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Abstract The marginal facies of the Triassic rift basins in the eastern United States are poorly docu-
mented, particularly on the hinge or hanging wall margins. This study presents a lithological description
and multiscale petrophysical analysis of basement rocks, overlying marginal facies of the early synrift strata,
and the basal contact of the Palisade Sill that were drilled and cored in the northeastern part of the Newark
Basin, near its terminus. The expression of the Stockton Formation differs from that in the central basin in
having thinner layers, with uncertain temporal relationship to the type area. The bottom 50 m is lithologi-
cally distinct with brick-red to dark-purple mudstones and sandstones, abundant gypsum-filled fractures,
and a thin zone with anomalously high uranium concentration, not associated with organic-rich mudstones
as other occurrences in the basin. The crystalline basement is apparently Fordham gneiss, overlain by a thin
sandstone layer and a dark-purple hydrophilic mudstone. Despite the abundance of coarse-grained strata
and multiple sets of tectonic fractures, hydraulically transmissive zones are sparse, and do not uniquely cor-
relate to fracture and/or matrix characteristics. Enhanced transmissivity may exist along intrusion bounda-
ries due to enhanced thermal fracturing, but more hydraulic data are needed to verify it. Comparison of
petrophysical data in two boreholes �210 m apart shows no direct correlation of individual lithological
units and their hydraulic properties, although the overall formation characteristics are similar. The results
highlight challenges for outcrop correlation at the marginal edges of the rift basins and estimating reservoir
properties of these heterogeneous formations.

1. Introduction

The Newark Rift Basin, formed during the breakup of Pangaea in the early Mesozoic, is one of the largest of
exposed rift basins in eastern North America [Withjack et al., 2013; Olsen et al., 1989]. It has a classic
half-graben structure bounded by northeast-trending normal faults along the northwestern boundary
(Figure 1a). Despite significant postdeposition erosion, the preserved basin is filled with over 7 km-thick sec-
tion of Late Triassic to Early Jurassic continental sedimentary rocks and mafic igneous rocks [Olsen et al.,
1996; Schlische, 1992]. The igneous rocks belong to the Central Atlantic Magmatic Province (CAMP) and are
represented by both extrusive flows and intrusive bodies, most notably, the Palisade diabase Sill [Marzoli
et al., 1999; Puffer et al., 2009]. Extensive studies of the Newark basin’s structure and lithology have signifi-
cantly contributed to the understanding of development and evolution of the Mesozoic rift system and con-
current environmental conditions in eastern North America [e.g., Withjack et al., 2013; Blackburn et al., 2013;
Olsen and Kent, 1996; Schlische, 1992; Smoot, 1991]. Located in the densely populated and industrialized
area of southeastern New York, New Jersey and Pennsylvania (Figure 1a), the Newark Basin was also a focus
of numerous studies on groundwater resources and pollution remediation in fractured aquifers [Heisig,
2011; Lacombe and Burton, 2010; Morin et al., 2000; Morin et al., 1997; Houghton, 1990]. In recent years, it has
been considered as a potential CO2 storage site in the framework of Carbon Capture and Storage (CCS), one
of the solutions for reducing anthropogenic CO2 emissions into the atmosphere [e.g., Intergovernmental
Panel on Climate Change (IPCC), 2005; Lackner, 2003; ; Matter et al., 2007]. As a part of concentrated effort by
the U.S. Department of Energy (DOE) in partnerships with major private and state organizations, multiple
sedimentary basins throughout the country are being assessed for CO2 storage potential [e.g., Rodosta et al.,
2011; Litynski et al., 2009]. On the eastern North American margin they include the onshore Mesozoic
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Newark Rift Basin and offshore South Georgia Rift Basin, thought to be the largest on this margin but buried
below the Cretaceous-Cenozoic Coastal Plain sediments of South Caroline, Georgia, Alabama and Florida
[Akintunde et al., 2014, 2013]. The advantages of Newark basin include its proximity to many CO2 emitters
[e.g., Goldberg et al., 2010; Tymchak et al., 2011], easy accessibility, and significant amount of information
about the basin accumulated in prior studies, which included studies of field outcrops [e.g., Olsen, 1980; Cor-
net and Olsen, 1985], core holes [e.g., Kent et al., 1995; Olsen et al., 1996; Reynolds, 1994], and seismic-
reflection surveys [Costain and Coruh, 1989; Reynolds, 1994; Withjack et al., 2013]. Most of those projects,
however, focused on the central part of the basin, characterized by the thickest and most complete sedi-
mentary record. The record there is dominated by fine-grained strata of the Lockatong and Passaic Forma-
tions that have long been recognized as largely lacustrine in origin [Van Houten, 1969; Olsen et al., 1996;
Smoot, 1991, 2010], which are expected to have poor reservoir properties. Basin edges, on the contrary,
received much less attention, but are projected to host coarse-grained deposits of the predominantly fluvial
Stockton Formation, the most hydraulically conductive among Newark basin formations [Herman, 2010],
and potentially, permeable basal conglomerates at the basement contact [e.g., Smoot, 1991, 2010].

Very little is known about the Newark Basin edges, especially about subsurface geology and petrophyscial
formation properties at the northern onlap tip of the basin. Outcrops occurring here, e.g., along the Hudson
River under the Palisade Sill and along the New York State Thruway, have very limited spatial extent. They
do not provide a clear picture of mutual relationship of different sedimentary units, which appear to be
very diverse in this area. Using basin-wide projections and seismic survey data from the central basin, equiv-
alents of the Lockatong and upper Stockton Formations are inferred to rest unconformably on Paleozoic
and/or Proterozoic basement rocks in the northern basin edge [Schlische, 1992]. The basement was inferred
to extend from the Manhattan prong across the Hudson valley, but its depth is poorly constrained. The
groundwater wells, though abundant in the region, are shallow (total depth less than 150 m [Heisig, 2011]),

Figure 1. The study site location in the northeastern Newark Basin: (a) Geologic map of the Newark Basin showing the location of previous coring sites (the Newark Basin Coring Project
(NBCP), the U.S. Army Corps of Engineers (ACE), the TriCarb Consortium for Caron Sequestration drill hole, and industry exploration holes). The square box at the top right indicates the
location of this study. (b) A map of the study site on the campus of Lamont-Doherty Earth Observatory showing the position of two test wells described in this study: the Test Well-3
(TW3) and Test Well-4 (TW4). (c) Schematic cross-section through the study site along the WNW-ESE line. Depth is reported in driller’s units (ft) below the ground level at the well heads,
here plotted along the metric scale. The ground level at TW4 wellhead is 10 ft (�3 m) higher than TW3 wellhead. The test wells are located roughly 210 m (�700 ft) apart along the sedi-
mentary strata’s dip direction (�10 degrees to NW). Both wells deviate 0–58 from vertical in the updip direction. The exact geometry of the stratigraphic boundaries between the wells
and at the Hudson River is not known, but a projection based on observed boundaries and their dips in the wells is shown by the dashed lines.
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and important reservoir properties such as porosity and permeability in deeper formations (below shallow
groundwater) are not known. Therefore, our knowledge about the geology of the northern basin edge, our
understanding of key parameters needed for evaluating the basin’s CO2 storage potential, and our insight
into the lithology and hydrogeology of the basin edge have previously been limited. This study starts filling
this gap by providing core and borehole data to address the structure, lithology, and fracture hydrology at
the northeastern basin edge, and the lateral extent of lithological and hydraulic features at depths below
potable groundwater resources. To the best of our knowledge, no such information has been published for
this part of the basin to date.

This paper presents the first description of intact basement rocks and early synrift strata below the Palisade
Sill at the northeastern basin edge based on >350 m of continuous core description, analysis of core and
downhole physical properties, and correlation of physical and hydraulic properties in two wells located
�210 m apart. These data were accumulated through multiple projects conducted over the years on the
campus of Lamont-Doherty Earth Observatory (LDEO), Columbia University in Palisades, NY (Figure 1). They
include an early study of the Palisade Sill and contact zone support by LDEO and the Earth Institute of
Columbia university [Matter et al., 2006; Goldberg and Burgdorff, 2005], an EPA-supported study of the bio-
chemical effects of a simulated CO2 leak into shallow aquifers [O’Mullan et al., 2015; Yang et al., 2014], and
most recent drilling by the TriCarb Consortium for Carbon Sequestration aiming at characterization of the
Newark Basin for CO2 geologic storage [Slater et al., 2012; Tymchak et al., 2011; Olsen et al., 2011]. The goal
of this work is to integrate these multidisciplinary (geology, geophysics and hydrogeology) and multiscale
(core to cross-borehole) data sets, and to provide a unified picture of basin geology at this location, leading
to new insights into the geologic setting of the northeastern Newark Basin.

2. Study Site and Methods

2.1. Brief Description of the Newark Basin and the Study Site Location
The major lithostratigraphic units of the Newark basin are sedimentary Stockton, Lockatong and Passaic
Formations of Late Triassic age, followed by a series of basalt flows interbedded with sedimentary forma-
tions of latest Triassic-Early Jurassic age (the Orange Mountain Basalt, the Feltville Formation, the Preakness
Mountain Basalt, the Towaco Formation, the Hook Mountain Basalt, and the Boonton formation). Aside
from the predominantly fluvial Stockton Formation (composed of conglomerates, arkose, and sandstone,
and mudstone units), and marginal coarse clastics near the border faults, most of the basin sedimentary
strata are lacustrine, and exhibit systematic cyclicity in sediment fabric, color and total organic content that
reflects fluctuations in lake levels driven by Milankovitch cycles [Olsen, 1986; Olsen and Kent, 1996]. The
Lockatong Formation is distinguished by a predominance of fine-grained gray to black mudstones, while
the Passaic Formation is characterized by mostly red mudstone and sandstone units with subordinate gray
and black units [Olsen et al., 1996]. The younger three sedimentary sequences consist predominantly of
fluvio-lacustrine, red clastic rocks interbedded with gray and black deeper-water lacustrine rocks.

The Newark basin underwent significant postdeposition erosion that exposed its major units and internal
structures [Withjack et al., 2013; Malinconico, 2009; Schlische, 1992]. Basin strata generally dip 5–158 WNW
toward the basin-bounding fault system that consists of a series of northeast-striking, southeast-dipping
right-stepping normal fault zones. The majority of large-scale structures, such as intrabasinal faults and
dykes, strike in the northeastern direction, subparallel to the border fault and perpendicular to the regional
direction of extension during the basin formation [Schlische, 1992]. The principal strike direction for fractures
and joints is also to the northeast, but fracture distribution and orientation vary throughout the basin
[Herman, 2009; Morin et al., 1997]. Fractured-rock aquifers define the principal groundwater system in the
basin [Lacombe and Burton, 2010; Houghton, 1990].

The study site is located in the northern part of the Newark basin on the campus of Lamont-Doherty Earth
Observatory (LDEO), Columbia University in Palisades, NY (Figure 1b). The campus is situated on the western
side of the Hudson River immediately north of the New York-New Jersey border, on the outcropping Pali-
sade Sill. The data presented here were collected in two boreholes: Test Well-3 (TW3: 41.003988N,
73.912688W) and Test Well-4 (TW4: 41.002928N, 73.910618W), located roughly 700 ft (�210 m) updip from
TW3 (Figure 1c). Both wells intersected the outcropping Palisade Sill and underlying sedimentary strata of
the Newark basin, and TW4 also penetrated the crystalline basement below the basin. The depth of core
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and borehole data was measured from the ground level (GL); GL elevation is 380 ft (116 m) at TW3 wellhead
and 389 ft (118.5 m) at the TW4 wellhead.

2.2. Drilling and Coring
TW3 was initially drilled to a depth of 1000 ft (305 m), intersecting the Palisade Sill and contact-
metamorphosed sedimentary strata below it, described by Goldberg and Burgdorff [2005] and Matter et al.
[2006]. For this study, TW3 was deepened to the total depth (TD) of 1500 ft (457 m) to allow for characteriza-
tion of unaltered sedimentary rocks of the Stockton Formation. Both drilling phases were performed with-
out coring but with drill cutting collection roughly every 5 ft (1.5 m) of bit advance to inform lithological
identification of the penetrated formations [Shao, 2011; Goldberg and Burgdorff, 2005]. The nominal (bit
size) diameter of TW3 is 6.25 in (�15.6 cm). The hole slightly deviates from vertical toward a perpendicular
to the bedding, gradually increasing the deviation angle with depth from 0 to the maximum deviation of 5
degrees at TD in the east-southeast direction. Twenty feet (6 m) of casing is installed at top and capped, but
the majority of the hole remains open.

The drilling of TW4 was conducted in 3 phases. First, the upper 646 ft (�197 m), all within the Palisade Sill,
were drilled without coring but with drill cuttings collection every 10 ft (�3 m) of bit advance. Then, from
646 ft to 750 ft (196.8–228.6 m) drilling continued with coring using a 4.88 in wide (�12.2 cm) PQ diamond
bit. The first sedimentary rocks below the sill were encountered at a depth of 691 ft (210.6 m). At 750 ft
(228.6 m) drilling stopped, and the hole was cased, and the casing cemented in order to protect shallow
aquifers. Below 750 ft, drilling and coring continued with a 3.84 in wide (9.6 cm) HQ bit. The crystalline base-
ment was penetrated at a depth of 1711 ft (521.5 m), marking the first drilling into the basement in the
northern Newark basin. TW4 remains open from below the casing to approximately this depth. TW4 was
drilled to a total depth of 1802 ft (�550 m) and then capped. Core recovery was close to 100% (1156 ft, or
352 m of core collected), with only a few thin zones of rubble. The hole deviates slightly (�3 degrees) to
the east-southeast, toward a perpendicular to the bedding.

2.3. Core Description and Analysis
The TW4 core lithology was described by a detailed visual analysis. Each distinct unit was assigned a numer-
ical index for color and grain size. The scale for color is: 21—white, 0—red, 1—purple, 2—gray, 3—black,
with intermediate shades described by fractions of these numbers. The grain size scale varies from 0 (clay-
stone) to 8 (medium conglomerate), with intermediate values as annotated in figures. Throughout the
paper we plot a composite lithological log for TW4 core that combines color and grain size in a single col-
umn, with its width corresponding to the core grain size and the color converted to RGB scale quantitatively
scaling core color index to RGB expression of white, red, purple, gray, and black. In addition, notable fea-
tures observed in the core are provided as annotation on the litho-column. Visual core description was com-
plemented by laboratory measurements on select core plugs conducted at Weatherford Laboratories as
part of the TriCarb project. Those included basic XRD mineralogy and routine core analysis of porosity, air
permeability and grain density [e.g., Slater et al., 2012].

In order to directly correlate core lithology to formation physical properties, core physical properties were
measured continuously with Multi-Sensor Core Logger (MSCL) at Lamont-Doherty Earth Observatory, allow-
ing for nondestructive, noninvasive high-resolution measurements of gamma density, approximating the
bulk density, and magnetic susceptibility (MS) on the whole rock cores. The measurements were made at
room temperature (�208C) with a sampling interval of 0.8 in (2 cm), and were corrected for core diameter
and temperature variations. The gamma density was measured using 137Cs source, calibrated daily using a
stepped aluminum density standard. The whole-core magnetic susceptibility was measured with a Barting-
ton MS2 system using different loop sizes for the wide PQ cores (top 100 ft of TW4 core) and the HQ core
(the majority of TW4 core). The MS sensor has two fixed sensitivity levels, 0.1 kHz and 1.0 kHz, which corre-
spond to count times of 10 s and 1 s respectively. The higher sensitivity level of 0.1 kHz/10 s was used for
the majority of the cores, notably the Newark Basin sedimentary rocks, due to the low- to moderate-levels
of magnetic susceptibility of those cores. The quicker, lower sensitivity setting (1 kHz/1 s) was used for the
Palisade Sill transition and the metamorphic basement cores. The system was calibrated daily with loop-
specific calibration check pieces provided by manufacturer. The sensor automatically zeroes itself and takes
a free air reading at the start and end of each run in order to account for instrument drift by subtraction of
a linear interpolation between readings. MS data were recorded as corrected volume specific units (1025 SI)
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and therefore did not account of the density of the sample being measured. Variations in the core’s density
as a result may be reflected in the magnetic susceptibility data.

In addition, high-resolution spectral gamma ray (SGR) measurements were acquired for a core interval with
anomalously high total gamma ray counts at �1594 ft/485.9 m. The core SGR acquisition system (Canberra
model 802) at Rutgers University consisted of a gamma ray detector (2x2 in/5x5 cm cylindrical NaI(Ti) crys-
tal) and photomultiplier tube housed in a lead shield. Gamma rays were registered in 2048 spectral chan-
nels corresponding to the energy range from a few keV to �3200 keV. Spectral calibration was performed
using a mixed nuclide standard source with known emission lines for 109Cd, 137Cs, and 60Co [Lanci et al.,
2002]. Background SGR level produced by cosmic rays and potential impurities and contamination in the
acquisition system was measured and subtracted from the results. The natural gamma ray spectrum of rock
and soils is composed of one emission peak of potassium (40K) at 1460 keV, and more than a dozen emis-
sion peaks of uranium (238U) and thorium (232Th) series. Uranium and thorium emission peaks correspond
to its daughter products, rather that the elements themselves. By comparing core SGR spectra to independ-
ently measured elemental abundances of K, U, and Th, Blum et al. [1997] showed that within the measured
SGR range, uranium is best identified by its daughter product 214Bi with emission peaks at 610, 1120 and
1764 keV, and thorium by it daughters 228Ac and 208Tl at 912–966 keV and 2615 keV, respectively. These
characteristic peaks were used to interpret high total gamma ray activity detected in TW4 core.

All core labels, core logs, and borehole logs were recorded and archived in decimal feet, an engineering var-
iant of the English system units used in drilling industry. Thus, all further depth references in this paper are
provided in decimal feet to facilitate the retrieval and usage of these data in further research.

2.4. Wireline Logging and Hydraulic Testing
Conventional petrophysical and flowmeter measurements were collected in the open-hole sections of both
boreholes. In TW3, the logging data were recorded from the surface to TD, and span the Palisade Sill and
basin sedimentary strata (Figure 1c). In TW4, a bridge formed soon after drilling through the incompetent
layers (dark purple strata) above basement and the logging tools were unable to pass; therefore, petrophys-
ical and hydraulic data in TW4 are limited to the open-hole sedimentary section from 750 ft to 1690 ft
(228.6–515.1 m) (Figure 1c). The measurements include a three-arm caliper (borehole diameter), natural
gamma ray, short-normal (16 in, or 40 cm) and long-normal (64 in, or 160 cm) resistivity, magnetic suscepti-
bility, optical and acoustic televiewers, and borehole fluid resistance and temperature logs. Electro-
magnetic (EM) vertical flowmeter (0.05–40 L/min sensitivity range) was run under ambient conditions, and
during water injection at the rate of 11.4 L/min. In TW3, a heat-pulse (HP) vertical flowmeter was employed
in addition to an EM flowmeter to achieve better accuracy over the low-transmissivity range (0.113–3.785 L/
min). Water levels were continuously monitored using a pressure transducer. Trasmissivity of fractured
zones was evaluated from the water-level and flowmeter logs assuming steady-state flow conditions [Day-
Lewis et al., 2011]. In TW4, however, true steady state flow was not achieved (the borehole water level rose
from 389 ft to 243 ft (118.5 to 74 m) over 4 h of injection), and the computed transmissivity values are likely
overestimated.

Interactive analysis of bedding and fractures was conducted using optical (OTV) and acoustic (ATV) bore-
hole televiewers that both provide azimuthally oriented 3608-view of the borehole walls. The optical tele-
viewer proved to be particularly effective in these small-diameter, water-filled boreholes, and allowed for
the identification of many millimeter-to-centimeter-scale features not visible in acoustic images. A nearly
true color depiction of sedimentary features in OTV images aided in identification of lithostratigraphic units
in TW3 and refining their depths first determined from drill cutting analysis. OTV images in TW4 were in
excellent agreement with core description, and were used for TW3–TW4 cross-hole lithological correlation.
In fracture analysis, however, borehole images and core data produce a bias in sampling statistics toward
low-angle fractures. This bias stems from the fact that the probability of intersecting near-horizontal frac-
tures with a vertical borehole is higher than the probability of intersecting subvertical fractures. Therefore,
the relative abundance of low-angle fractures is likely to be overestimated compared to their true relative
frequency [Terzaghi, 1965]. To account for such sampling bias, a geometrical correction in the form of 1/
cosu, where u is a measured fracture dip angle, was applied to all fracture populations determined from
borehole images [e.g., Barton and Zoback, 1992; Morin et al., 1997]. The corrected populations predict the
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frequency of fractures of a given orientation that could be intersected if the borehole were drilled normal
to each fracture plane.

3. Results

3.1. Core Description and Lithostratigraphy of TW4
Over 1150 ft of continuous core collected in TW4 from 646 to 1802 ft allowed for a detailed lithological
description and unambiguous assessment of the vertical scope and relation of the sedimentary strata in the
Palisade Sill contact zone, the marginal Stockton Formation, and the contact with crystalline basement (Fig-
ure 2). The first unit intersected by the test wells is the Palisade Sill made up of medium to fine-grained dia-
base (dolerite). In TW4, the main body of the sill extends to 691 ft below surface, followed by a �6 ft-thick
sheet of metasedimentary strata (691–697 ft), and a second finer-grained diabase section around 20 ft thick
(697–717 ft). The metasedimentary rocks consist of dark gray mudstone hornfels and whitish sandstone
(Figure 3a), which we interpret as a sedimentary xenolith. Such xenoliths are common in outcrops of the
lower sill contact south of the study site, e.g., in North Bergen and Fort Lee, NJ (Figure 3b) [Van Houten,
1969; Merguerian and Sanders, 1995]. Below the lowermost section of the sill, the upper 20 ft have mud-
stones that are sufficiently altered to be called a hornfels [e.g., Van Houten, 1969] and the underlying arkosic
sandstones, which are white to tan, sometimes with a pinkish (rosy) cast, are visibly metamorphosed for
another �30 ft. The mudstone hornfels from 717 to around 728 ft are dark gray and resemble the Locka-
tong Formation hornfels, similar to those observed in outcrops to the south below the Palisade Sill, e.g., in
Alpine, NJ and Fort Lee, NJ, and parts of Rockland County, NY [e.g., Olsen, 1980; Olsen and Rainforth, 2001;
Yager and Ratcliffe, 2010]. Because of the alteration due to the sill and the complexity of the lateral change
in facies, this lithostratigraphic identification is not certain. Here we use the classical lithostratigraphic

Figure 2. Lithological description of the TW4 core. From left to right: depth of the core, lithostratigraphic units, color and grain size of individual strata (ms—mudstone, fss—fine sand-
stone, css—coarse sandstone), core size, and photographic images of representative core intervals.
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definitions of the three lowest and thickest formations in the Newark Basin [K€ummel, 1897, 1898, 1899; Van
Houten, 1969; modified by Olsen et al., 1996; Olsen, 1980; Smoot, 1991], which are based on color and grain
size of the dominant sedimentary strata and relation to each other (Table 1).

The sedimentary sequence from 756 to 1550 ft in TW4 consists of light-colored arkosic sandstones and con-
glomeritic sandstones alternating with red to purple mudstones (Figure 2). Mudstone color changes with
depth from predominantly purple at the shallower depths to red, dark red, and dark purple in the deeper
intervals. Significant lithological variations occur at the scale of meters to tens of cm. Most of the mudstones
have very little observable bedding, are massive, have large desiccation cracks filled with sandstone to grav-
elly sandstone, and exhibit abundant features consistent with significant pedogenic modification, such as
pedogenic slikensides, pedogenic-type nodules, root traces, and vague burrows [cf. Smoot, 2010]. Arkose
sandstones are mostly tan and pink, and many appear to have vuggy porosity. A distinctly different section
with thick layers of white conglomeratic sandstones separated by minor red-purple mudstones was
encountered between 1086 ft and 1168 ft. X-ray diffraction (XRD) mineralogical analysis of half a dozen
plugs from the sedimentary section indicated that clay content varies from �10% in sandstones to up to
70% in mudstones, and the clays predominantly consist of illite and mica [e.g., Slater et al., 2012]. In the
Newark Basin lithostratigraphy, intervals of light-colored arkosic sandstones and conglomeritic sandstones
alternating with red to purple mudstones low in the section are traditionally classified as the Stockton For-
mation [Olsen et al., 1996; Olsen, 1980; Smoot, 1991]. Therefore, this term is applied here to the interval from
756 to 1550 ft. It’s important to note, however, that the expression of the Stockton Formation in TW4 and in
outcrops along the Hudson River differ from the expression of the formation in its type area in the central
Newark basin in having sandstone and mudstone intervals that are much thinner. Moreover, the Lockatong
Formation clearly grades laterally into these facies, and thus it is possible that much if not all of what is
lithologically identified as Stockton Formation in TW4 core could be the lateral equivalent of the Lockatong
Formation. Given the predominance of arkosic sandstones and conglomerates typically attributed to the
Stockton Formation however, we classify this part of the TW4 section as the Stockton (Table 1).

From 1550 ft to the contact with crystalline basement at about 1711 ft, the TW4 core is composed of mud-
stones and sandstones that form a sequence lithologically distinct from the rest of the overlying Stockton
Formation, particularly for the upper and basal intervals (Figures 2 and 4). The upper part (�1550–1590 ft)
contains many thin sandstones that are fine-grained and become gradually coarser downhole. The sand-
stones are interbedded with mudstones that are often brick-red as opposed to the darker purple-red mud-
stones above them (Figure 4b). In addition, fractures in this interval are common and filled with fibrous

Figure 3. Sedimentary xenolith in the Palisade Sill contact zone. (a) Sedimentary strata trapped in diabase at the bottom of the Palisade Sill in TW4 core. A close examination allows dis-
tinguishing finely crystalline diabase from the hornfels mudstone of the Lockatong Formation. (b) a sedimentary xenolith inside diabase in an outcrop of the Palisade Sill’s basal contact
at 7101 River Rd, North Bergen, NJ (40 47 37.8898N, 73 59 53.0518W).
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gypsum that may have had its origin in the mudstones themselves as described by El-Tabakh et al. [1997].
The basal part of the sequence (�1700–1710 ft) is a dark purple-brown mudstone that has intensely devel-
oped apparent pedogenic features, especially intense soil slikesides, rhizolitic (root) mottling and is unlike
any unit described so far in the Newark Basin (Figure 4c). At its contact with the underlying gneiss, a thin
gravelly sandstone forms a sharp contact with reddish basement at 1710.5 ft. The age of this unit is
unknown; it is hypothesized to be Triassic in age, but could be as old as Late Permian. The dark purple-
brown mudstone is hydrophilic, and swelled soon after drilling forming a bridge that prevented the logging
tools from descending into the basement interval.

Crystalline basement in TW4 was encountered at a depth of 1710.51 ft. It is composed of granulitic gray
gneiss, similar in appearance to the Fordham gneiss outcropping across the Hudson River in The Bronx, NY,
and Westchester County, NY [e.g., Abdel-Monem and Kulp, 1968; Isler et al., 2009]. The upper 25 ft of the
gneiss (1710.5–1736 ft) is mottled purple and pink that transitions into gray gneiss with fractures that are
reddened at the edges. We interpret the reddened part as a paleo-weathered interval, with paleo-ground
water alteration playing at least some role.

3.2. Core Physical Properties and Core-Log Integration in TW4
Continuous measurements of bulk density (qb) and magnetic susceptibility (MS) on core allow a direct cor-
relation of these petrophysical properties to core lithology. Each of the main three sections of the core—
the Palisade Sill diabase, the sandstones and mudstones of the Stockton Formation, and the basement
Fordham gneiss—are characterized by distinct ranges of these physical properties (Figures 4a and 5). The
diabase is characterized by very high density (2.9–3.2 g/cm3) and MS values (�102221021 SI). The meta-
morphic basement has lower qb but comparable MS values with two distinct clusters for weathered and
unaltered gneiss (Figure 5a). The bulk density increases gradually from around 2.6 g/cm3 in the weathered
interval at 1711–1730 ft to around 2.80 g/cm3 at 1775 ft, and remains at 2.75–2.78 g/cm3, on average, at
greater depths to TD (Figure 4a). Core magnetic susceptibly of the gneiss is relatively low–at the order of
102421022 SI—in weathered gneiss, overlapping with the sedimentary range; but it increases sharply by at
least an order of magnitude at the transition to unaltered gneiss at �1736 ft to 102321021 SI (Figure 4). In
the sedimentary section, the physical properties reflect lithological variation of alternating sandstone and
mudstone strata. Both qb and MS have higher values in the mudstones (2.60–2.90 g/cm3 and 102421023,
respectively) and lower values in sandstones (2.30–2.60 g/cm3 and 102621024 SI, respectively). This pattern
of alternating high and low values related to sandstone and mudstone strata is very consistent over a
700 ft-long depth interval from �800 to �1,500 ft. Only in a very narrow interval at the sill contact zone
(�715–750 ft) this pattern is complicated by the sill’s metamorphic overprint resulting in very high MS and
density values in hornfels, comparable to those in diabase (Figures 4a and 5a). Outside of the contact-
metamorphozed zone, the physical properties correlate well with lithology, and can be used for lithological
classification within the Stockton Formation at this site.

The lithologically distinct section at the bottom of the Stockton Formation (1550–1711 ft) is characterized
by slightly different physical properties than the 800 ft of sedimentary strata above it (Figure 4a). Both den-
sity and magnetic susceptibility of the core have smaller variability range and slightly higher average values
than the strata above. A singular GR anomaly occurs within this interval at �1594 m with total GR value an
order of magnitude higher than elsewhere in the section (detected in the total GR downhole log, and veri-
fied with total and spectral GR measurements on core) (Figures 4a and 6). A high-resolution measurement
of the total gamma ray activity of the core reveals four separate peaks within 4 ft depth interval at 1592–
1596 ft (Figure 6). Spectral analysis indicated that most of the gamma activity at peak values is produced by
bismuth (214Bi), a uranium daughter product. Outside the peaks, gamma counts are low and the only

Table 1. Lithostratigraphic Basis of the Newark Basin Formation Identification

Characteristic Formation Lithology
Observed in TW4 Core

Deviations From the Standard
Formation Definitions

Lockatong Formation Alternating dark grey hornfels
and white to tan arkosic sandstone

No lacustrine cycles could be identified in the
short section below the sill

Stockton Formation Light-colored arkosic sandstones and
conglomeritic sandstones alternating with
red to purple mudstones

Much smaller thickness of all strata than
at the type localities
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Figure 4. Core and logging data from TW4: (a) lithological description of the core and core-based lithostratigraphy (grain size notation: ms—mudstone, fss—fine sandstone, css—coarse
sandstone, cgl—conglomerate; color corresponds to approximate RGB description of the core strata), bulkdensity and magnetic susceptibility (MS) measured on core, and borehole MS, total
gamma and optical televiewer (OTV) logs; photographs of unusual intervals in the bottom section of TW4 core: illustrates (b) orange hue observed in the depth interval 1550–1620 ft; (c) the
contact with the crytalline basement showing a dark purple-brown mudstone unlike any strata described in the Newark basin, followed by a sandstone-to-gravel layer overlaying reddened
basement contact at 1711.5 ft. (The core boxes in the photographs are 3 ft long, cores are marked every foot the depth increases from left to right and bottom to top.)
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distinguishable peak is produced by potassium (40K), a common element in arkosic sandstones (Figure 6).
As explained in the method section, detection of 214Bi is a direct indicator of the uranium presence in the
core. Therefore, the anomalously high gamma activity at 1592–1596 ft is attributed to elevated uranium
concentration in this depth interval. This observation is very unusual as all other known instances of high
uranium concentrations in the Newark Basin were found in black lacustrine mudstones of the Lockatong
Formation and gray and black marginal-lacustrine sandstones of the Stockton Formation [Turner-Peterson,
1980], and have been related to black organic-rich mudstones and associated sandstone units. In the TW4
core, there are no back mudstones, and the uranium anomaly occurs in a dark-red sandstone with light-
colored clasts (Figure 6).

In addition to a direct comparison between core lithology and physical properties, the core logs also allow
for establishing accurate ties between core properties and borehole logs. In particular, magnetic susceptibil-
ity, measured independently at both scales (core and borehole), was very useful for this purpose. The bore-
hole log (acquired only in the open-hole sedimentary section) has lower sensitivity and has much lower
values than the core log, but the pattern of relative changes for different lithology is very similar—mud-
stones are characterized by higher MS values than sandstones in both core and borehole logs (Figures
5a–5c). The correlation coefficient between the core and downhole MS is 0.83, demonstrating an excellent

Figure 4. (continued)
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match of the measurements collected at both core and borehole scales. In turn, other downhole logs avail-
able in TW4 show a good match to MS and core lithology (Figures 4a and 5c). Despite some scatter present
in the borehole data, light-colored (tan and pink) sandstone strata are characterized by low total GR and MS
values, while darker-colored (red and purple) mudstones correspond to higher GR and MS values (Figure
5c). Optical televiewer image also allows clear delineation of the strata by different colors, which match
exactly with the corresponding peaks and troughs in the GR and MS logs, and the core-based litho-column
(Figure 4a).

The close correlation between core and downhole measurements demonstrates that downhole data can be
reliably used for lithological and petrophysical description of the formation where gaps in the core data
exist and/or where core was not collected at all, such as TW3. In TW4, only one interval of highly fractured
core occurred at 985–1000 ft precluding reliable measurements of core physical properties (Figure 4a). The
borehole MS log provides data to fill this gap, and clearly indicates elevated MS values, which can be attrib-
uted to mineral alteration and precipitation related to the enhanced fracturing and groundwater flow in
this interval.

3.3. Petrophysical Properties in TW3
In the absence of core, downhole logs and drill cutting information were used for formation characteriza-
tion in TW3. The logs span the Palisade Sill, the contact zone, and the underlying Newark Basin sedimentary
strata (Figure 7). The sill diabase is characterized by low GR values (10–40 API) and high MS values
((20–100)*1025 SI). An earlier petrographic study of the drill cuttings by Goldberg and Burgdorff [2005]

Figure 5. Petrophysical formation properties from TW4 core and log data: (a) a crossplot of core magnetic susceptibility and bulk density
showing clustering in characteristic ranges for different lithologies; (b) a crossplot of core and downhole magnetic susceptibility normal-
ized to [0, 1] range highlights some differences in the dynamic ranges but shows a close correlation between core and downhole MS (lin-
ear correlation coefficient of 0.83); (c) a crossplot of downhole magnetic susceptibility and total gamma ray activity shows more scatter
than core data but discernible clusters for different lithologies. All points are color-coded based on corresponding core color on the same
scale as litho-columns in other figures.
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identified compositionally distinct zones within the sill dominated by different pyroxene minerals (Figure 7).
These mineralogical changes are not reflected in GR and MS logs. The contact between the Palisade Sill and
underlying sedimentary strata is marked by sharp downhole increase in total gamma ray activity and pro-
nounced changes of magnetic susceptibility, which fluctuates between very low values in light-colored
sandstones and very high values in dark contact-metamorphosed mudstone hornfels and/or secondary
layers of chilled diabase (Figure 7). Based on a stratigraphic projection from TW4 to TW3, and the similarity
of appearance and physical properties, the metasedimentary strata below the sill are identified as the Lock-
atong Formation. A detailed comparison and lateral correlation of the contact zone between the two wells
is provided in the Discussion section below.

In the sedimentary section below 850 ft identified as the Stockton Formation, downhole logs in TW3 exhibit
a similar cyclical pattern to those in TW4, corresponding to alternating sandstone and mudstone strata
(Figures 4a, 7, and 12). The GR log has a similar range to TW4: 50–100 API in sandstones and �200 API in
mudstones. The MS log has values of �1–10 (*1025 SI), also similar to TW4, but it is more attenuated in TW3

Figure 6. Spectral gamma measurements for the total gamma anomaly in TW4 indicative of a high uranium concentration. (a) high resolu-
tion total gamma ray measurement on the core reveal four narrow zones with high gamma counts at 1592.5, 1594, 1595.1 and 1595.8 ft;
(b) the photographs of the core suggest a correlation of high gamma counts to dark-red oxidized zones; (c) gamma ray spectra are domi-
nated by uranium peaks (identified by the daughter product 214Bi at 609, 1120, and 1764 keV) at the depths of the highest total gamma
counts, while the only noticeable peak in the low-intensity gamma spectra corresponds to 40K (1461 keV).
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Figure 7. Downhole logging data and drill cutting-based stratigraphy for TW3. Drill cuttings lithology for 0–1000 ft is adopted from Goldberg and Burgdorff’s [2005] petrological descrip-
tion of thin sections, as indicated by the legend. For the bottom 500 ft, a dominant color (grey, pink, red, purple, tan) is plotted with a binary grain size classigication of either mudstone
or sandstone after Shao’s [2011] cutting description (grain size scale is the same as in Figure 4). The borehole logs (optical televiewer (OTV), total gamma ray and magnetic suceptibilty
(MS) were aquired as part of this study.
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due to the larger hole diameter (Figure 12). A combination of physical properties, visual analysis of drill cut-
tings, and the optical televiewer log was used to interpret the lithostratigraphy encountered in TW3. Overall,
TW3 is quite similar to TW4, dominated by tan and pink sandstones with thinner purple to red mudstone
layers. However, a more detailed lithological analysis was not possible because of poor preservation of fine-
grained material in the cuttings and a high degree of mixing of grains from different strata. A simplified
litho-column is presented in Figure 7 using a binary grain size classification (mudstone/siltstone versus
coarse sandstone) and a single dominant color reported by Shao [2011].

3.4. Fractures and Hydraulic Properties in TW3 and TW4
Observations of TW4 core and borehole televiewer data reveal abundant fractures both in the Palisade Sill
and the Newark basin sedimentary strata. Most of the fractures fall in two broad sets: low angle fractures
dipping to W-NW, and high angle fractures dipping to SE, with some variability in dip direction and fracture
density (Figures 8–10). These two fracture sets are consistent with previous observations and tectonic his-
tory of the basin [Heisig, 2011; Herman, 2009; Matter et al., 2006; Goldberg and Burgdorff, 2005; Goldberg
et al., 2003; Morin et al., 1997]. Four main subsets were observed in the Palisade Sill in TW3: subvertical sets
that dip E, SE, and SSE, and a shallow-angle set dipping NW (Figure 8). The sill is densely fractured, with
intervals of massive diabase less than 10 ft thick (Figure 9c). Observed features represent a combination of
basalt cooling joints and tectonic fractures formed after the sill emplacement. Shallow-angle fractures are
dominant in the shallower part of the sill (above 650 ft), related to unloading and lower vertical stresses at
shallow depth. High-angle fractures striking NE-SW dominate in the bottom part of the sill, and in the sedi-
mentary strata close to the sill contact (Figure 9c). Deeper in the sedimentary section the shallow-dipping
fractures are more common than high-angle fractures. When corrected for sampling bias, the histograms of
fracture dip in TW3 and TW4 retain the bimodal pattern but suggest much higher frequency of steeply dip-
ping fractures (Figure 8). This sampling bias correction assumes uniform fracture spacing and does not

Figure 8. Fracture dip direction and dip angle based on borehole image analysis. Histograms on the right show fracture dips corrected for the systematic undersampling of steeply
dipping fractures in vertical boreholes.
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Figure 9. Summary of hydraulic testing results in TW3. (a) Hole diameter (caliper) and electrical resistivity logs, (b) optical televiewer image; (c) density of fractures identified in televeiwer
images (yellow for low-angle, purple for high angle dip); (d) vertical flowmeter data: ambient (amb) in blue, during injection (inj) in green, EM—electromagnetic, HP—heatpulse; (e) bore-
hole fluid resistivity: ambient (amb) in blue, two consecutive measurements during injection (inj) in green; (f) borehole ambient temperature (T amb, blue) and temperature gradient
(grad T, red) logs; (g) transmissivity estimated from borehole hydraulic testing (black), (h) an example of nontransmissive fractures in the Palisade Sill as seen in the televiewer image; (i,
k) details of the televiewer images in transmissive intervals: Figures 9i and 9k correspond to distinct steeply dipping fractures, deeper intervals correspond to shallow-dipping fractures
and/or primary porosity, and lack of visible features in the televiewer image.

Geochemistry, Geophysics, Geosystems 10.1002/2015GC006240

ZAKHAROVA ET AL. NEW INSIGHTS INTO NORTHERN NEWARK BASIN 15



Figure 10. Summary of hydraulic testing results in TW4. (a) Hole diameter (caliper) and electrical resistivity logs; (b) optical televiewer image; (c) density of fractures identified in tele-
veiwer image (yellow for low-angle, purple for high angle dip); (d) vertical electromagnetic (EM) flowmeter data: ambient in blue, during the injection in green; (e) borehole fluid resistiv-
ity: ambient in blue, two consecutive measurements during injection in green; (f) borehole ambient temperature (T amb, blue), and temperature gradient (grad T, red) logs; (g)
transmissivity estimated from borehole hydraulic testing; stars indicate sampling depths for laboratory porosity and permeability measurements, which yielded helium porosity of 10–
17% and air permeability of 1–20 mD [Slater et al., 2012]; (h–k) details of the televiewer images in transmissive intervals: shallow transmissive intervals correspond to distinct steeply dip-
ping fractures, deeper intervals correspond to shallow-dipping fractures and/or primary porosity.
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account for local variations in fracture spacing. Therefore, the corrected abundances likely overemphasize
the steeply dipping fractures, and the true distributions of fracture dips lie in between the two cases illus-
trated in Figure 8.

Hydraulic testing in the TW3 and TW4 boreholes indicates that transmissive zones in the Stockton Forma-
tion below the Palisade Sill are sparse, narrow, and characterized by low, if any, ambient flow (Figures 9
and 10). Only four hydraulically conductive zones were detected in TW3 during an injection test: at the
depths of 770 ft, 1010 ft, 1200 ft, and 1300 ft. These depths are marked by changes in borehole fluid resist-
ance, fluid temperature and flow rate under both ambient and injection conditions (Figures 9d–9g). The
upper zone at 770 ft coincided with the previously identified conductive region in the sill-sediments contact
zone [Matter et al., 2006]. Despite pronounced resistivity changes, the ambient fluid flow at the two deeper
zones at 1200 ft and 1300 ft was below detection limit of the flowmeters (0–0.1 L/min). The most conduc-
tive zone at 1010 ft had an ambient flow rate of about 1 L/min. Based on the injection test, the transmissiv-
ity of this zone was estimated to approach 1025 m2/s. The least conductive zone at 1300 ft was
characterized by a transmissivity of �1028 m2/s (Figure 9g). The two upper zones with higher transmissivity
values correspond to prominent high-aperture high-angle fractures observed in the OTV images
(Figures 9h–9i). The lower zones do not exhibit any fractures in the borehole (Figure 9j), and are likely char-
acterized by a combination of primary and secondary porosity. The Palisade Sill and low-permeability sedi-
mentary strata separating these zones exhibit zero transmissivity.

In TW4, eight conductive zones were identified, with transmissivities on the order of 102921026 m2/s
(Figure 10). No ambient flow was detected in any of these zones. The upper four transmissive zones corre-
spond to prominent high-angle fractures, and the bottom four to low-angle or no visible fractures in the
borehole images and core (Figures 12h–12k). The interval with highest transmissivity (1026 m2/s) at 990 ft
coincides with the single most fractured zone that was marked by the recovery of rubbled core and
enlarged borehole size (Figure 10a). Only select transmissive zones correspond to changes in borehole fluid
resistivity and temperature gradient (Figures 10e–10g). Due to a relatively sparse spacing of flowmeter
measurements, the exact depth and thickness of these conductive zones is not well constrained. Overall,
the distribution of hydraulically conductive zones in TW4 is different from that in TW3, with a larger number
of less conductive intervals, and most of those occurring at shallower depths.

4. Discussion

4.1. New Insights into Geology of the Northeastern Newark Basin
and Lateral Extent of Lithological Units
The close proximity of the TW3 and TW4 boreholes allows evaluating the spatial extent of individual struc-
tural and lithological features identified in log and core data. TW3 is located 700 ft away from TW4 in a
roughly downdip direction, with an average bedding dip of �9 degrees. Therefore, the hole or core depth
offset between the same strata is projected to be about 100 ft (i.e., if laterally continuous, the same features
should occur 100 ft deeper in TW3 than in TW4). TW3 did not reach the contact with the crystalline base-
ment; thus, neither the basement surface dip nor the extent of the uranium anomaly in the strata above
basement could be evaluated. However, the Palisade Sill contact zone and the majority of the underlying
Stockton Formation are represented in both boreholes, and their expression can be compared to constrain
lateral variability of formation units.

Comparison of the Palisade Sill contact zone in the two wells illustrates the structural complexity of the sill
intrusion path. The TW4 core allowed unambiguous identification of a sedimentary xenolith at the bottom
of the Palisade Sill at 691–697 ft, and the contact with the Lockatong Formation at 717 ft (Figure 11). Log-
ging data in TW3 indicate the occurrence of sedimentary rocks at a depth of 746 ft, but it is not clear
whether any of the subsequent dark strata with low GR and high MS values correspond to secondary dia-
base bodies or the hornfels (Figure 4). Prior studies that relied on logging and drill cuttings analysis sug-
gested that multiple stringers of diabase might exist below the primary sill contact (Figure 7) [Matter et al.,
2006; Goldberg and Burgdorff, 2005]. The new analysis of TW4 core lithology and physical properties indi-
cates that the hornfels cannot be reliably distinguished from diabase based on GR and MS values alone (Fig-
ures 4a and 5a). Moreover, multiple (�2) diabase bodies/sedimentary xenoliths have not been observed in
the outcrops, and individual xenoliths seen in outcrops are not ubiquitous and do not extend for hundreds
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of feet (e.g., Figure 3b). We therefore conclude that there is not enough evidence to support the presence
of multiple sedimentary xenoliths and/or diabase layers in TW3, and we consider the 746 ft boundary as the
primary contact between diabase and underlying Lockatong strata. From this it follows that the depth offset
of the Palisade Sill contact in the two wells is only 746–717529 ft, and therefore, the sill does not strictly fol-
low the sedimentary layering. At the studied location the sill appears to ‘jump’ across the stratigraphic sec-
tion, consistent with other studies documenting the sill jumps in the region [e.g., Olsen 1980; Goldberg and
Burgdorff, 2005; Olsen, 1980].

In the main section of the Stockton Formation penetrated by both boreholes, the downhole logs exhibit a
similar cyclical pattern, corresponding to alternating sandstone and mudstone units (Figures 4a and 7), but
no individual layers could be reliably traced from one hole to the other (Figure 12). Based on drill cuttings
and optical televiewer data, the overall lithology in TW3 is similar to TW4, dominated by tan and pink sand-
stones with thinner purple to red mudstone layers, and the bedding statistics are nearly identical (Figures
12a and 12d). However, despite their close proximity and similar characteristics, one-to-one correlation of
sedimentary sequences in these boreholes is not possible, suggesting significant small-scale variability in
the depositional environment of these late-Triassic Newark basin sediments. Similar lateral variation in
facies and unit thickness are visible in local outcrops near the study site [e.g., Olsen and Rainforth, 2001;
Savage, 1968]. Although not unexpected near the basin edge, characterized by more diverse and dynamic
depositional environment than in the center of the basin, this is an important direct observation of the
small scale of lateral and vertical variability in the marginal Stockton facies. In contrast, core and outcrop
studies in the central Newark basin identified regionally extensive lithostratigraphic units traced over many

Figure 11. Lithostratigraphy and physical properties in the Palisade Sill contact zone. (a) Borehole logs in TW3 (gamma, magnetic susceptibility (MS), and optical televiewer image (OTV);
(b) borehole gamma log and core measurements from TW4: core MS, core bulk density, and core lithology (ms—mudstone, fss—fine sandstone, css—conglomeritic sandstone, cgl—
conglomerate). Core data in TW4 reveal a sedimentary screen at the bottom of the Palisade Sill. In TW3, unambiguous identification of the contact zone structure is not possible in the
absence of core, but geophysical data suggest the sill contact occurs at a shallower stratigraphic level.
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kilometers of lateral distance [e.g., Olsen et al., 1996; Kent et al., 1995]. The distribution of the transmissive
zones within TW3 and within TW4 is also quite different (Figures 9 and 10). Correspondingly, this suggests
lateral heterogeneity in hydraulic, as well as lithological, properties of the Stockton Formation at the north-
eastern basin edge and is consistent with prior observations of the compartmentalized nature of shallow
aquifers in Rockland County, NY, and limited east-west hydraulic continuity with dominant flow along the
bedding strike direction, i.e., in NNE-SSW [Heisig, 2011].

An occurrence of elevated uranium concentration in TW4 core, although not traceable to TW3, warrants a
discussion due to its anomalous lithological setting. Uranium deposits in siliciclastic rocks commonly occur
either in organic-rich black shales deposited in reduced conditions [e.g., Spirakis, 1996] or at redox bounda-
ries in sandstones, where it is precipitated from groundwater under reducing conditions caused by reduc-
ing agents such as abundant organic matter and sulphides [Jensen, 1958; Hostetler and Garrels, 1962]. In the
Newark basin, high uranium concentrations have been reported in two facies: black lacustrine mudstones
of the Lockatong Formation and gray and black marginal-lacustrine sandstones of the Stockton Formation
[Turner-Peterson, 1980]. The lithology observed in the TW4 core intersecting the high-uranium zone is very
different from other known types of uranium deposits in the basin. Turner-Peterson [1980] described
uranium-containing Stockton sandstones as gray with pods of pyrite and light-gray clay clasts, and traced
the source of uranium to layers of black mudstones occurring nearby. In the TW4 core, there are no back
mudstones, and the uranium anomaly occurs in a dark-red sandstone (Figure 6) with light-colored clasts up
to �0.5 inch in diameter. There is, however, a single narrow zone of gray sandstone at 1592 ft, approxi-
mately 2.0 ft above the uranium-rich zone. It corresponds to low gamma counts and is only about a few
inches thick, but it is unique in the TW4 core and suggests that unusual redox conditions might have
existed at this depth. There is no visible pyrite in or around this anomalous zone. However, a larger depth
interval in the TW4 core around the uranium anomaly, from �1550 to 1610 ft, exhibits an unusual orange
hue, which could indicate the presence of uranium compounds or jarosite and related solid solution miner-
als. The latter are hydrous sulfates of iron and potassium (or sodium in natrojarosite) with characteristic
orange and yellow colors, which can be formed by oxidation of iron sulfates, and have been linked to ura-
nium occurrence in oxidized sedimentary rocks [e.g., Yilmaz, 1981]. Moreover, this larger depth interval con-
tains abundant fractures filled with fibrous gypsum (Figures 4a and 4b), which suggests that this interval
may have experienced active groundwater flow in the past bringing dissolved uranium that was deposited
at a redox boundary near � 1592 ft. It is not clear why the uranium anomaly is concentrated only within a
narrow interval. The TW3 hole did not reach the corresponding stratigraphic level; therefore, the lateral
extent of the anomaly is not known. It is also possible that high gamma ray counts are produced by a few
‘foreign’ clasts in the sandstone matrix, and thus, do not reflect redox conditions in this paleo-aquifer. More
study sites and detailed geochemical analysis will be required to determine the lateral extent of the ura-
nium anomaly and its origin.

4.2. Hydrogeological Setting at the Site in the Context of the Northern Newark Basin Hydrology
Shallow fractured-rock aquifers define the principal groundwater system in the Newark basin, and they
have been extensively studied in the central part of the basin [Lacombe and Burton, 2010; Morin et al., 2000,
1997; Houghton, 1990] and in Rockland Couty, NY [Heisig, 2011]. Based on the analysis of hydraulic data
from over 100 wells that penetrate to depths of up to 600 ft, three types of water-bearing features (WBFs)
were identified: (1) bedding planes and layers, (2) tectonic fractures, and 3) linear intersection of bedding
and fracture planes [Herman, 2010]. In this classification, Type 1 includes transmissive beds (densely frac-
tures tabular units and beds containing mineral-dissolution zones within gypsum paleosoil horizons), and
any features related to stratigraphic layering, e.g., bed partings. The bed partings, or bedding fractures, are
defined as mechanical breaks along bed contacts of different properties, such as gray or black beds and
massive red mudstones [Herman, 2010; Michalski and Britton, 1997]. They can form transmissive zones that
extend laterally for hundreds of feet, but are more common in the Brunswick aquifer (in the Passaic, and
younger formations) [Herman, 2010; Morin et al., 1997]. The WBFs of Type 2 correspond to any conductive
fracture that are not bed-parallel, including steeply dipping extension fractures and gently dipping shear
fractures. This is the dominant type of WBF in the basin, especially so in the diabase and Lockatong aquifers
[Herman, 2010]. Type 3, which is the intersection of 1 and 2, is less common, but plays an important role for
cross-aquifer transport. The overall hydrologic model for the Newark basin was described as a leaky, multia-
quifer system [Herman, 2010; Michalski and Britton, 1997]. The Stockton is described as the most
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hydraulically conductive among Newark basin formations due to its many fractured beds and weathered
arkosic sandstones [Herman, 2010]. However, water well yield data in the most northeastern part of the
basin, although sparse in the Stockton Formation, indicate some of the lowest recorded in Rockland County,
NY, and suggest an inferior hydraulic properties in shallow formations in the northeastern basin edge [Hei-
sig, 2011].

The new hydraulic testing data from the Lamont wells constrain the properties of Newark basin aquifers at
greater depths (�700–1700 ft) than the previous studies described above. The same types of WBFs were
observed: bed-parallel fractures, partings and conductive layers, and steeply dipping tectonic fractures
(Figures 8–10), but their abundance and trasmissivity is lower at the greater depths. In particular, the Stock-
ton Formation, capable of water supply rates up to hundreds of gallons per minute (�10 L/s) at shallow
depths in the central Newark basin, is significantly less transmissive in the studied interval. Transmissive
zones with the Stockton Formation in TW3 yielded flow on the order of gallons per minute [O’Mullan et al.,
2015; Yang et al., 2014]. The lower transmissivities observed here can be explained by a combination of two
factors: 1) an increased overburden at greater depths, closing fractures and therefore reducing bulk conduc-
tivity, and 2) closer proximity to the basin edge where the Stockton Formation grades laterally into the
Lockatong, which exhibits inferior hydraulic properties basin-wide [Herman, 2010]. Another distinction of
the deeper aquifers in the Stockton at this locality is that some of the steeply dipping fractures are even
more transmissive than bed-parallel features, while in shallow aquifers bedding fractures and bed-parallel

Figure 12. Lateral variability in the Stockton Formation. (a) Comparison of downhole data and bedding statistic from the two test holes (TW3 and TW4) located 700 ft apart. Logging
data (b and c) are aligned to the same stratigraphic level computed with an average bedding dip of 98 to NWW, as measured in the optical televierwer images (OTV). Dashed lines repre-
sent the same stratigraphic levels. Bedding diagrams (a and d) summarize bedding statistics determined from OTV, and are very similar in the two wells. However, unambiguous layer-
by-layer correlation of logging data in Figures 12b and 12c is not possible suggesting high lateral heterogeneity of the formation.
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units were shown to exert primary controls on the groundwater flow [Heisig, 2011; Herman, 2010; Morin
et al., 2000; Michalski and Britton, 1997]. This difference, however, may be caused by the proximity of these
aquifers to the Palisade Sill intrusion path.

Steeply dipping fractures are clearly more abundant closer to the Palisade Sill contact than in the deeper
strata below it (Figures 9c and 10c). The extent of this densely fractured interval, roughly 300 ft below the
sill boundary in both boreholes, is consistent with the thermal and hydrofracturing effects induced by the
sill emplacement and the depth extent of those effects on basin sedimentary strata. The rate of heating
from an intrusion in the host formation scales with the distance from the contact and the permeability of
the basin sedimentary rocks. As a rule of thumb, noticeable metamorphism is predicted to extend to a dis-
tance comparable to the intrusion thickness, while magmatic fluids penetrate only to the distance of �1/3
of the intrusion size [Hanson and Barton, 1989; Barton et al., 1991; Hanson, 1995]. Fluid production from
magma and the surrounding rocks is thought to be the dominant process responsible for hydrofracturing
and subsequent thermal cracking within the intrusion contact zones [Hanson, 1995]. Pervasive fracturing in
sedimentary strata for �300 ft below the Palisade Sill contact is consistent with an average observed sill
thickness of around 1000 ft [Drake et al., 1996]. Moreover, hydraulic fractures always open in the direction
perpenticular to the minumum principal stress [Hubbert and Willis, 1957], which during the time of the New-
ark basin formation and the Palisade Sill emplacement was oriented NW-SE [Goldberg et al., 2003]. This
favored the formation of subvertical extentional fractures that strike NE-SW in the current day basin sedi-
mentary strata. Therefore, we conclude that intrusion of the Palisade Sill promoted formation of these
steeply dipping fracures close to the sill contact.

An important question for understanding hydraulic setting in the basin is whether enhanced fracturing
below the Palisade Sill contact also entails higher formation transmissivity along intrusion boundary com-
pared to unaffected sedimentary strata. Existing data in TW3 and TW4 does not provide an unambiguous
answer. On one hand, the majority of steeply dipping fractures observed in both boreholes are not hydrauli-
cally conductive at the present (Figures 11 and 12). On the other hand, of those steeply dipping fractures
that are conductive, some have the highest transmissivities encountered in both boreholes. This suggests a
possible correlation between the most permeable intervals and the intrusion path of the Palisade Sill [e.g,
Matter et al., 2006], but it cannot be unambiguously proven with the existing data. More hydraulic tests are
needed at different depths near the intrusion boundary and at other locations to establish such a
correlation.

4.3. Implications for Assessing CO2 Storage Potential in the Newark Basin and Other North American
Rift Basins
The new cores and borehole data collected in the northeastern Newark basin confirmed that coarse sand-
stones are a dominant lithologic component at this basin edge, but borehole hydraulic tests indicated
that they do not have sufficiently thick and permeable zones to accommodate large-scale fluid injection
(Figures 9 and 10). Cross-well analysis also showed that most sandstone units and individual transmissive
intervals are not laterally extensive, and the majority of fractures at depth are closed and do not transmit
fluids. No significant matrix permeability was detected in borehole tests in the majority of the sandstone
strata. These field-scale observations differ from the centimeter-scale laboratory analysis of sandstone per-
meability in TW4 core [Slater et al., 2012]. The laboratory measurements on 10 sandstone core plugs yielded
helium porosity of 10–17% and air permeability of 1–20 mD [Slater et al., 2012], but most of them came
from intervals characterized by zero or very low transmissivity levels that could not be resolved by in situ
hydraulic testing (Figure 10g). These results highlight the importance of the scale of investigation when
determining hydraulic properties in these fractured formations. The core samples (� 2.5 by 5 cm, or 1 by
2 in) targeted coarse-grained intervals devoid of fractures and visible heterogeneities in the core, and there-
fore, represent small-scale matrix porosity of select sandstone layers. The borehole hydraulic test character-
izes formation properties more uniformly with depth and at a scale of meters to tens of meters,
representing a combined effect of matrix properties, fractures, and various formation heterogeneities. Since
in situ measurements indicate much lower formation permeability than laboratory matrix properties, forma-
tion heterogeneities appear to decrease the net effective hydraulic conductivity in these formations. Thus,
evaluating formation permeability at the field scale will be particularly important for estimating CO2 storage
potential of this fractured and inhomogeneous formation.
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In the South Georgia Rift (SGR), another rift basin on the eastern North American margin evaluated for its
CO2 storage potential, laboratory analysis of porosity and permeably on about a dozen core plugs and side-
wall cores is available [Akintunde et al., 2014, 2013]. The data suggest that coarse fluvial sandstones have
medium to low matrix porosity (2–15%) and low permeability (102321021 mD), attributed to poor sorting,
high angularity and small pore throats [Akintunde et al., 2013]. In contrast, high porosity (25–35%) and per-
meability (10–100 mD) were recorded in about half a dozen samples from fine-grained red lacustrine strata,
resembling those of the Newark basin [Akintunde et al., 2013]. These results suggest finer-grained lacustrine
strata may have superior reservoir properties to the coarse-grained fluvial sandstones due to better sorting,
and that in the Newark basin, reservoir properties of the finer-grained lacustrine formations should also be
evaluated. Furthermore, a separate study focused on tectonic regimes in the SGR basin suggested that
those high porosity-permeability lacustrine samples came from a structural block with distinctly different
tectonic history, potentially separated from the rest of the basin by a system of faults [Akintunde et al.,
2014]. Intrabasin faults are also common in the Newark Basin, especially in the central and southern parts
[e.g., Schlische, 1992]. Therefore, investigating reservoir properties of different structural blocks within the
basin may also be important for further work.

Another potential area of interest for further study is the permeability structure within the contact zone of
the Palisade Sill and/or near other intrusions within the rift basins. Observations of fractures in the basal
contact of the Palisade Sill in the Newark Basin suggest enhanced fracturing near the sill boundary, and
potentially, superior hydraulic conductivities of select fractures than in the unaffected sedimentary strata
below (Figures 9 and 10). In many parts of the basin, the Palisade Sill occurs at greater depths than
described in this study [e.g., Schlische, 1992], reaching a depth range that is potentially suitable for supercrit-
ical CO2 storage. Other rift basins on the eastern North American margin, including SGR, host many intru-
sions belonging to CAMP [e.g., Schlische et al., 2003; Marzoli et al., 1999], but their hydraulic properties are
not yet well characterized. More studies of hydraulic properties of the intrusion boundaries at different
depths and in other structural settings will be needed to confirm the hypothesis of higher formation perme-
ability along the intrusion paths. At the same time, our data unambiguously show that the Palisade Sill itself
does not contain any hydraulically conductive zones and may thus serve as a caprock for underlying reser-
voirs (Figure 9). Petrological and petrophysical analysis of diabase sill samples from the SGR basin also
showed uniformly low or zero porosity and permeability, suggesting excellent sealing properties [Akintunde
et al., 2013]. The combination of impermeable diabase overlying transmissive fractures in the basal contact
zone of a rift basin intrusion, if sufficient reservoir quality is established in that zone, may provide a suitable
reservoir-caprock structure for secure for CO2 storage.

5. Conclusions

A new set of core and downhole data spanning the Palisade Sill, the marginal Stockton Formation, and the
basement unconformity in the northeastern part of the Newark Basin revealed multiple features not
observed in outcrops and constrained the lateral variability of basin formations by comparing observations
in two close-by wells. Penetration and core recovery in the basement below the Newark Basin showed that
crystalline basement consists of grey gneiss, identified as the Fordham Gneiss, similar to that seen in out-
crops to the east of the study site, in the Bronx and Westchester County, NY. Crystalline basement is overlain
by a thin layer of gravely sandstone followed by a dark purple mudstone unknown age, which is unlike any
unit described in the Newark basin to date and potentially corresponds to prerift or early rifting phase
deposits. Farther up section, a narrow zone with high uranium concentration identified by anomalously
high gamma-ray activity occurs in a setting different from all other known occurrences of uranium in the
basin. Unlike those instances, this anomaly is not related to black or dark gray organic-rich layers, but corre-
sponds to dark-red oxidized sandstone. A number of indirect indicators suggest a former redox boundary in
this depth, but further geochemical investigation is necessary to identify the origin and magnitude of this
uranium anomaly.

The lithological expression of the Stockton Formation at this northeastern edge of the Newark basin differs
from the type localities in the central basin. The beds observed in the core are much thinner and are domi-
nated by coarse arkosic sandstones and massive purple and red mudstones. They are representative of the
transitional facies between the Stockton and overlying Lockatong Formation, similar to that observed in the
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outcrops along the Hudson River in Rockland County, NY and northern Bergen County, NJ. The traditional
lithostratigraphic definitions developed in the central basin [K€ummel, 1897; Olsen et al., 1996] may not be
directly applicable at the marginal onlap edges due to differences in depositional environment and struc-
tural setting. In addition to a different lithological expression, the marginal facies also exhibit greater lateral
heterogeneity. Individual formation members were correlated over large distances (km to 10s of km) in the
central Newark basin [Olsen et al., 1996; Kent et al., 1995]. In this study, individual layers cannot be correlated
over the distance of 200 meters (�700 ft) in the bedding dip direction, although the overall lithological
expression and bedding parameters are very similar. This direct observation of high lateral variability of the
formation strata highlights the challenges of correlating local outcrops without core data.

The new hydraulic data from the two wells constrain aquifer properties in the northern Newark basin at
greater depths (>600 ft) than previous groundwater studies [e.g., Heisig, 2011]. The same types of water-
bearing features were observed as in shallow aquifers of the central and northern Newark basin, dominated
by bed-parallel and subvertical transmissive fractures. However, their abundance, continuity, and trasmissiv-
ity are significantly decreased at greater depths. Only 4 to 8 narrow hydraulically conductive zones were
identified in each of the two wells under injection conditions, none of which measured detectable ambient
flow. Some of these zones correspond to steeply dipping fractures close to the Palisade Sill contact, but
others appear to be related to bed-parallel fractures or primary matrix porosity. Borehole tests indicate that
the majority of intersected strata, including coarse sandstones, do not conduct fluids, although laboratory
measurements on some core plugs indicated moderately high porosity and permeability values. Formation
heterogeneities, including mineralized and closed fractures, likely decrease the net hydraulic conductivity
of these formations, and estimating permeability with borehole hydraulic tests will be essential for deter-
mining effective hydrological properties at reservoir depths.

High lateral variability, formation heterogeneity, and limited hydraulic conductivity of the marginal Stockton
facies in the Newark Rift Basin may present future challenges for evaluating reservoir and sealing properties
of these rocks for geologic storage of CO2. Similarly, available porosity and permeability data in the South
Georgia Basin, another rift basin on the eastern North American margin evaluated for its CO2 storage poten-
tial, suggest that coarse fluvial sandstones have low matrix porosity and may not be ideal for underground
injection and storage [Akintunde et al., 2013]. Enhanced hydraulic conductivity may potentially exist, how-
ever, along buried intrusion boundaries with underlying metasedimentary strata due to thermally enhanced
fracturing, e.g., the Palisade Sill contact zone. Overlain by impermeable diabase sills, such zones could
potentially provide a suitable reservoir-caprock structure for CO2 injections if their enhanced permeability is
confirmed at other locations, in the Newark basin or near other CAMP intrusions in other rift basins along
the eastern North American margin.
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