'). The lithologies and log patterns are consistent with the

interpretation of a nearshore depositional environment.

Thickness, Distribution, and Bounding Relations

The thickness of the Englishtown Formation varies from

5 ft at its most updip extent (Plate 2, C-C�) to nearly 30 ft in

the southeast portion of the study area (Plate 2, D-D', E-E',

F-F', and H-H').

Geographically, the Englishtown Formation is restricted 

to the southeastern portion of the study area, except for a thin

interval of sand attributed to the Englishtown Formation 

at one westerly location (Plate 2, Ec12-02 on E-E'). The 

farthest updip extent of the formation (Plate 2, Dc54-90 on

C-C') occurs about 2,600 feet north of Wrangle Hill Road,

east of Route 13. In general, the facies of the Englishtown

Formation may be too fine-grained and silty to be a productive,

high quality aquifer; however, the unit has the potential to be

adequately permeable with a sufficient areal extent to allow it

to transmit groundwater within and beyond the study area.

The Englishtown Formation is conformably underlain

by the Merchantville Formation. The contact can be difficult

to identify because of the gradational nature of the

Merchantville-to-Englishtown transition. In the eastern and

southern parts of the site, the Englishtown is unconformably

overlain by the Marshalltown Formation and the contact may

be burrowed (e.g., Plate 2, Ec13-114 on H-H'). Closer to its

updip limit in the central portion of the eastern side of the study

area (Plate 2, D-D' and E-E'), the Englishtown Formation is

overlain by the Scotts Corners Formation and/or by Holocene

sediments. Columbia Formation deposits unconformably

overlie the Englishtown Formation in a narrow band immedi-

ately east of the eastern margin of the paleochannel (Plate 2,

D-D' and F-F').

Marshalltown Formation

Definition and Age

The Marshalltown Formation in New Castle County is

characterized by dark, very muddy sand with abundant glau-

conite. The formation was named by Knapp (Salisbury,

1899) to encompass a “marly-clay sand” and was described

as “micaceous, black, greasy clay, or fine, ashy sand-marl.”

The Marshalltown overlies the Englishtown Formation, with

a regional unconformable contact that is characterized by

significant bioturbation where it is exposed along the

Chesapeake and Delaware Canal. The formation is overlain

by the Mount Laurel Formation.

In Delaware, the Marshalltown Formation has been

described by Carter (1937) and Owens et al. (1970) from

outcrops on the Chesapeake and Delaware Canal. There it is

comprised of clayey, silty, grayish green to greenish black

sand and black, calcareous sandy clay with abundant glau-

conite. Houlik et al. (1983) noted that a basal unit of dark

gray to black clay and silty clay occurs in the subsurface

downdip of the Canal. From the visual examination of washed

samples, Ramsey (2005) noted that glauconite composes 30 to

40 percent of the sand fraction of the Marshalltown Formation

in New Castle County. The formation is 14 to 16 ft thick at

Canal outcrops (Carter, 1937; Owens et al., 1970), increasing to

30 ft or more southward and downdip (Houlik et al., 1983;

Benson and Spoljaric, 1996). Outcrops along the Canal have

been assigned to the Mount Laurel/Navesink interval by

some workers (Groot et al., 1954; Richards et al., 1957). 

The Marshalltown Formation is Late Cretaceous in age

and contains fossils of late Campanian age. Houlik et al. (1983)

reported the late Campanian planktonic foraminiferal species

Globotruncanita calcarata in a borehole (Eb44-12) from

east of Summit, Delaware. The bivalve Exogyra ponderosa

is a conspicuous macrofossil in this formation; Sugarman et

al. (1995) reported a late Campanian age of 73.4 Ma based

on strontium isotope ratios in a specimen of Exogyra from

St. Georges, Delaware.
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Composition, Textures, and Depositional Environment

The Marshalltown Formation in the study area is dark gray

glauconitic sandy silt with some quartz sand and mica. The

color is typically darker than that of the underlying

Englishtown Formation. The Marshalltown Formation cannot

be confidently distinguished on many of the lithologic logs

where it is interpreted to occur because indefinite lithologic

descriptions make it difficult to differentiate from the under-

lying Englishtown strata. The Marshalltown can be clearly 

recognized on many geophysical logs, exhibiting the same

high-gamma character that it displays in New Castle County.

The environment of deposition of the Marshalltown

Formation regionally is considered shelfal marine but 

significantly deeper than the underlying Englishtown

Formation. Benthic foraminifera in samples from just 

south of the Canal (Eb44-12) suggest that the Marshalltown

Formation was deposited in an outer shelf environment at

water depths between 400 and 600 ft (Houlik et al., 1983) or

200 to 400 m (Olsson and Nyong, 1984). The study area

lithologies and geophysical log patterns are consistent with a

depositional setting in deeper shelf environments.

Thickness, Distribution, and Bounding Relations

The Marshalltown Formation is a thin unit, ranging

from a few feet thick under Quaternary or Holocene ero-

sional surfaces (Plate 2, D-D�) to approximately 10 to 18 ft

thick where the complete thickness of the formation is present

(Plate 2, F-F' and H-H'). The Marshalltown is only locally pre-

sent in the southeastern part of the study area where the

Cretaceous section was not significantly eroded before the

base of the Pleistocene was deposited. The farthest updip

extent of the formation is along a trend on the south side of

the refinery complex at Wrangle Hill Road east of Clarks

Corner Road.

The Marshalltown Formation unconformably overlies

the Englishtown Formation, which is recognized by a clear

shift to muddier, more glauconite rich beds with higher

gamma log values on geophysical logs (e.g., Plate 2, Ec13-

24, Ec14-01, and Ec15-27 on F-F'). The contact is burrowed

in some locations (e.g., Plate 2, Ec13-114 on H-H'). Where

the Mount Laurel Formation is present in the southeastern-

most part of the study area, it overlies the Marshalltown

Formation (Plate 2, F-F' and G-G'). Quaternary deposits of the

Columbia Formation, Lynch Heights Formation, or Scotts

Corners Formation unconformably overlie the Marshalltown

Formation in a narrow band just east of the eastern margin 

of the paleochannel (Plate 2, E-E', F-F', G-G', and H-H').

Holocene-age swamp sediments overlie the Marshalltown

very locally (Plate 2, F-F�).

Mount Laurel Formation

Definition and Age

The Mount Laurel sand was initially described by Clark

(1897) as an interval of sand in the lower part of what was

then defined as the Monmouth Formation in Burlington

County, New Jersey. The name is now used as a formation-

level designation for the fossiliferous, glauconitic sand that

lies near the top of the Upper Cretaceous section in Delaware

and New Jersey. The Mount Laurel Formation conformably

overlies the Marshalltown Formation, with biostratigraphy

and strontium isotope data suggesting that the contact repre-

sents a continuous transition from the muddy Marshalltown

deposits to the cleaner nearshore sands of the Mount Laurel

Formation (Sugarman et al., 1995, 2005). It should be noted,

however, that Kennedy and Cobban (1997) suggested the 

possibility of an unconformity along the Chesapeake and

Delaware Canal based on their ammonite zonation interpreta-

tions. The Mount Laurel Formation is overlain by the Navesink

Formation in Delaware; the boundary is a regional uncon-

formity (Sugarman et al., 1995).

In New Castle County, the Mount Laurel Formation is

characterized by quartz sand with shells, burrows, and vari-

able amounts of glauconite, giving it a salt-and-pepper

appearance (Carter, 1937; Owens et al., 1970; Pickett,

1970a; Benson and Spoljaric, 1996). Macrofossils include

Belemnitella americana, Exogyra cancellata, and a number

of upper Campanian ammonite taxa (Kennedy and Cobban,

1994). The thickness of the Mount Laurel Formation has

been reported at 15 ft or less at outcrops along the Chesa -

peake and Delaware Canal near St. Georges (just south of the

area of the present study), where the top of the formation is

eroded under Quarternary sands (Owens et al., 1970; Ramsey,

2005). Greater thicknesses have been described to the west,

with 60 ft or more noted near the western end of the Canal in

Maryland (Owens et al., 1970). In the subsurface of New

Castle County, the formation thickens southward to attain

thicknesses approaching 100 ft (Dugan et al., 2008).

The Mount Laurel Formation is of Late Cretaceous age.

Sugarman et al. (1995) reported two strontium isotope mea-

surements on a specimen of Belemnitella americana from the

Chesapeake and Delaware Canal that yielded an age of 71.4

Ma. This is consistent with the upper Campanian strontium

ages and calcareous nannofossil biostratigraphy from sites in

nearby areas of southern New Jersey (Miller et al., 2004).

Composition, Textures, and Depositional Environment

The Mount Laurel Formation is characterized by glau-
conitic shelly sand in the study area. In descriptions from
several rotosonic cores (e.g., Plate 2, Ec13-91 on H-H'), the
formation is brownish in color with fine- to coarse-grained
sands and laminae to thin beds of clay. 

The Mount Laurel Formation was deposited in mid-

shelf to nearshore, shoreface environments in New Castle

County (Owens and Sohl, 1969; Houlik et al., 1983; Olsson

and Nyong, 1984). On study area geophysical logs, the Mount

Laurel Formation has lower gamma values than the more

glauconite-rich underlying Marshalltown strata, suggesting a

shallowing of water depths from the deeper shelf Marshall-

town Formation.

Thickness, Distribution, and Bounding Relations

Like the Marshalltown Formation, the Mount Laurel

Formation is only present very locally in the study area

where the unconformity at the base of the Pleistocene did not

erode significantly into the underlying Cretaceous section.

The Mount Laurel Formation is less than 10 ft thick in most

locations where it is identified, and has a maximum thickness

of around 20 ft (Plate 2, Ec15-28 on F-F').
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The Mount Laurel Formation overlies the Marshalltown

Formation, with the boundary representing a transition from

sandy silt to cleaner sand. The Mount Laurel is uncon-

formably overlain by Pleistocene beds of the Scotts Corners

Formation.

Quaternary Geology

Geomorphology

Geomorphology is important for delineating Quaternary

stratigraphic units in the Delaware City area. The late

Quaternary units of the Delaware Bay Group, the Lynch

Heights and Scotts Corners Formations, can be recognized in

part by terraces associated with their deposition (Fig. 4).

However, recognizing these terraces can be complicated by

the landscape modifications that are associated with the con-

struction of industrial facilities, dredge spoil impoundments,

wetland fill, and waterway excavation. Therefore, our

description of the geomorphology relies heavily on 

preconstruction topographic maps and aerial photographs 

of the study area.

Based on pre-construction topographic maps, the study

area prior to the construction of the refinery complex in the

mid-1950s consisted of an upland with a flat plain to the

west, two terraces that stepped down to the east, and an area

of marsh between the terraces and the Delaware River. The

upland area is bordered on the north and south by two

streams (Red Lion Creek and Dragon Run, respectively) that

trend due eastward to the Delaware River. The stream val-

leys are steep-sided where they have dissected the upland,

but their surfaces are at or near present sea level downstream

where they flow through swamps and marshes. The western

half of the upland is a relatively flat plain with elevations from

72 ft to about 54 ft that gently slope to the east (Plate 1).

A distinctive break in topog-

raphy, the western scarp, trends

north-south just east of the Route

9 (River Road) and Clarks Corner

Road and separates the upland

from a terrace ranging in eleva-

tion from 42 to 32 ft that slopes

toward the east. Another scarp on

the east side of the main refinery

complex separates this terrace

from another east-sloping ter-

race, this one with an elevation

of 22 ft to about 18 ft The area

between the east edge of this ter-

race and the shoreline of the

Delaware River was once occu-

pied by marsh with an elevation

from two feet above sea level to

sea level (Plate 1); however,

most of this area is now covered

by dredge spoil impoundments.

Just south of the confluence of

Red Lion Creek and the Delaware

River, there was an island sur-

rounded on three sides by a marsh,

with the Delaware River to the east, which is now mostly

covered by dredge spoil.

The geomorphology reflects the geology of the area

(Fig. 4). The western upland is underlain by the Columbia

Formation. The terrace with surface elevations between 42

and 32 ft is underlain by the Lynch Heights Formation. The

Scotts Corners Formation lies under the eastern terrace with

elevations between 22 and 18 ft. The area occupied by the

modern swamp, stream channel and marsh is underlain by

Holocene deposits.

Columbia Formation 

Definition and Age

The Pleistocene-age Columbia Formation is the surficial

geologic unit covering much of the Coastal Plain of New

Castle County. The name Columbia was first used by McGee

(1886a, b) for an interval of sand, gravel, and clay found in

the District of Columbia and was later extended to the near-

by inner margin of the Coastal Plain (Jordan, 1962).

Columbia sediments in New Castle County have long been

referred to as “Pleistocene deposits” (Bascom and Miller,

1920; Groot and Rasmussen, 1954; Marine and Rasmussen,

1955; Ward and Groot, 1957) and in some older studies were

referred to as the “Columbia Group” (Bascom and Miller,

1920). Jordan (1962) established the use of the name

Columbia Formation for these Pleistocene sediments in

Delaware; however, not all the sediments that were placed 

in the Columbia Formation in previous studies (Jordan,

1962, 1964) are assigned to this unit today. For example,

Ramsey (2005, 2007) recognized that most of what was pre-

viously mapped as the Columbia Formation in southernmost

New Castle County and the western two-thirds of Kent

County now can be mapped as the Beaverdam Formation. In 
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addition, sediments previously included in the Columbia

Formation adjacent to the Delaware Bay coastline are now

recognized as the Delaware Bay Group (Ramsey, 1997).

Even the Columbia name may be problematic because a

Pleistocene age has not been definitively established for the

Columbia Formation where it was originally defined in the

District of Columbia.

In New Castle County, the Columbia Formation is pre-

dominantly composed of medium- to coarse-grained quartz

sand with laminae and thin beds of pebbles to pebble gravel

with cobbles and boulders in places, especially near the bot-

tom of the formation (Jordan 1962, 1964; Spoljaric and

Woodruff, 1970; Ramsey, 2005). The sand is yellow to tan to

reddish brown, apparently due to iron oxidation; although the

formation is mostly unconsolidated, in places the sands are

lithified with iron-oxide cements. In well-exposed outcrops,

cross-bedding is commonly observed, with bed set thick-

nesses ranging from a few inches to 10 ft, and mostly

between 0.5 and 1.5 ft. The sand is predominantly quartz,

with lesser amounts of feldspar (commonly 10 to 30 percent) 

and a few percent mica and heavy minerals. Larger clasts

include vein quartz, sandstone, quartzite, chert, and lesser abun-

dances of a variety of other clast types, such as siltstone, shale,

pegmatite, schist, and amphibolite. Beds of tan, gray, and red-

dish silt and clayey silt also occur.

The base of the Columbia Formation shows consider-

able relief in New Castle County and, as a result, the 

formation varies greatly in thickness, from less than 10 ft to

more than 100 ft (Jordan, 1964; Ramsey, 2005). Because its

basal unconformity truncates the more steeply dipping older

Coastal Plain strata, the formation is underlain by a variety

of geological units. The oldest underlying unit is 

the Potomac Formation in the northern part of the Coastal

Plain, and there are successively younger units underlying

the Columbia toward the south, ranging up to Miocene 

sediments of the Calvert Formation in southern New Castle

County (Ramsey, 2005). Although the Columbia Formation

is the topographically highest stratigraphic unit in most parts

of the Coastal Plain of New Castle County, locally 

it is truncated and unconformably overlain by younger

Pleistocene and Holocene-age deposits along the Delaware

River and in stream valleys.

The exact age of the Columbia Formation is uncertain

due to the lack of diagnostic fossils. The unit is older than the

middle Pleistocene Lynch Heights Formation (as old as

425,000 yrs BP; Ramsey, 2010), which overlies the Columbia

Formation. If these deposits are correlated with the glacial

stratigraphic record in the Delaware River drainage basin,

then the Columbia Formation could be older than 770,000

yrs. BP (the age of pre-Illinoian tills in Pennsylvania; Braun,

2008) or as old as early Pleistocene tills (2 Ma) mapped in

New Jersey (Stanford, 1997).

Composition, Textures, and Depositional Environment

In the study area, the Columbia Formation is composed

of orange to yellow to brown, fine- to coarse-grained, poorly-

sorted quartz sand with silt and gravel. Within this matrix,

there are layers of interbedded, moderately-sorted, medium-

to coarse-grained sand, and fine-to coarse-grained sandy

gravel beds. The sandy gravel are primarily composed of

pebbles and cobbles of rounded gray, white, and clear quartz

and quartzite, and etched to smooth chert. Beds of pale yel-

low, moderately micaceous, very fine-grained sandy silt to

silty very fine- to fine-grained sand are common. Beds of very

pale brown finely laminated silty clay are also present.

The formation is often highly oxidized, with moderate

interstitial cementation in some horizons and cemented iron-

stone layers and nodules in some places. The base of the for-

mation is commonly characterized by sandy fine-to coarse-

grained gravel, iron cemented sandy zones and the presence

of rip-up clasts of either Merchantville or Potomac-derived

clays, often encapsulated into ironstone nodules. Thin beds

of silty clay (< 2 ft thick) are commonly found interbedded

with these gravels. In the most deeply eroded zones, such as

at the base of the paleochannel (discussed below) that bisects

the study area, these deposits include pebble to cobble gravel

that passes upward into medium- to coarse-grained sand

beds with scattered intervals of pebble gravel. Large-scale

bed sets were observed in the thick section of the Columbia

Formation that was exposed within a deep excavation (for-

merly used as a propane storage cavern) that is bordered by

borehole locations Dc53-34, Ec13-14, Ec13-15, and Ec13-16

(Plate 2, D-D' and H-H').

The Columbia Formation has been interpreted to have

been the result of fluvial deposition by glacial melt water

under cold to cool-temperate climatic conditions during the

Pleistocene (Jordan, 1964; Groot and Jordan, 1999). Some

workers have the Columbia Formation being the Delaware

nomenclature equivalent of the Pensauken Formation of

New Jersey (Pazzaglia, 1993; Stanford, 2006a), with the

Pensauken being deposited by a large, southwesterly proto-

Hudson River from the New York City area that shifted to

the south and southeast on the Delmarva peninsula (Owens

and Minard, 1979; Stanford, 2003). Stanford (2006a) sur-

mised that “the Delaware River may have continued to

deposit the Pensauken in the Delaware Valley and the

Columbia Formation on the Delmarva Peninsula into the

early and middle Pleistocene.” Although this could explain

the younger Pleistocene age data in Groot and Jordan (1999)

and the glacial depositional setting that differs markedly

from the warm-temperate depositional setting of the

Pensauken (Berry and Hawkins, 1935), the DGS considers

the Beaverdam Formation to be age equivalent to the

Pensauken (Groot and Jordan, 1999), with the overlying

Columbia being deposited under fluvial conditions during

the transition from a cold to a temperate period or from a

glacial to an interglacial interval.

Thickness, Distribution, and Bounding Relations

The Columbia Formation is the most extensive surficial

unit in the study area (Fig. 4) and exhibits remarkable strati-

graphic relief. The most noteworthy feature is a deeply incised

trough, here called the Reybold paleochannel, that traces a rela-

tively narrow north-south trending band across the study area

about a thousand feet to the east of Route 9 (River Road) (Fig.

3; Plate 2, A-A' through G-G', and Plate 4). The presence of a

significant paleochannel was first suggested by Rasmussen, et
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al. (1957). The paleochannel is named for the former

Reybold railroad station near the intersection of River Road

and the railroad tracks that cross the study area. This feature

was named to differentiate it from other shallower paleo -

channels noted elsewhere in New Castle County in other

studies (Spoljaric, 1967a; Pickett, 1970a; Sundstrom and

Pickett, 1971).

The elevation of the base of the Columbia Formation

varies across the study area from 36 ft to �111.6 ft, resulting in

wide variations in thickness (Plate 4; Appendix 4). In some

parts of the Reybold paleochannel, the Columbia deposits

are as much as 139 ft thick (Plate 2, Ec13-56 on 

I-I'). Across most of the study area west of the Reybold 

paleochannel, the formation is significantly thinner, com-

monly between 50 and 75 ft The formation also occurs in 

a narrow belt on the east side of the paleochannel, thinning

by stratigraphic pinchout and/or erosion to a well-defined

eastern limit between the paleochannel and the Delaware

Bay marshes.

The shape and width of the Reybold paleochannel with-

in the study area exhibits subtle variations (Plate 4). To the

north, the paleochannel has a steeper western slope and a

width of approximately 1,700 ft (Plate 2, A-A�). In the center

of the study area, the side slopes steepen and the paleochan-

nel appears to narrow to approximately 1,500 ft wide (Plate

2, C-C' and E-E'). where it cuts more deeply into the

Merchantville Formation and upper Potomac Formation. In the

south, the paleochannel broadens to over 2,400 ft with a

much steeper eastern slope (Plate 2, F-F' and G-G').

Cross section I-I�, (Plate 2) follows the axis of the

Reybold paleochannel and illustrates the drop in elevation of

the base of the paleochannel in the north (�44.3 ft in Dc53-

38) to the center of the study area (�101.3 ft in Ec13-21). The

cross section also depicts the deepest portion of the channel at

boring Ec13-56 (�111.6 ft) and a fairly uniform basal eleva-

tion (approximately �100 ft) moving toward the southern-

most data point in the study area. Calculations of basal pale-

ochannel slope dips along this transect vary between 0.447

and 0.504 degrees. Because the Reybold paleochannel

downcut at a slightly steeper slope than the apparent dip of

the Potomac-Merchantville contact in the same direction

(approx. 0.3 degrees), the paleochannel eroded completely

through the Merchantville Formation and incised into the top of

the Potomac Formation (Plate 3).

The considerable erosional relief at the base of the

Columbia Formation is reflected in disconformable contacts

with underlying Cretaceous formations, including the

Marshalltown, Englishtown, Merchantville, and Potomac.

The upper surface of the Columbia Formation is also variable.

West of the Reybold paleochannel, the top of the Columbia

Formation is at the land surface or is covered by a thin soil

veneer. Along the Reybold paleochannel trend, and in the

limited exposure of the unit east of the paleochannel, the

Columbia Formation is overlain by the Delaware Bay Group

deposits. Local post-Columbia erosion is also evident in stream

valleys that cross the study area where Holocene swamp and

marsh deposits fill the base of the valleys and cap the

Columbia deposits. Small inset terraces of Lynch Heights

Formation and Scotts Corners Formation are found on the

flanks of the stream valleys (Plate 2, Ec13-63 to Ec13-33 on

F-F', and Ec13-25 and Ec13-27 on I-I').

Delaware Bay Group

Definition and Age

The Delaware Bay Group in Delaware (Ramsey, 1997,

2003, 2010) is comprised of the Lynch Heights Formation

and the Scotts Corners Formation. The group has been

mapped from Lewes, Delaware, to the Delaware-Pennsylvania

border (Ramsey, 2003, 2005, 2007). Both formations were

recognized in the study area by Ramsey (2005) in the recent

DGS surficial geologic map of New Castle County.

The Lynch Heights and Scotts Corners Formations are

found in the eastern part of the study area. These formations

are composed of step-like terrace deposits along the margins

of the Delaware Bay and River (Ramsey, 1993, 2005, 2010).

The western margins of the terraces are delineated by steep

erosive slopes, called scarps, that are cut into older strati-

graphic units (Ramsey, 2010, Fig. 24). The land surface of

the units is a terrace tread, a surface that gently slopes toward

the present Delaware River, that formed as the nearshore to

offshore estuarine bottom during high sea level during the

interglacial. Successive terrace treads are separated by drops

in elevation over relatively short distances along younger

scarps. The scarps were produced by shoreline erosion that

formed bluffs during the subsequent sea level rise. The lower

contact of these units is an unconformity formed by shoreline

migration due to sea level rise during mid- to late-Pleistocene

interglacial periods. Two distinctive terraces are recognized in

the study area. One, with surface elevations between 42 and

35 ft, is underlain by the Lynch Heights Formation; the other,

with elevations between 24 and 18 ft, is underlain by the

Scotts Corners Formation (Ramsey, 2005).

The Cape May Formation of New Jersey (Salisbury and

Knapp, 1917; Newell et al., 1995, 2000; O’Neal and

McGeary, 2002; Stanford, 2006b) is correlative to the Delaware

Bay Group (Ramsey 1997).

Lynch Heights Formation

Definition and Age

The Lynch Heights Formation constitutes the older of

the two units that compose the Delaware Bay Group in the

study area. Regionally, the formation represents a complex

of middle Pleistocene-age estuarine and marsh sediments

found on two terraces along the margin of the Delaware Bay

and River (Ramsey, 1993, 1997, 2010). The higher terrace is

between 45 and 40 ft and is correlative with marine isotope

stage (MIS) 11 (approx. 400,000 yrs BP). The lower terrace

occurs at an elevation of 30 to 25 ft and is correlative with

MIS 9 (approx. 330,000 yrs BP).

Composition, Textures, and Depositional Environment

Samples were examined from two rotosonic core holes

through the Lynch Heights Formation in the study area,

Ec13-22 and Ec13-24 (Plate 1). The lower part of the Lynch

Heights Formation consists of a 5 to 10 ft thick, fining-

upward unit of pale yellow to yellow fine- to coarse-grained
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sand with thin (<1 ft) beds of pale yellow clayey silt and

scattered laminae, to thin beds of pebbly coarse-grained sand

to gravel. A thin bed (about 1 ft thick) of pebble to cobble grav-

el to a laminae of scattered pebbles and cobbles is found at the

base of the unit. The upper part of the formation is a 5 to 10

ft thick unit of very pale brown clayey silt. This clayey silt

has interbeds (0.5 to 1.5 ft thick) of fine- to coarse-grained

sand with pebbles that become less common upward. The

Lynch Height sediments in these core holes are interpreted 

as nearshore estuarine deposits. To the north of these core

sites, the Lynch Heights Formation also contains beds of 2 

to 10 ft thick light brown silty clay to clayey silt with vary-

ing proportions of fine- to very fine-grained sand (Plate 2,

Dc53-45 to Dc53-118 on B-B' and Dc53-96 to Dc53-186 on

C-C'). These beds are interpreted to be muddy tidal flats to

estuarine deposits.

The depositional environment of the Lynch Heights

Formation is interpreted as a nearshore estuarine adjacent to a

bluffed shoreline. The gravel at the base of the unit represents a

transgressive lag of Columbia Formation materials that were

eroded from a landward migrating bluff and incorporated

into beach and nearshore deposits. The interbedded tidal flat

and estuarine clayey silts and silty clays are interpreted 

as deposits from periods when the shoreline was relatively

stable, and as a result, there was minimal erosion and 

transport of coarser materials into the estuary. During peak

sea-level stand, clayey silts were deposited in nearshore

estuarine environments.

Thickness, Distribution, and Bounding Relations

The Lynch Heights Formation occurs in the eastern part

of the study area in a narrow zone associated with a terrace

between 42 and 35 ft in elevation, indicating that only the

older, higher terrace level of the Lynch Heights Formation is

present. The Lynch Heights deposits are most commonly

between 10 and 20 ft thick, but have a maximum thickness of

30 ft and a thickness of zero where they pinch out at the

western limit of the formation at the toe of the scarp with the

Columbia Formation. The base of the Lynch Heights

Formation is an unconformity marked by the occurrence of

gravel to a layer of single scattered pebbles and cobbles.

Because the Lynch Heights Formation in the study area is

primarily reworked sand from the adjacent Columbia

Formation, the contact between the two formations is difficult

to distinguish because of basic lithologic similarities, which can

only be differentiated when cores are available or if descriptive

logs record specifics on the grain size and composition of the

sands. The Lynch Heights-Columbia contact was picked at the

base of a gravel layer at a depth consistent with the thickness of

the Lynch Heights from other evidence. In some cross sections,

the contact could not be recognized and was interpolated from

adjacent holes. The Lynch Heights Formation is readily differ-

entiated from underlying marine Cretaceous units because it is

coarser grained and lacks mica and glauconite.

Scotts Corners Formation

Definition and Age

The Scotts Corners Formation is the younger unit of the

Delaware Bay Group. Defined by Ramsey (1993, 1997), the

formation includes the deposits that occur beneath two 

terraces that approximately parallel the Delaware Bay and

River at elevations 18 to 10 ft, and 7 ft to sea level (Ramsey,

2010). The Scotts Corners Formation is mapped along the

entire western margin of the Delaware estuary (Ramsey,

2005, 2007), seaward of the Lynch Heights Formation and

up the margins of some of the tidal river tributaries of the

Delaware River. It is considered to be Late Pleistocene in age

with two parts, one dated at approximately 120,000 years

(MIS 5e) and the other at 80,000 years (MIS 5a) (Ramsey,

2010), which are represented by the higher and lower ter-

races, respectively.

Composition, Textures, and Depositional Environment

The Scotts Corners is finer grained than the underlying

Quaternary Columbia and Lynch Heights Formations and

also may contain beds of micaceous sands that were reworked

from the underlying Cretaceous units. Compared with the

underlying Cretaceous units, however, the formation is

coarser grained, with lighter hues, and contains much less

mica and glauconite, except for a few thin beds where the

Cretaceous sediments were locally reworked.

Samples of the Scotts Corners Formation taken from two

rotosonic core holes, Ec13-112 and Ec14-11 (Plate 2, F-F�),
reveal the heterogeneity of the unit in the study area. Ec13-112

is located nearer the scarp that separates the unit from the Lynch

Heights Formation to the west. The Scotts Corners Formation

is capped by 1.5 ft of silt overlying 13 ft of interbedded pale

yellow fine- to medium-grained sand, pale yellow coarse- to

medium-grained sand with very coarse grained sand to granules,

and pale olive very fine- to fine-grained micaceous sand. The

interbedding appears to be sediment reworked from different

source materials, with coarser beds derived from the adjacent

Columbia and Lynch Heights Formations and the very fine-

grained, micaceous sands from underlying Cretaceous units

(Marshalltown and Englishtown Formations). These sands

were likely deposited in a nearshore setting near the scarp

(shoreline bluff) where shoreline erosion into the Lynch

Heights was interspersed with sand from just offshore from the

exposed Cretaceous sediments.

In contrast, farther east in Ec14-1, the Scotts Corners

has 4 ft of silt overlying a mottled yellow and light gray

clayey silt with laminae of silt to very fine-grained sand.

Near the base of the unit, laminae of coarse- to very coarse-

grained sand are found with rare small pebbles. At this locality,

with the exception of the base, the sediment is interpreted to

have been deposited in a tidal estuarine (tidal flat) setting.

Samples of the Scotts Corners Formation were examined

from a well just north of Red Lion Creek (Dc44-02; Fig. 1)

and consisted of about 10 ft of yellow to light gray, slightly

micaceous, silty very fine-grained sand that grades down 

to moderately silty fine- to very fine-grained sand. These

deposits are similar to those of Ec13-112.

Ramsey (1997) interpreted the Scotts Corners Formation

to be stream, swamp, marsh, estuarine barrier and beach,

tidal flat, and shallow offshore estuarine deposits. This com-

posite formation accumulated during transgressive periods

of two separate high stands of sea level.
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Thickness, Distribution, and Bounding Relations

The Scotts Corners Formation can be as thick at 30 ft,

but is more typically between 4 to 20 ft in the study area. The

unit thins to 0 ft at the toe of the scarp with the adjacent Lynch

Heights or Columbia Formation where the Lynch Heights is

not present (Plate 2, D-D�). The base of the unit is an uncon-

formity with underlying Quaternary or Cretaceous forma-

tions and is commonly marked by a bed of coarse-grained to

pebbly sand.

The Scotts Corners Formation is located in a narrow zone

in the eastern part of the study area. The formation is associat-

ed with a terrace of between 24 and 18 ft These elevations are

slightly higher than the 18 to 10 ft documented for the unit in

Sussex County (Ramsey, 2010) but are within the range

observed in Kent and New Castle Counties (Ramsey, 2005,

2007). The formation is recognized in the study area in the

older, higher-elevation terrace; the younger and lower terrace

occurs nearby, to the southeast, in the area of Delaware City.

Marsh and Swamp Deposits

Summary of Lithologic and Stratigraphic Features

In New Castle County, marsh deposits are structureless

to finely laminated, black to dark-gray, organic-rich silty

clay to clayey silt with discontinuous beds of peat and rare

shells; in-place or transported fragments of marsh grasses are

common (Ramsey, 1997; 2005). Marsh sediments occur in the

eastern portion in the study area near the Delaware River

(Plate 2, A-A' through E-E'). The deposits are typically satu-

rated, very dark brown to dark gray, slightly micaceous,

organic silt and clayey silt with trace to some sand and gravel,

and lesser interbedded dark silty clay. At the base of the unit

and adjacent to the Delaware River, the deposits contain beds

of strong brown to grayish brown, fine- to medium-grained

sand with some coarse-grained sand and gravel. Beds of dark

brown to black peat occur locally, most consisting of com-

pacted plant fragments. The presence of peat deposits in most

of the borings, and at different stratigraphic horizons, suggests

that these locations represented lateral marsh fringe and marsh

depositional settings. The marsh deposits are overlain by fill

that may have deformed or displaced them by loading or com-

paction. At the base of the marsh deposits is an unconformable

contact with Pleistocene or Cretaceous-age deposits. The

thickness of the marsh deposits ranges from about 4 ft in the

most inland locations to greater than 30 ft approaching the

present-day river.

In New Castle County, swamp deposits are structureless,

black to brown, organic-rich silty and clayey, fine- to coarse-

grained quartz sand with thin interbeds of medium- to

coarse-grained sand; organic materials consist of leaves,

twigs, and larger fragments of deciduous plants (Ramsey,

1997; 2005). The unit is defined primarily on the presence of

deciduous vegetation in stream valleys (Ramsey, 2005). The

swamp deposits observed in borings from the study area

were gray to dark gray silt, clayey silt, and silty clay with

wood fragments and a high organic content (Plate 2, A-A', C-

C', and I-I'). These swamp deposit occurrences are included

with the marsh deposits in the Appendix 2 table of stratigraph-

ic picks used for the cross sections. At the base of the swamp

deposits is an unconformable contact with the Pleistocene or

Cretaceous-age deposits. The thickness of the swamp deposits

in the study area ranges up to about 22 ft.

Radiocarbon Age Dating

Holocene deposits were difficult to separate from some

Pleistocene sediments in the study area and, in some locations,

they also bear superficial similarity to Cretaceous formations.

As such, an effort was made to recognize Holocene deposits so

that the contact with underlying older formations could be

accurately delineated. Radiocarbon or 14C dating is an impor-

tant tool for distinguishing Holocene (modern marsh and

swamp deposits) from similar-looking older Pleistocene

deposits formed in the same type of depositional environments.

Accurate 14C age dating is also a useful tool for locating

where dredge fill from the modern estuary and marshes has

been emplaced over undisturbed Holocene marsh deposits

because this situation would yield inverted (older over

younger) or spurious ages that would differ markedly from

the expected stratigraphic succession.

Radiocarbon age analyses were conducted on five

marsh deposit peat samples from beds that were considered

to be undisturbed by human activity. All but one of the 

samples (Dc54-19) were from basal deposits approximately 

0.7 to 4 ft above the contact between the Holocene and

Cretaceous deposits. These samples yielded ages ranging

from Cal BP 1270 to 1060 (1230 ± 40 yrs BP conventional

age) in boring Dc54-20 (between B-B� and C-C�), to Cal BP

4880 to 4790/Cal BP 4770 to 4620 (4240 ± 60 yrs BP 

conventional age) in boring Dc53-127 (C-C�) (Table 1). The

radiocarbon ages confirm that the deposits are Holocene; 

as a general principle, the data from the Holocene basal

peats record the maximum age of the incursion of tidal

deposits at the sample site (Belknap and Kraft, 1977;

Engelhart et al., 2009).

A curve can be extrapolated from plots of sample age

versus sample elevation to indicate changes in sea level,

which was done for the Delaware Bay coast by Nikitina et al.

(2000). Such plots are useful for analyzing the reliability of

the radiocarbon dates by highlighting samples that lie off the

trend. The ages of radiocarbon samples from the study area,

along with samples from along the margins of the Delaware

River north and south of the site (Jengo, 2006; Ramsey and

Baxter, 1996), are shown in a plot in Figure 5. The 14C dates

from the study area are numbered 306, 307, 308, 310 and

311 (Tables 1 and 2) and regional sample dates have num-

bers lower than 306 (Table 2). The line shown in Figure 5 is

not a statistical curve; rather it is drawn to help visualize the

general sea level curve for the region. The closer the data

points cluster along this non-statistical curve, the greater

their reliability. Outliers that plot below the curve may 

indicate contamination by modern carbon or post-depositional

compaction; outliers that plot above the curve may not repre-

sent initial sea level incursion within the area.

Study area samples 307, 308, and 310 plot near the sea

level curve and their close correlation to the regional data-

base indicates their reliability as undisturbed representative

samples (Fig. 5). Samples 306 and 311 plot below the curve,

indicating they were affected by either contamination from

modern carbon or by compaction from the loading of fill,

which pushed them down in elevation. These 14C ages, 

Delaware Geological Survey • Report of Investigations No. 78 15



particularly sample 307, suggest that development of marshes

and the incursion of tidal deposits began in the study area

around Cal BP 4880 to 4620 (4240 ± 60 yrs BP conventional

age). The incised-valley system of the Delaware estuary was

largely filled during middle to late Holocene time (Fletcher

et al., 1992) and the late Holocene 14C ages obtained from

basal peats in this study area are younger than other ages in

this part of the Delaware estuary (Jengo, 2006). As such, the

deposits analyzed for 14C ages in this study do not represent

the initial incursions of tidal deposits regionally, but rather

are interpreted to represent marshes developed within the

broad, relatively flat flood basin subenvironment that was

inundated in late Holocene time.

Fill Deposits

Fill in this study area includes anthropogenic fill, 

disturbed soils, and near-surface lithologies that may have

been disturbed. Fill was identified in soil boring and well

records based on lithological characteristics and on the 

comparison between pre-construction topography and aerial

photographs with recent aerial photographs and LIDAR-

derived photography.

The significant areas of anthropogenic fill along the

Delaware River include material dredged from the river and

from clearing tidal channels through the marsh to the refinery

site. This fill is primarily mud that is comprised of a mix of
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fine-grained sand, silt, and clay. In some places, distinguish-

ing between this fill and naturally occurring marsh deposits

and alluvium is difficult because of their similar lithologies,

particularly when the fill was derived from the adjacent

marsh deposits and the dredging of the Delaware River just

offshore at the refinery docks. The thickness of this fill is

commonly from 20 to 40 ft where former marsh areas near

Delaware River have been built up as dredge spoil disposal

areas (Plate 1).

In the central and western portions of the study area,

where the Columbia Formation is exposed at or near the land

surface, Columbia materials were backfilled into some of the

adjacent lower-lying areas. As a result, it can be difficult to

determine the topography of the original land surface 

of the Columbia Formation in these areas. Distinguishing

between the disturbed and undisturbed materials was further

complicated because of the fine-grained sand and/or silt of

variable thickness that is often present overlying the Columbia

Formation. This material is interpreted to be periglacial

eolian sand and loess that post-dates the deposition of the

Columbia Formation (Rebertus, 1998; Rebertus et al., 1989).

For the purposes of this report, however, these sediments are

mapped with the Columbia Formation. In areas where the

Columbia Formation was affected by disturbances, the fill is

up to 15 ft thick, with a few locations where deeper excava-

tions or significant buildup has resulted in fill thicknesses of

around 30 ft.

Because many of the borehole records with identified

fill are of local occurrences with minor thicknesses of material,

and because the differentiation of fill from native materials can

be ambiguous, the illustration of fill thicknesses on the Plate 2

cross sections is generalized in many areas. Only where fill

was more than 5 ft thick and areally extensive was it deemed

worthwhile to depict it on the cross sections.

DISCUSSION

Origin of the Reybold Paleochannel and Columbia

Formation Deposits

Workers dating back to the mid-1950s recognized

Pleistocene-age channels in the Chesapeake and Delaware

Canal area. Groot et al. (1954) first noted the presence of

“sand-filled river channels which at times cut deep into 

the underlying formations [and] are visible in the Canal.”

Rasmussen et al. (1957) suggested that four areally 

extensive channels could be recognized in New Castle

County. The existence of a major paleochannel in the

Delaware City area was first described in that report, part

of what they called their “middle-level” channel, designated

“M” (p. 124):

The channel identified by the symbol M, meaning

“middle-level” is the channel along which high-capacity

wells and some large gravel pits have been developed. The

wells now used by the Atlas Point plant; the wells of the

Artesian Water Co. at Swanwyck, at Wilmington Manor

Gardens, at Llangollen Estates, and at Midvale; and the wells

at the Tidewater refinery [now the Delaware City Refinery

Company] are all in this channel. The lowest altitudes

recorded in wells for the base of this channel are 82 ft below

sea level at the north end (Cd43-5) and 90.5 ft below sea

level near Delaware City (Ec13-6). Control on this channel

loses accuracy from Llangollen Estates to Red Lion Creek,

and from Dragon Creek to the Canal. These are areas in

which test drilling is needed, and in which large capacity

wells may yet be developed. It is still a matter of hypothesis

whether this filled channel continues to the southwest beyond

the Canal, or makes a right angle bend to the southeast, some-

where near Dragon Creek, paralleling the present river.

Rasmussen et al. (1957) identified the base of this chan-

nel, although it was at a slightly higher elevation (�90.5 ft) at

well Ec13-06 than what we recognize at in a well at the same

location (�101.3 ft in replacement well Ec13-21).

Paleochannels in the Columbia Formation were also

recognized in later DGS studies, including Jordan (1964),

Spoljaric (1967a), Spoljaric and Woodruff (1970), Sundstrom

and Pickett (1971), and Woodruff (1986). Spoljaric (1967a)

depicted a broad “eastern channel” that encompassed the

study area, which was represented by a thick local pod of

Columbia sediments that had been mapped at the refinery. A

similar isolated thick section of Quaternary sediment was

mapped in Sundstrom and Pickett (1971). Woodruff (1986)

recognized a thick zone of Columbia sediments around well

Ec13-06 on a cross section that illustrated the geohydrology 

of the Chesapeake and Delaware Canal area. Although these 

previous studies recognized significant relief at the base 

of the Columbia Formation and an area of especially thick

Columbia sediments on the refinery property, the specific

geometry and trend of the Reybold paleochannel and 

consideration of whether it was part of a drainage network

required further investigation, which was the primary objective

of our study.
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study area and the margin of the Delaware River in nearby locations

(Table 2). The line on the plot represents a generalized sea level rise

curve for the area, not a statistical fit of the points on the plot. Data

points from study area suggest development of marshes and the incur-

sion of tidal deposits began in the study area between 4,500 and 5,000

years before present, with younger ages reflecting deposition as the

marshes expanded in extent during sea level rise.



Compared to the studies mentioned above, this work has

access to a much larger dataset, with a significantly denser

coverage of well and borehole data, allowing us to create a

more precise delineation of the base of the Columbia

Formation and to develop a better understanding of the char-

acter of the Reybold paleochannel. The total relief we

mapped for this basal surface was nearly 148 ft, with the 

elevation ranging from 36 ft above sea level in the western

part of the study area to nearly 112 ft below sea level in the

deepest part of the Reybold paleochannel (Plate 4).

An assessment of the surface topography allows the

identification of three geomorphological realms across a

west-to-east transect of the study area: upland, paleochannel

margin, and Reybold paleochannel. The upland makes up

most of the western portion of the study area where the ele-

vation of the base of the Columbia Formation is higher than

20 ft, which is typical in much of this part of New Castle

County outside of paleochannels. The elevation of the

upland surface decreases toward the western margin of the

study area, beyond which another paleochannel has been

identified (Spoljaric, 1967a). On the east side of the upland,

a buried scarp has been located where the base of the

Columbia Formation drops approximately 25 ft in elevation

in a horizontal distance of less than 1,000 ft. The surface

defining the base of the Columbia Formation east of this

scarp and west of the Reybold paleochannel is a broad flat

area where the base of the Columbia Formation ranges in

elevations from �5 to �15 ft This represents the paleochan-

nel margin area, which underlies much of the refinery com-

plex. On its eastern edge, the paleochannel margin slopes

into the Reybold paleochannel, dropping 40 to 60 ft in a

short distance.

The Reybold paleochannel is the one of the most dis-

tinctive subsurface geologic features in the Delaware City

area but cannot be clearly traced outside of the study area.

The deep axial portion of the paleochannel rises in elevation

northward and cannot be clearly distinguished north of the

study area. Similarly, available data south of the study area

reveal no clear evidence for an extension of the Reybold

paleochannel southward. Rasmussen et al. (1957) lumped

into their channel “M” what we call the Reybold paleochan-

nel and other zones of thick Columbia Formation to the north

in the New Castle area. However, the elevation of the base of

their channel “M” deposits is deeper in the New Castle area

(�82 ft at Cd43-05) than what we recognize for the base of

the Reybold paleochannel in the northern part of this study

area (�44.3 ft at Dc53-38), suggesting that the New Castle

feature cannot be traced as a continuous channel to our study

area. Although additional study is warranted to define the exact

extent of Columbia Formation channels outside of this study

area, at present we conclude that the Reybold paleochannel is 

a local deep scour and that no evidence exists to trace it as a

continuous feature north or south of the study area.

The possibility that the Reybold paleochannel is a pre-

Lynch Heights middle Pleistocene channel was considered.

The Reybold paleochannel occurs, however, west of the

scarp that defines the western limit of the Lynch Heights

Formation in areas where Columbia deposits are known at

and near the land surface. The channel-fill deposits described

from deep parts of boreholes in the paleochannel trend 

are lithologically identical to those mapped as Columbia

Formation near the land surface outside of the paleochannel

trend. On the basis of these observations, we consider the

Reybold paleochannel deposits to be older than the Lynch

Heights Formation and lithologically assignable to the

Columbia Formation.

Several origins and depositional settings have been pro-

posed for the paleochannels of the Columbia Formation.

Jordan (1964) suggested that the channels identified by

Rasmussen at al. (1957) may represent “valleys cut at four

different elevations during glacial stages and filled in inter-

glacials.” Spoljaric (1967a) and Sundstrom and Pickett

(1971) depicted the surface as a landscape of channel lows

and interfluvial highs associated with a braided river system.

Spoljaric (1967a) characterized the channels north of the

Chesapeake and Delaware Canal as being straighter and

deeper than those located south of the Canal, which were

described as glacial outwash deposited in a braided river sys-

tem dominated by sediment bedload (Spoljaric, 1967a;

Spoljaric and Woodruff, 1970). However, none of these stud-

ies addressed the origin of the especially thick sediment

zones identified in the Columbia Formation.

On the basis of the observations of lithology, distribution,

and geometry, we conclude that the Columbia Formation was

deposited by braided rivers carrying glacial outwash from

melting ice sheets during transitions between glacial and

interglacial periods in the Pleistocene. Such braided river

systems are common near glaciated areas where meltwater

provides high stream power and high suspended load. The

presence of cobbles and scattered boulders in some parts of

the unit indicates that very strong currents existed at times.

Although no definite evidence exists for the exact 

timing of, or process for, the formation of the Reybold 

paleochannel, we believe that the deep local scour documented

herein cannot be explained by normal braided stream

processes. We believe that the most likely scenario is 

catastrophic flooding related to glacial ice dam bursts in the

paleo-Delaware River valley to the north, similar to the

processes that created the Channeled Scablands of eastern

Washington (Baker, 2009). The topography of the Channeled

Scablands was shaped by powerful flows of glacial melt-

water following the failure of an ice dam that impounded Ice

Age Lake Missoula. The flow transported large boulders,

deposited sand bodies tens of feet thick, and carved channels

and potholes into bedrock as much as much as 100 ft (30 m)

deep (Baker, 2009). Similar Pleistocene catastrophic flooding

events have been suggested as explanations for geomorpho-

logical features of major river valleys in the Mid-Atlantic

region, including the Susquehanna River (Braun, 2008), the

Hudson River (Donnelly et al., 2005), and its submarine

extension, the Hudson Shelf Valley (Thieler et al., 2007).

In this scenario, the Reybold paleochannel would have

been eroded by the initial powerful outflow of water, 

followed by deposition of sediment associated with the flood

event or from the braided river system that subsequently

deposited most of the Columbia Formation. The amount of

time that passed between paleochannel erosion and fluvial

deposition is unclear. No well-developed paleosol is evident
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beneath the Columbia Formation in the study area; even if

paleosols formed below the erosional surface, the subse-

quent Columbia braided stream systems would have eroded

them. Additionally, paleosols would be difficult to differentiate

from post-depositional diagenesis at the contact between the

highly permeable Columbia Formation and the less perme-

able stratigraphic units beneath.

Implications for Hydrogeology

Two main aquifer intervals were studied: the confined

Potomac aquifers and the unconfined Columbia aquifer.

Although this work does not address the hydrology of these

aquifers, the cross sections and maps presented here provide

important geological constraints on the distribution and con-

nectivity of aquifer sand bodies.

The complexity of sand connectivity in the Potomac

aquifers has long been recognized. Sundstrom et al. (1967)

concluded that the occurrence of sand bodies in the Potomac

Formation was so random that individual bed correlation

was not possible even over short distances. Sundstrom et al.

(1967) proposed the delineation of two relatively sandy

zones separated by a “persistent clayey zone” and informally

named the sandy zones the lower hydrologic and upper

hydrologic zones of the Potomac Formation. The zones were

practical working subdivisions and were not lithostrati-

graphic, biostratigraphic or chrono-stratigraphic horizons

because their “continuity as a physical boundary is not evi-

dent.” Using a combination of well log stratigraphy and

pollen biostratigraphy, McLaughlin and Benson (2002,

2005) and Benson (2006) established an updated correlation

framework for the Potomac Formation that differentiated

upper and lower, sandy, aquifer-prone intervals separated by

a middle, muddy aquitard-prone interval. This approach was

incorporated into an aquifer modeling project, conducted by

the U.S. Army Corps of Engineers, which recognized three

layers for modeling: a sandy upper A zone, a muddy middle

B zone, and a sandy lower C zone (USACE, 2004).

The confined Potomac aquifer system is “extremely het-

erogeneous on the megascopic scale and connectivity of per-

meable fluvial units is poorly constrained” (McKenna et al.,

2004). Recent stratigraphic analyses of the Potomac

Formation in New Castle County utilizing geophysical logs

(Benson, 2006, McKenna et al., 2004) indicate that the sand

bodies were deposited by a series of fluvial systems and are

variably distributed through the formation. Fluvial sand bodies

make up only 20 to 30 percent of the volume of the formation

(Benson, 2006); seismic reflection surveys just to the west of

the study area indicate that individual channels are modest in

size, only hundreds of meters wide (Velez-Zullo, written

communication, 2011). Given the geological complexity and

the low density of deep well control at this site, this study

does not address aquifer correlation in the Potomac Formation.

Instead, the reader is referred to Benson (2006) cross sections

B-B� and E-E� for the most recent DGS stratigraphic frame-

work for the Potomac Formation in the study area.

Over most of the study area, the Potomac Formation 

is confined by a thick aquitard of clays and silts of the over-

lying Merchantville Formation. There are two areas where

Merchantville sediments have been eroded under the

Quaternary unconformity: in the Reybold paleochannel (Fig.

3) and in the shallow subsurface on the northwest side of the

study area (Plate 2, A-A'). In these two areas, the unconfined

aquifer system, called the Columbia aquifer in Delaware, is in

direct contact with the Potomac Formation.

The unconfined Columbia aquifer encompasses several

Quaternary geological units. Across much of the study area,

the Columbia Formation is the unconfined aquifer; however, on

the eastern margin of the Reybold paleochannel, the

Columbia Formation thins and is cut out by the terrace-related

deposits of the Lynch Heights and Scotts Corners Formations.

Although Lynch Heights and Scotts Corners Formations are

more lithologically heterogeneous than the Columbia

Formation, they include significant amounts of sand and

even gravel that locally make them the unconfined aquifer.

Although a complete description of the groundwater

flow regime in the study area is beyond the scope of this

report, a few implications of the geological findings can be

noted. West of the Reybold paleochannel, the base of the

Columbia aquifer deepens from west to east toward the

Delaware River. In the interior regions of the study area, it 

is likely that groundwater in the unconfined Columbia

aquifer flows in the same general direction, west to east, in

many areas, based on basic hydrological principles.

However, the Reybold paleochannel likely exerts a signifi-

cant influence on the flow of unconfined groundwater, perhaps

capturing the west-to-east flow from the western part of the

study area and redirecting it along the north–south trend of the

paleochannel. Near the north and south sides of the study area,

groundwater flow may be expected to move toward the east-

west-oriented streams of Red Lion Creek and Dragon Run.

Additionally, the deeply erosive contact at the base of

Columbia Formation aquifer may allow hydrological com-

munication between the highly permeable sands and gravels 

in the Reybold paleochannel and the transmissive facies 

of the Englishtown Formation and Potomac Formation; this

could be manifested as recharge from or discharge to the

Columbia Formation. The potential for flow from the Columbia

Formation into the Potomac Formation has important impli-

cations for groundwater recharge and potential contaminant

pathways and transport. The absence of the Merchantville

confining layer in the deep parts of the Reybold paleochan-

nel could allow the channel to function as a recharge gallery

for the Potomac Formation. A detailed identification of such

potential pathways for groundwater flow and industrial con-

tamination would require the differentiation of areas where

this recharge gallery puts Columbia sands on Potomac sands

from areas where the Columbia sands rest on low permeability

Potomac clays; such an effort is dependent on a high density

of data, given the complex mosaic of alluvial facies present

in the Potomac Formation. Using the detailed boring logs

that compose I-I�, (Plate 2), which follows the axis of the

Reybold paleochannel from north to south, Columbia sands

overlie Potomac clays between Dc53-38 and Dc53-98, over-

lie primarily Potomac sands between Ec13-48 and Ec13-68

(just north and south of Wrangle Hill Road), overlie Potomac

clays between Ec13-89 and Ec13-98, and overlie Potomac sands

from Ec13-25 and Ec13-27.
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SUMMARY

This study presents an updated Cretaceous and

Quaternary geological framework for the area between

Wrangle Hill and Delaware City, New Castle County,

Delaware. A closely spaced network of lithological and geo-

physical logs from 490 sites provides a uniquely dense,

detailed dataset of the subsurface geology, with radiocarbon

dating providing the ages of the youngest sediments. On the

basis of these data, a closely-spaced grid of structural-strati-

graphic cross sections was constructed, providing detailed

documentation of the stratigraphy, distribution, and correla-

tion of geological units in the study area. Additionally, struc-

tural contour maps were constructed for two stratigraphic

surfaces that are critical for understanding the geological

constraints on aquifer distribution and connectivity, the base

of the Columbia Formation and the top of the Potomac

Formation. The following conclusions about the study area

were reached:

• The geological units include five Cretaceous formations

(Potomac, Merchantville, Englishtown, Marshalltown,

Mount Laurel), three Pleistocene formations (Columbia,

Lynch Heights, Scotts Corners), Holocene sediments asso-

ciated with the modern Delaware River, and anthro-

pogenic fill. The Potomac, Merchantville, and Columbia

Formations are present across much of the study area. The

Englishtown, Marshalltown, and Mount Laurel Formations

appear to be restricted to the southeastern portion of the

study area. The Lynch Heights Formation, Scotts Corners

Formation, and Holocene sediments occur, for the most

part, along the eastern side of the study area. The Magothy

Formation is not interpreted to be present in the study area,

pinching out just to the south.

• Sandy sediments of the unconfined Columbia aquifer and

confined Potomac aquifers are the most significant water-

bearing units in the study area. The Merchantville Formation

is a relatively thick fine-grained unit that composes the most

significant confining layer.

• The Potomac Formation unconformably overlies lower

Paleozoic-age crystalline rocks and associated saprolite.

The elevation of the base of the formation was encountered

in wells between –716.1 ft and –748.9 ft and, though some-

what irregular, this surface generally deepens southeast-

ward across the study area. The elevation of the top of the

Potomac Formation ranges from –1.0 ft to deeper

than –120 ft. Like the base of the formation, the top of the

Potomac also generally dips to the southeast. As a result

of erosion and filling of a Pleistocene-age Reybold paleo-

channel, the top of the Potomac Formation is significantly

deeper in a narrow north-south trending belt in the eastern

part of the study area.

• The Columbia Formation is predominantly poorly sorted,

fine-to coarse-grained quartz sand with some silt and gravel.

The elevation of the base of the formation varies from 36 ft

to –111.6 ft, with its greatest depth along the axis of the

Reybold paleochannel located near the eastern limits of

the formation. The Columbia Formation unconformably

overlies the Merchantville Formation over much of the

site; in the southern portion, it locally overlies the

Englishtown and Marshalltown Formations, and in the

Reybold paleochannel, it overlies the Potomac Formation.

In much of the western and central part of the study area,

Columbia Formation sands occur near the surface, and are

capped by soils, fill, or a thin zone of younger surficial

deposits. In its easternmost occurrences, the formation is

unconformably overlain by the Lynch Heights Formation

or Holocene deposits.

• The most significant geological feature in the study area is the

Reybold paleochannel, a narrow north – south trending

sand-filled trough that eroded through the entire thickness

of the Merchantville Formation and into the Potomac

Formation. On the basis of the relatively dense subsurface

control utilized in this study, it appears that the Reybold

paleochannel represents a localized, notably deep scour at

the base of the Columbia Formation formed as a result of the

sudden release of powerful floodwaters associated with

one or more Pleistocene deglaciations. 

• The Reybold paleochannel was subsequently filled by

Columbia sands and is evident on a map of the elevations of

the base of the Columbia Formation. Within the paleochannel

axis, the Columbia Formation varies in thickness from 30 ft

to 139 ft, and varies in width from approximately 1,700 ft in

the north to 1,500 ft in the most deeply scoured sections in the

center and then broadens to more than 2,400 ft in the south.

• The base of the Columbia Formation cuts progressively deep-

er into the Potomac Formation southward across most of the

trend of the Reybold paleochannel because of the difference

in the slope and dip of the surfaces. The top of the Potomac

Formation exhibits a southeasterly dip of approximately 0.4

degrees away from the Reybold paleochannel, resulting in an

apparent dip of approximately 0.3 degrees along the

north–south trend of the paleochannel. The elevation of

the base of the Reybold paleochannel decreases from the

northern (�44.3 ft) to the central portion of the site (�101.3

ft) and continues southward through the deepest channel-

ing in the study area (�111.6 ft) before leveling off at a

fairly uniform base elevation (approximately �100 ft) in

the southern part of the study area. The slope of the base

of the paleochannel ranges from approximately 0.45 to

0.50 degrees to the south until becoming more level in the

southern reaches of the study area.

• Holocene peats in several locations were analyzed for

radiocarbon dates, which provided a context for the timing

of the incursion and development of the Holocene marsh

deposits that overlie Pleistocene or Cretaceous-age

deposits in the eastern portion of the study area. The

Holocene sediments along the eastern portion of the study

area contain peat deposits with ages ranging from Cal 

BP 1270 to 1060 (1230 ± 40 yrs BP conventional age) 

to Cal BP 4880 to 4790/Cal BP 4770 to 4620 (4240 ± 60

yrs BP conventional age). The 14C results suggest these

deposits represent the maximum age of the local incursion

of tidal deposits within the broad, relatively flat flood

basin subenvironment adjacent to the Delaware River that

was inundated in late Holocene time.
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• The orientation of the Reybold paleochannel likely exerts a

significant influence on the flow of unconfined groundwater,

perhaps capturing the west-to-east flow from the western

part of the study area and redirecting it along the north-

south trend of the paleochannel. The paleochannel may also

allow hydrological communication between the highly 

permeable sands and gravels of the Columbia Formation

and the transmissive facies of the Englishtown Formation

and Potomac Formation. The absence of the Merchantville

confining layer in the deep parts of the Reybold paleochan-

nel could allow the channel to function as a recharge gallery

for the Potomac Formation in those locations where Colum-

bia sands are in direct contact with Potomac sands.
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