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ABSTRACT
We developed a Late Cretaceous sealevel estimate from Upper Cretaceous sequences at Bass River and Ancora, New
Jersey (ODP [Ocean Drilling Program] Leg
174AX). We dated 11–14 sequences by integrating Sr isotope and biostratigraphy
(age resolution 60.5 m.y.) and then estimated paleoenvironmental changes within
the sequences from lithofacies and biofacies
analyses. Sequences generally shallow upsection from middle-neritic to inner-neritic
paleodepths, as shown by the transition
from thin basal glauconite shelf sands
(transgressive systems tracts [TST]), to
medial-prodelta silty clays (highstand systems tracts [HST]), and finally to upper–
delta-front quartz sands (HST). Sea-level
estimates obtained by backstripping (accounting for paleodepth variations, sediment loading, compaction, and basin subsidence) indicate that large (.25 m) and
rapid (K1 m.y.) sea-level variations occurred during the Late Cretaceous greenhouse world. The fact that the timing of Upper Cretaceous sequence boundaries in
New Jersey is similar to the sea-level lowering records of Exxon Production Research Company (EPR), northwest EuroE-mail: kgm@rci.rutgers.edu.

†

pean sections, and Russian platform
outcrops points to a global cause. Because
backstripping, seismicity, seismic stratigraphic data, and sediment-distribution
patterns all indicate minimal tectonic effects on the New Jersey Coastal Plain, we
interpret that we have isolated a eustatic
signature. The only known mechanism
that can explain such global changes—
glacio-eustasy—is consistent with foraminiferal d18O data. Either continental ice
sheets paced sea-level changes during the
Late Cretaceous, or our understanding of
causal mechanisms for global sea-level
change is fundamentally flawed. Comparison of our eustatic history with published
ice-sheet models and Milankovitch predictions suggests that small (5–10 3 106 km3),
ephemeral, and areally restricted Antarctic
ice sheets paced the Late Cretaceous global
sea-level change. New Jersey and Russian
eustatic estimates are typically one-half of
the EPR amplitudes, though this difference
varies through time, yielding markedly different eustatic curves. We conclude that
New Jersey provides the best available estimate for Late Cretaceous sea-level
variations.
Keywords: eustasy, sequence stratigraphy,
sea-level history, New Jersey Coastal Plain,
Late Cretaceous, backstripping.

BACKGROUND
Predictable, recurring sequences bracketed
by unconformities comprise the building
blocks of the stratigraphic record. Exxon Production Research Company (EPR) defined a
depositional sequence as a ‘‘stratigraphic unit
composed of a relatively conformable succession of genetically related strata and bounded
at its top and base by unconformities or their
correlative conformities’’ (Mitchum et al.,
1977, p. 53); by implication, ‘‘genetically related’’ refers to global changes in sea level
(Vail et al., 1977). Christie-Blick and Driscoll
(1995) clarified the genetic connotation by
recognizing sequence boundaries as unconformities associated with lowering of base level,
including eustatic and tectonic mechanisms.
Sequences have been recognized in diverse
stratigraphic environments (e.g., ranging from
siliciclastic to carbonate settings; see examples in Wilgus et al., 1988; de Graciansky et
al., 1998) from the Proterozoic (e.g., ChristieBlick et al., 1988) to the Holocene (e.g., Locker et al., 1996) and have been related to global
sea-level (eustatic) variations (Vail et al.,
1977; Haq et al., 1987; Posamentier et al.,
1988). However, differences in accommodation (the sum of subsidence and eustatic
change) and sediment supply control sequence
architecture, including the nature and significance of surfaces bounding and within se-
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Figure 1. Map showing the New Jersey Coastal Plain, the limit of Miocene and younger
outcrop that approximates strike, and sites discussed here.

quences (e.g., flooding surfaces, transgressive
surfaces). In addition, accommodation and
sediment supply control the stacking patterns
of facies successions within sequences (e.g.,
systems tracts of Vail et al., 1977, and Posamentier et al., 1988) and the general threedimensional arrangement of sequences (Reynolds et al., 1991).
A clear relationship between sequence
boundaries and glacio-eustatic sea-level lowerings has been demonstrated for the ‘‘icehouse world’’ of the past 42 m.y. (Miller et
al., 1996, 1998a). Comparing onshore and offshore New Jersey sequences with d18O records

shows that sequence boundaries from 42 to 8
Ma correlate with global d18O increases, linking them with glacio-eustatic sea-level lowerings (Miller et al., 1996, 1998a). However,
such a relationship has not been established
for the ‘‘greenhouse world’’ of the pre–middle
Eocene, in part reflecting the greater difficulty
in obtaining and dating sequences older than
42 Ma from passive margins throughout the
world.
Mechanisms for sea-level change during the
greenhouse world are poorly understood.
Though most investigators have assumed that
Earth was largely ice free prior to the late mid-

dle Eocene (Barron, 1983; Huber et al., 2002),
the only known mechanism for producing the
large (k10 m), rapid (,1 m.y.) global sealevel changes reported for this time (e.g., Haq
et al., 1987; Hallam, 1992) is glacio-eustasy
(see Donovan and Jones, 1979; Pitman and
Golovchenko, 1983). Studies have begun to
question the assumption of a completely icefree world during the Cretaceous (e.g., Stoll
and Schrag, 1996; Miller et al., 1999a, 2002;
Price, 1999), suggesting that ice-volume
changes may have been an important control
on greenhouse sea-level changes.
Evaluation of mechanisms of sea-level
change requires a firm chronology and a
means of extracting rates of change. Several
passive-margin and epicontinental sea regions
provide relatively high-resolution sequencestratigraphic records for the Late Cretaceous.
Deposits of the U.S. Western Interior Seaway
provide a tephrochronology of sequences
(Kauffman, 1977; Dean and Arthur, 1998),
though these sections are complicated by compressional tectonics. The epicontinental and
passive-margin sections of northwest Europe
and the Russian platform provide excellent
records of transgressive-regressive sequences
(Hancock, 1993; de Graciansky et al., 1998;
Sahagian et al., 1996). However, differing biozonal schemes complicate interregional correlations, and a firm global record of Upper
Cretaceous sequences has proved to be elusive. Though workers at EPR produced a Late
Cretaceous eustatic record (Haq et al., 1987),
the database on which it is published is largely
proprietary. De Graciansky et al. (1998) have
provided public documentation of EPR’s Mesozoic sequences in northwest Europe. Whereas their Lower Cretaceous and older sequences are reasonably well documented, the Upper
Cretaceous sequences are poorly constrained
in age. Pieces of the Upper Cretaceous
sequence-stratigraphic puzzle are falling into
place with publication of detailed studies of
parts of the section (e.g., Gale et al. [2002] for
the Cenomanian–early Turonian), but the
overall picture of Upper Cretaceous sequences
and rates of sea-level change is still blurry.
The New Jersey passive margin, particularly the onshore coastal plain (Fig. 1), has provided a reference for Cenozoic sequences
(Miller et al., 1996, 1998a) and potentially can
provide similar records of Upper Cretaceous
sequences. The development of Late Cretaceous Sr isotope stratigraphy (Fig. 2; Burke et
al., 1982; Sugarman et al., 1995; McArthur et
al., 1992, 1993, 1994; Howarth and McArthur,
1997) together with the application of Cretaceous nannoplankton biostratigraphy (e.g.,
Bralower et al., 1995) provides the means of
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Figure 2. Later Cretaceous Sr isotope age calibration for ODP (Ocean Drilling Program) Site 525 (open circles), U.S. Western Interior
(open squares), and Kronsmoor, Germany (closed circles). A fifth-order polynomial (thin gray line) and two linear fits (thick black lines)
are shown.

reconciling correlations among regions and
evaluating the global significance of regional
sequences.
UPPER CRETACEOUS SEQUENCES IN
THE NEW JERSEY COASTAL PLAIN
Geologists have long noted cyclicity in Upper Cretaceous strata of the New Jersey Coastal Plain (e.g., Lyell, 1845). Prominent middleto outer-neritic glauconite beds (Figs. 3–5;
Merchantville, Marshalltown, and Navesink
Formations) provide a visual key to recognizing transgressive-regressive cycles (e.g., Weller, 1907). Upper Cretaceous facies in New
Jersey are generally deltaically influenced
marine-shelf facies (Fig. 4) with transgressive
shelf glauconite beds overlain by regressive
prodelta silts and delta-front sands (Owens
and Sohl, 1969; Sugarman et al., 1995). The
wave-dominated Niger Delta (Allen, 1970)
provides a useful analogue for these Late Cretaceous environments (Fig. 4), as it is composed of delta-front sands (inner neritic, ,20

370

m paleodepth), prodelta silts (20–60 m), and
outer-neritic glauconite sands (60–200 m).
Previous studies have documented at least
five to eight Late Cretaceous cycles. Olsson
(1963, 1975) recognized five Late Cretaceous
transgressive-regressive cycles in the New Jersey Coastal Plain, whereas in the same area,
Owens and Sohl (1969) mapped five to six
Late Cretaceous cycles but inferred a tectonic
control on sedimentation. Owens and Gohn
(1985) recognized similar cycles throughout
the U.S. Atlantic Coastal Plain outcrops. By
using outcrops and discontinuously sampled
wells and boreholes, Olsson and coauthors
(Olsson and Wise, 1987; Olsson et al., 1988; and
Olsson, 1991) recognized eight transgressiveregressive cycles in New Jersey, identified
them as sequences, and related them to sealevel change. Sugarman et al. (1995) integrated New Jersey Coastal Plain Sr isotope stratigraphy with nannofossil biostratigraphy to
provide improved age estimates for these sequences. Still, these previous studies were
limited by poorly fossiliferous outcrops, reli-

ance on cuttings or discontinuous cores, or the
far updip locations of boreholes.
Continuous coring and logging by onshore
ODP Leg 174AX at Bass River and Ancora,
New Jersey, yielded thick, downdip Upper
Cretaceous sections (Fig. 1) that allow dating
of Upper Cretaceous (99–65 Ma) sequences
(Fig. 5). For the Upper Cretaceous sediments

Figure 3. (A) Navesink–Mount Laurel formational boundary and sequence boundary, Route 34, Matawan, New Jersey. SB—
sequence boundary; TS—transgressive
surface; LST—highstand systems tract;
TST—transgressive systems tract; HST—
highstand systems tract. Paleodepth from
Miller et al. (1999a). (B) Sequence boundaries observed in cores from Ancora, New
Jersey. Wavy lines indicate sequence
boundaries (unconformities). Depths in
feet; cores generally represent 2 ft
segments.
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Figure 4. Anatomy of a New Jersey Upper Cretaceous sequence. Shown at top is the facies model for the modern Niger River delta
(Allen, 1970). On left is a diagrammatic model for a typical Upper Cretaceous marine sequence and gamma log (modified after Sugarman
et al., 1995). Pictures correspond to the three major facies observed in Upper Cretaceous marine sequences at Bass River (depths in
feet are core depths); corresponding locations on modern facies model are indicated.

of the New Jersey Coastal Plain, this paper
presents sequence stratigraphy based on these
boreholes that has million-year–scale age resolution (Fig. 1). We provide (1) lithostratigraphic, facies, biostratigraphic, and Sr
isotope data for identifying sequences, documenting paleoenvironmental changes within
sequences (e.g., systems tracts), and correlating sequences, and (2) age vs. depth diagrams
delineating the chronology of the Upper Cretaceous sequences as well as Late Cretaceous
sedimentation rates. We use this sequencestratigraphic framework to evaluate the controlling mechanisms for the Upper Cretaceous
sequences in New Jersey and global sea level.
METHODS
Sequence boundaries are recognized in
cores on the basis of physical stratigraphy including irregular contacts (Figs. 3A and 3B),
reworking, bioturbation, major lithofacies
changes (Fig. 5), gamma-ray patterns (Figs. 4
and 6–10), and age breaks (Fig. 11). Eleven
Upper Cretaceous to lowermost Tertiary sequences were identified in the Bass River and
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Ancora boreholes in the site reports (Miller et
al., 1998b, 1999b). On the basis of the data
presented here (Figs. 5–11), we tentatively
recognize three additional Upper Cretaceous
sequences for a total of 14. We informally
term sequences after their prominent basal
(usually glauconite) lithostratigraphic units
largely named by Weller (1907) and recently
updated by Owens et al. (1998). We discuss
the Aptian to lowermost Cenomanian Potomac
Formation (undifferentiated), Cenomanian–
lower Turonian Bass River sequences (Bass
River I, II, and III), upper Turonian–Coniacian
Magothy sequences (tentatively divided into
Magothy I–III), Santonian Cheesequake sequence, uppermost Santonian–middle Campanian Merchantville sequences (tentatively
divided into three sequences, Merchantville I–
III), the upper Campanian Marshalltown
sequence, and the Maastrichtian–lower Paleocene Navesink sequence(s) (tentatively divided into Navesink I and II).
Paleodepth and paleoenvironmental estimates are constrained by benthic foraminiferal
biofacies (assemblages) and lithofacies (see

Table 1 in Van Sickel et al. [2003] and Table
DR1 data for the Cenozoic are included because they were used in backstripping; see below).1 For the neritic sections (primarily the
Paleogene and Santonian–Maastrichtian), benthic foraminiferal biofacies studies provide the
primary means of interpreting paleodepth and
recognizing inner (0–30 m; Fig. 4), middle
(30–100 m), and outer neritic (100–200 m)
environments. Prodelta environments generally represent deposition in outer inner-neritic
to inner middle-neritic (20–60 m) paleodepths
(Fig. 4), and glauconite sands represent outer
middle-neritic to outer-neritic paleodepths
(generally 60–200 m). The best-dated sections
(e.g., outer neritic) often have the greatest errors on absolute paleodepth (650 m). However, relative water-depth changes are better

1
GSA Data Repository item 2004043, sequence,
age, paleodepth, paleodepth criteria for Ancora and
Bass River for conservative age models and preferred age models, and Sr isotope data, is available
on the Web at http://www.geosociety.org/pubs/
ft2004.htm. Requests may also be sent to
editing@geosociety.org.
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Figure 5. Updip (Ancora) to downdip (Bass River) comparison of lithostratigraphic units and sequences for the Upper Cretaceous
sections. Wavy lines indicate unconformities. Shown are cumulative percent of clay-silt, fine sand, medium to coarse sand, glauconite,
shells, and mica. Legend given in Figure 6.
constrained within sequences. For example,
paleodepths clearly shoal up-section in sequences above maximum-flooding surfaces.
The paleodepth estimates were used to model
eustatic variations by using backstripping
(see below); however, paleodepth remains the
greatest uncertainty in the backstripping pro-

cedure. Errors range from a few meters in
nearshore sections, to 615 m as is typical for
inner middle-neritic zones), to 650 m for
outer-neritic zones (see Data Repository).
Two-dimensional flexural backstripping provides a means for refining water-depth estimates by using paleoslope modeling of the

benthic foraminiferal biofacies (Kominz and
Pekar, 2001; Pekar and Kominz, 2001), and
future drilling in the coastal plain is designed
to allow two-dimensional backstripping.
Lithofacies were recognized by using grain
size, general lithology, bedding, and sedimentary structures. Cumulative-percent plots of
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the sediments in the cores were computed
from samples taken at ;5 ft (;1.5 m) intervals. Each sample was dried and weighed before washing, and the dry weight was used to
compute the percentage of sand vs. silt and
clay. The sand fraction was dry sieved through
a 250 mm sieve, and the fractions were
weighed to obtain the percent of very fine and
fine vs. medium and coarse sand. The sand
fractions were examined by using a microscope, and a visual estimate was made of the
relative percentages of quartz, glauconite, carbonate (foraminifers and other shells), mica,
and other materials contained in the sample.
As discussed above, Upper Cretaceous lithofacies at Bass River and Ancora generally
follow a predictable, repetitive transgressiveregressive sequence pattern (Fig. 4): (1) basal
unconformities (lower sequence boundaries);
(2) generally thin, lower, in situ glauconite
sands that are assigned to the TST of Posamentier et al. (1988); basal glauconite sands
are often absent in marginal- to shallowmarine sequences; (3) a coarsening-upward
succession of regressive medial silts deposited
in prodelta environments (lower HST); (4)
further regressive upper quartz sands of the
upper HST; and (5) the upper sequence boundary. The upper HST often includes reworked,
detrital glauconite recognized by covariance
with quartz and brown to yellow-green glauconite grains. Sequences often yield a distinctive gamma log signature with a hot zone at
sequence boundaries, high values in glauconite sands, moderate values in silty clays, and
low values in the quartz sands (Fig. 4). Because the TSTs are thin, the maximumflooding surfaces (MFS) are difficult to differentiate from unconformities; both are often
associated with shell beds and gamma-ray
peaks. Flooding surfaces, particularly MFSs,
may be differentiated from sequence boundaries by the association of erosion and rip-up
clasts, age breaks discerned from Sr isotope
stratigraphy and biostratigraphy, lithofacies
successions, and benthic foraminiferal biofacies. The transgressive surface (TS), marking
the top of the LST, represents a change from
generally regressive to transgressive facies;
because LSTs are generally absent, these surfaces are generally merged with the sequence
boundaries. Notable exceptions include the
base of the Navesink Formation, seen in out-

crop (Fig. 3A), and the lower Marshalltown
sequence described here.
Age control for the Upper Cretaceous sequences is provided by integration of Sr isotope stratigraphy and biostratigraphy. Calcareous nannoplankton data provided by D.
Bukry for Bass River and L. de Romero for
Ancora (Miller et al., 1998b, 1999b) yield excellent biostratigraphic control, aided by several key planktonic foraminiferal datum levels
(R.K. Olsson, this study). Pollen biostratigraphic data provided by G.J. Brenner (in
Miller et al., 1998b, 1999b; and 2002, personal commun.) yield age constraints on the nonmarine to marginal-marine Magothy and Potomac Formations.
Sr isotope–based age estimates were obtained from mollusk and foraminiferal shells
(Table DR2). Approximately 4–6 mg of shell
or foraminiferal tests were cleaned ultrasonically and dissolved in 1.5N HCl. Sr was separated by using standard ion-exchange techniques (Hart and Brooks, 1974) and analyzed
on a VG sector mass spectrometer at Rutgers
University. Internal precision on the sector for
the data set averaged 0.000009, and the external precision is approximately 60.000020
(Oslick et al., 1994). NBS 987 is measured for
these analyses at 0.710255 (2s standard deviation 5 0.000008, n 5 22) normalized to
86
Sr/88Sr of 0.1194.
Late Cretaceous ages (Tables DR2A–D)
were assigned by using two new linear regressions developed for upper Coniacian
through Maastrichtian sections (Fig. 2). We
constructed this new reference section by using Sr isotope age data for sections in the U.S.
Western Interior (McArthur et al., 1994),
Kronsmoor, Germany (McArthur et al., 1992),
and South Atlantic ODP Site 525 (Sugarman
et al., 1995). Sr isotope ratios were plotted vs.
age to determine the evolution of seawater
87
Sr/ 86Sr through time (Fig. 2). As in previous
studies that follow linear-regression techniques developed for radiocarbon calibration
(Draper and Smith, 1981), 87Sr/ 86Sr ratios
measured at each depth are dependent variables and age estimates (based upon magnetochronology at Site 525; based on biostratigraphy and radiometric dates in the Western
Interior and Kronsmoor) are independent variables (Miller et al., 1991; Oslick et al., 1994).
Sr isotope ratios were plotted on the abscissa,

though age is the independent variable (Fig.
2). A fifth-order polynomial was fit to the 87Sr/
86
Sr data under the assumption that age is the
independent variable (Fig. 2). On the basis of
an inflection seen in the fifth-order fit, the data
set was then broken into two groups, and two
linear regressions were fit to the data (t 5
age): t 5 31,908.531372—(87Sr/ 86Sr 3
44,984.801888), applicable from 73.5 to 65
Ma and t 5 39,104.339163—(87Sr/ 86Sr 3
55,154.82511), applicable from 86.0 to 73.5
Ma.
By using a similar late Campanian–
Maastrichtian regression, Sugarman et al.
(1995) conservatively estimated age errors of
61.9 m.y. at the 95% confidence interval for
one Sr isotope analysis; age errors for this interval are purportedly one order of magnitude
better according to Howarth and McArthur
(1997). We estimate that the maximum age
resolution using Sr isotope ratios for this interval is 61 m.y. (i.e., the external precision
of ;0.000020 divided by the slopes of the regressions of ;0.000020/m.y.)
We integrated biostratigraphic and Sr isotope ages on age vs. depth diagrams (Fig. 11).
We used biostratigraphic time-scale correlations of Bralower et al. (1995) and Erba et al.
(1999) tied to the Gradstein et al. (1994) geomagnetic polarity time scale to obtain a firm
chronology. We derived ages of sequences
from these plots and discuss them to one significant decimal place (e.g., 71.2 Ma) to maintain consistency within and between sites,
though resolution is typically no better than
60.5 m.y.
We estimated eustatic amplitudes by using
one-dimensional inverse models termed
‘‘backstripping’’ (Watts and Steckler, 1979;
Bond and Kominz, 1984; Bond et al., 1989).
Backstripping removes the effect of sediment
loading from observed basin subsidence.
Backstripping studies have shown that simple
thermal subsidence, sediment loading, and
compaction are the dominant causes of subsidence in the New Jersey Coastal Plain
(Kominz et al., 1998; Van Sickel et al., 2003).
By assuming thermal subsidence on a passive
margin, the tectonic part of subsidence can be
removed and a eustatic estimate obtained. By
using forward modeling, Steckler (1981) demonstrated that accommodation in the New Jersey Coastal Plain is dominated by the flexural

Figure 6. Potomac and Bass River sequences in the Ancora and Bass River boreholes. Shown are core depth in feet; generalized lithologic
description; downhole gamma log; core depth in meters; cumulative percent of clay-silt, fine sand, medium to coarse sand, glauconite,
shells, and mica; biostratigraphic age control; sequence boundaries (wavy lines); and paleoenvironments. FS—flooding surface. Thick
gray lines between sites indicate correlation of sequences.
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Figure 7. Magothy sequences. Caption and legend as in Figure 6.
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Figure 8. Santonian and middle to lower Campanian sequences. Caption and legend as in Figure 6.
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response to sediment loading of the stretched
crust seaward of the basement hinge zone (i.e.,
offshore beneath the modern shelf). Steckler
(1981) also showed that coastal-plain subsidence is thermal in form beginning 15–20
m.y. after rifting. Our data set begins at 100
Ma, ;25 to 50 m.y. after subsidence began
beneath the coastal plain (Olsson et al., 1988)
and ;70 m.y. after rifting ceased (Klitgord et
al., 1988); therefore, the subsidence generated
by flexure in the coastal plain is thermal in
form (Kominz et al., 1998; Van Sickel et al.,
2003). Bond and Kominz (1984) showed that
Airy backstripping of sediment loaded on rigid lithosphere, such as beneath the New Jersey
Coastal Plain, will exhibit a curvature that is
identical to that of the true tectonic subsidence. Thus, the difference between observed
subsidence and a best-fit theoretical thermal
curve (termed R2 for second reduction; Bond
and Kominz, 1984) is the result of either sealevel change or any subsidence unrelated to
two-dimensional passive-margin subsidence
(Kominz et al., 1998).

Figure 10. Maastrichtian sequences. Caption and legend as in Figure 6.

RESULTS
Rifting and thermal subsidence began offshore in the Baltimore Canyon Trough between 180 and 165 Ma, but deposition did not
begin onshore until ca. 120–110 Ma when
sufficient plate rigidity was attained, initiating
thermoflexural subsidence in the coastal plain
(Sheridan and Grow, 1988). The Potomac Formation is the basal unit of the northern Atlantic Coastal Plain and comprises largely nonmarine clays, silty clays, sands, and gravel
(Glaser, 1969). This group is poorly exposed
in outcrop in New Jersey and was only sampled in Leg 174AX boreholes at Ancora (Fig.
6). The Potomac Formation has been dated
primarily by using pollen (generally pollen
Zone III and older; lowermost Cenomanian–
Albian; Doyle and Robbins, 1977). Age control on the Potomac Formation is otherwise
lacking except for marine intercalations at Ancora that yield nannofossil assignment to Zone
CC9 (upper Albian to lower Cenomanian; de
Romero in Miller et al., 1999b) and a pollen
assignment to the pollen Zone III/IV transition
(older than 97 Ma; lowermost Cenomanian;
G.J. Brenner in Miller et al., 1999b). At least
two apparent unconformities occur in the uppermost Potomac Formation at Ancora (Fig.
6), and there are numerous erosional surfaces
found deeper in the Potomac Formation
(Doyle and Robbins, 1977). The regional and
global significance of erosional surfaces (unconformities vs. autocyclical shifts) in the
dominantly nonmarine Potomac Formation is
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generally uncertain. The Potomac Formation
is overlain by a series of primarily marine Upper Cretaceous units; we provide sea-level estimates by analyzing the sequence stratigraphy
and paleo–water depths for these units.
Sequences, Facies, Paleoenvironments

Figure 11. Late Cretaceous age vs. depth plots for sequences at Bass River (top) and
Ancora (bottom). Sr isotope ages are from Table DR2 with 61 m.y. error bars; open
circles are diagenetically altered samples. Conservative age models indicated in thick black
line; preferred age models indicated in gray. Horizontal thin lines indicate sequence
boundaries. CC—nannofossil zones—open triangles; X—planktonic foraminiferal age estimates. Gray-shaded blocks at bottom indicate time represented in each borehole. Thin
vertical dashed lines are drawn at 5 m.y. increments.
380

Bass River Sequences (Cenomanian–Early
Turonian)
Cenomanian to lower Turonian sequences
in New Jersey are part of the Bass River Formation (Petters, 1976). In the downdip Bass
River borehole, this formation (1806.4 ft to
total depth of 1956.5 ft [550.59–596.34 m])
consists of one sequence of gray, shelly, fossiliferous, micaceous (chloritic), clayey silt
and silty clay with occasional sandy silts,
which becomes slightly sandy at the top (Fig.
6). The base of the sequence (Bass River III;
see below) was not sampled at Bass River and
the sequence shallows up-section from middle
to inner neritic.
Three middle Cenomanian–lower Turonian
sequences (Bass River I, II, and III) are found
at Ancora, with sequence boundaries at
1061.9, 1082.5, 1110.9, and 1148.1 ft (323.67,
329.95, 338.60, and 349.94 m; Fig. 3). The
lower Bass River I sequence at Ancora has a
basal neritic glauconite sand (TST), medialprodelta silt and clay (lower HST), and upperprodelta shelly clays and silts with thin sands
(upper HST). The medial Bass River II sequence consists of (1) neritic glauconitic clay
to clayey glauconite sand (TST); (2) sandy,
micaceous clay deposited in a prodelta environment (lower HST); and (3) a fine quartz
sand that coarsens up-section and was deposited in a delta-front environment (upper HST).
The upper Bass River III sequence consists of
micaceous silty clay deposited in a prodelta
environment; it is slightly glauconitic at the
base, reflecting interfingering between openshelf and prodelta environments, with mica
and shells near the top. Lithostratigraphic and
biostratigraphic correlations show that only
the upper of the three sequences (Bass River
III, uppermost Cenomanian–lower Turonian)
is represented in the Bass River borehole (Fig.
6) and that the lower sequences were not penetrated at this site (i.e., the hole bottomed in
the Bass River III).
The Bass River sequences at Bass River
and Ancora were deposited in inner- to
middle-neritic paleodepths, although some
siltier, less shelly laminated intervals are interpreted as prodelta and sands as delta front/
nearshore deposits. Benthic foraminifera indicate that the Bass River sequences at Bass
River and Ancora were deposited predomi-
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nantly in inner-neritic paleodepths (Epistominabiofacies), with deeper water (middle neritic)
at flooding surfaces (Fig. 6). A higher-order
cyclicity is apparent in the benthic foraminiferal biofacies that show several distinct parasequences bounded by flooding surfaces within the Bass River III sequence at Bass River
(Fig. 6; Sugarman et al., 1999). Total waterdepth variation within this sequence was relatively small (;20 m).
Nannofossils and planktonic foraminifera
indicate that the Bass River sequences at Bass
River and Ancora are Cenomanian to lower
Turonian. The Cenomanian/Turonian boundary (CC10/CC11) at Bass River is placed at
;1935.5 ft (589.94 m; Sugarman et al., 1999).
This placement is consistent with the highest
occurrence of the planktonic foraminiferal genus Rotalipora at 1945 ft (592.84 m) (Sugarman et al., 1999) and an assignment to pollen
Zone IV (upper Cenomanian to Turonian; G.J.
Brenner in Miller et al., 1998b). At Ancora,
nannofossils indicate that the section below
1074.5 ft (327.51 m) is Cenomanian; the section above this is barren of nannofossils.
Planktonic foraminifers tentatively suggest
that the section above 1074.5 ft (327.51 m) is
the lower Turonian Whiteinella archeocretacea Zone. The Bass River II sequence is assigned to Subzones CC10b and CC10a partim,
whereas the Bass River I sequence is assigned
to CC10a partim and CC9 (Fig. 6).
Previous studies only recognized one
Cenomanian–lower Turonian sequence in
New Jersey in the coeval outcropping Raritan
Formation (Owens and Gohn, 1985; Olsson,
1991). The Bass River I–III sequences are
equivalent to depositional sequence 2 of
Owens and Gohn (1985) and KCE1 of Olsson
(1991).
Magothy Sequences (Late Turonian–
Coniacian)
Two upper Turonian–Coniacian sequences
at Bass River are assigned to the Magothy
Formation (Fig. 7). The lower sequence (Magothy I; 1749.0–1806.4 ft [533.10–550.59 m])
consists of (1) a basal micaceous, lignitic, silty
clay deposited in a prodelta environment (TST
and lower HST), and (2) an upper lignitic silty
sand and fine sand deposited in a delta-front
environment that coarsens up-section to a pebbly, moderately sorted sand deposited in a fluvial setting (upper HST). A sequence boundary occurs in an interval of no recovery
between 1745 and 1749.0 ft (531.88–533.10
m). The upper sequence (Magothy III;
1709.5–1745 ft [521.06–531.88 m]) consists
of (1) a kaolinitic white and red clay with red
sandstone pebbles that was deposited in a del-
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ta plain/interfluvial environment; (2) an overlying coarser unit, consisting of well-sorted,
lignitic interbedded sandy silty clay and clayey very fine sand that coarsens up-section to
medium to fine quartz sand; these sands were
deposited in a delta-front environment; and (3)
micaceous laminated clay and interbedded
clay and clayey, pebbly medium to coarse
quartz sand deposited in marginal-marine environments (as indicated by the presence of
marine nannofossils). This retrogradational
succession is unusual for coastal-plain sequences because they otherwise invariably
shallow up-section; the Magothy III situation
suggests only the TST is represented and the
HST is truncated.
Two upper Turonian–Coniacian sequences
(Magothy II and III) are also identified at Ancora (Fig. 7). The lower sequence, Magothy II
(990–1062.5 ft [301.75–323.85 m]), is a massive, lignitic, medium to coarse sand with a
few silty clay interbeds within fining-upward
successions. The lower sequence boundary
(1062.5 ft [323.85 m]) is a sharp contact between coarse sediments of the Magothy above
Bass River Formation clays, whereas the upper sequence boundary occurs in a coring gap
(985–990 ft [300.23–301.75 m]), and the sequence boundary is placed at the gamma log
inflection (987 ft [300.84 m]; Figs. 3 and 7).
The environment of the Magothy II could be
fluvial or marginal marine (e.g., tidal delta);
the paucity of fine sediments and extensive
burrowing suggests deposition in a nearshoremarine setting. The upper sequence, Magothy
III (957.4–987 ft [291.82–300.84 m]), consists
of (1) interbedded slightly sandy silty clay and
lignitic sand deposited in a delta-front or estuarine setting that comprises the TST and (2)
poorly sorted coarse to very coarse quartz
sand deposited in a fluvial environment (HST;
Fig. 7).
The Magothy sequences at Ancora are both
assigned to upper Turonian–Santonian pollen
Zone V of Christopher (1982), correlating
with the upper Magothy sequence at Bass River (pollen Zone V) and parts of the Magothy
Formation in outcrop (pollen Zone V; Christopher, 1982). The upper Magothy sequence
(III) at Bass River is tentatively assigned to
nannofossil Zone CC14 (late Coniacian to early Santonian) and pollen Zone V. The lower
Magothy sequence at Bass River is assigned
to pollen Zone IV (upper Cenomanian to Turonian), suggesting that it is older than the sequences at Ancora or in outcrop; it may actually correlate with the Raritan Formation in
outcrop. The simplest interpretation is to correlate the two Magothy sequences at Ancora
with the two at Bass River; however, this cor-
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relation does not agree with pollen data (Fig.
7). On the basis of the pollen data, we tentatively suggest that there are three Magothy sequences; Magothy I (pollen Zone IV, Turonian) and Magothy III (pollen Zone V, upper
Coniacian) are represented at Bass River,
and Magothy II (pollen Zone V, uppermost
Turonian–lower Coniacian) and Magothy III
are represented at Ancora (Fig. 7).
The Magothy Formation in outcrop consists
of sands and silty clays deposited in complex
nonmarine to marginal-marine environments
(Owens and Gohn, 1985). Regionally, this
unit thickens to over 300 m toward the Long
Island platform and thins toward Delaware
where it all but disappears (Perry et al., 1975;
Olsson et al., 1988). Previous chronostratigraphic correlations of the Magothy Formation have proved to be challenging. Olsson
(1991) noted a Coniacian KCE1 sequence in
offshore wells, but was not able to date the
Magothy Formation onshore as equivalent.
Owens and Gohn (1985) identified the Magothy Formation as their depositional sequence 3, though they correlated it as Coniacian, Santonian, and lower Campanian; our
studies establish the Magothy as older than the
Santonian, and we assign it to the upper
Turonian–Coniacian.
Cheesequake Sequence (Santonian)
A distinct sequence at Bass River and Ancora lies between unconformities at the top of
the Magothy and the base of the Merchantville
Formations. This sequence is tentatively correlated with the Cheesequake Formation and
sequence in outcrop. At Bass River, the
Cheesequake sequence (1683.2–1709.2 ft
[513.04–520.96 m]) consists of glauconite
clay (TST) that coarsens up-section to clayey
glauconite-quartz sand (HST). At Ancora, the
Cheesequake Formation and sequence (957.4–
945.3 ft [291.82–288.13 m]) consists of slightly micaceous, slightly glauconitic, clayey,
silty quartz sand (TST) that coarsens upsection above an MFS (953.2 ft [290.54 m])
to lignitic, silty, fine to medium, slightly pebbly quartz sand (HST).
At Ancora, the Cheesequake sequence was
deposited in inner-neritic environments; clay,
mica, and glauconite decrease up-section, indicating shallowing up-section. At Bass River,
a glauconite clay at the base of the unit is
interpreted as a thin TST; mixed glauconite
and quartz at the top result from reworking of
glauconite in the HST.
The Cheesequake at the Bass River borehole is Santonian (calcareous nannoplankton
Zones CC15 and CC16) with a late Santonian
hiatus associated with the unconformity be-

tween the Cheesequake and Merchantville
Formations. Pollen (pollen Zone VI at 955.1
ft [291.11 m]; G.J. Brenner, 2002, personal
commun.) provides the only age-diagnostic
fossils for the Cheesequake sequence at Ancora, which is correlated with the Cheesequake sequence at Bass River on the basis of
stratigraphic position and lithologic similarity.
The Cheesequake Formation was described
in outcrop by Litwin et al. (1993) and formally named by Owens et al. (1998) as a
slightly glauconitic clayey silt assigned to
Santonian to lowermost Campanian pollen
Zone VI, similar to Ancora. Owens et al.
(1998) noted that the Cheesequake Formation
in the Toms River and Freehold boreholes
(Fig. 1) is late Santonian (nannoplankton
Zones CC16–CC17) at the base to earliest
Campanian at the top, spanning the Santonian/
Campanian boundary within the formation. In
contrast, we note it to be slightly older
(CC15–CC16) at Bass River. It is thus uncertain whether the sequences identified at the
Bass River and Ancora boreholes correlate
with the Cheesequake Formation previously
identified by Owens et al. (1998) and Litwin
et al. (1993). Nevertheless, the data from Bass
River and Ancora establish that there is one
lower to middle Santonian sequence downdip,
and it is likely that this is equivalent to the
poorly dated Cheesequake Formation updip.
Merchantville Sequences (Latest
Santonian–Middle Campanian)
A thick lower Campanian sequence in outcrop consists of glauconite sand at the base
(Merchantville Formation), a medial, very
thick micaceous clay (Woodbury Formation),
and an upper clayey sand (lower Englishtown
Formation). At Ancora (Fig. 8), clayey glauconite sands to glauconitic (40%–60%) clays
assigned to the Merchantville Formation appear above a distinct, irregular sequence
boundary at 945.3 ft (288.13 m; Fig. 3B).
Carbonate-rich glauconitic clay near the top of
the Merchantville Formation represents the
MFS (Fig. 8; 904.4 ft [275.66 m]). The contact with the glauconitic clays of the lowermost Woodbury is gradational; glauconite decreases up-section. The thick (;106 ft [32.31
m]) Woodbury Formation consists of laminated to slightly burrowed, very micaceous, lignitic, slightly shelly, very dark gray clay with
occasional pyrite nodules. An indurated zone
between 797.6 and 797.7 ft (243.11 and
243.14 m) marks the contact with the shelly,
micaceous, glauconitic quartzose silty sands
of the lower Englishtown Formation. A sequence boundary at 792.3 ft (241.49 m; Fig.
8) separates the lower Englishtown Formation
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from glauconitic silty clay above (upper Englishtown sequence).
At Bass River (Fig. 8), the Merchantville
Formation appears above a disconformity at
1683.2 ft (513.04 m) and consists of bioturbated, shelly, lower glauconitic clays and
clayey glauconite sands (up to 70% glauconite) and upper glauconitic foraminiferal
clays. Peak abundances of foraminifers mark
an MFS (1660 ft [505.97 m]). The thick
(;166 ft [50.60 m]) Woodbury Formation appears above this MFS and consists of micaceous, fossiliferous, bioturbated, lignitic silty
clay to clay that becomes slightly sandy upsection. The contact of the Woodbury Formation with the overlying lower Englishtown
Formation is gradational. The lower Englishtown Formation (1490–1472.6 ft [454.15–
448.85 m]) consists of micaceous, very lignitic, cross-bedded, silty fine sand. The upper
contact separating the lower and upper Englishtown Formation is a sequence boundary
(1472.6 ft [448.85 m]; Fig. 8).
Overall the Merchantville–Woodbury–
lower Englishtown section comprises a
transgressive-regressive succession, though
we tentatively break the Merchantville Formation into two additional sequences (see below). The Merchantville Formation was deposited in middle- to outer-neritic paleodepths
and represents the TST; carbonate-rich glauconitic clay near the top represents the MFS.
Benthic foraminifers indicate that the Woodbury Formation was deposited primarily in inner middle-neritic paleodepths (;40–80 m);
the laminated, lignitic, very micaceous clays
indicate a prodelta environment. Clean, crossbedded sands of the lower Englishtown Formation were deposited in inner-neritic paleodepths (,30 m). The mixture of glauconite
and quartz sand in the upper Englishtown Formation (Fig. 8) is typical of reworking of
glauconite in HSTs.
The Merchantville sequence(s) are uppermost Santonian to lower Campanian. This sequence has been widely recognized both in
New Jersey (the KC1/Merchantville–
Woodbury–Englishtown sequence of Olsson
(1991) and elsewhere in the Atlantic Coastal
Plain (depositional sequence 4 of Owens and
Gohn, 1985). The Woodbury and lower Englishtown Formations are assigned to calcareous nannoplankton Zone CC19 at Ancora
and Zone CC19 to CC20 undifferentiated at
Bass River. The Merchantville Formation is
assigned to calcareous nannoplankton Zones
CC16, CC17, and CC18 at both holes. It was
originally assumed that the Merchantville Formation represented a concatenation of these
zones (e.g., the conservative age model, Fig.

11). However, assuming that the base of Zone
CC19 is correct (Fig. 11), then Merchantville
sedimentation rates would have been excruciatingly slow (0.25 cm/k.y. at Bass River and
0.35 cm/k.y. at Ancora, under the assumption
of a duration of 3.5 m.y. for these three
zones). This unreasonably slow rate prompted
us to reexamine the Merchantville glauconite
sand.
An alternative interpretation of the biostratigraphic, limited Sr isotope, and gamma
log data suggests that the Merchantville glauconite sand consists of two sequences and the
TST of a third sequence. An unconformity is
tentatively placed at a sharp gamma log increase at 928 ft (282.85 m; within Zone
CC17) at Ancora. The lithologic expression of
this sequence boundary is reasonably clear:
black, clayey, glauconite sand overlies an interval of yellowish-green glauconite sand that
comprises the HST of the underlying sequences. A similar gamma increase at Bass River at
1674 ft (510.24 m; between Zones CC16 and
CC17) appears to correlate well with the 928
ft (282.85 m) gamma-ray peak at Ancora. A
second unconformity within the Merchantville
Formation at Ancora is tentatively placed at
;909 ft (277.06 m) at a sharp gamma log kick
within Zone CC18. The lithologic expression
of this sequence boundary is subtle: slightly
clayey, black glauconite (.50%) sand overlies
a sulfur-rich interval, with more clay-rich,
slightly quartzose glauconite sand below. A
very similar gamma log pattern occurs at
1652.5 ft (503.68 m) at Bass River also within
Zone CC18, and we are reasonably confident
that this is a regional unconformity contained
within the cryptic Merchantville glauconite
sands. These sequences are difficult to recognize by using lithology alone because they
consist of TST glauconite overlying HST reworked glauconite sands.
Thus, we interpret that the thick (40.9 ft
[12.47 m] at Ancora; 29.2 ft [8.90 m] at Bass
River) Merchantville glauconites are composed of two thin sequences (Merchantville I
and II) as well as being the transgressive systems tract of the thick Merchantville–
Woodbury–lower Englishtown (5 Merchantville III sequence; Fig. 8). Further studies at
additional locations are needed to test our interpretation of three sequence boundaries associated with the Merchantville Formation.
Englishtown Sequence (Middle Campanian)
The upper Englishtown Formation at Ancora and Bass River is a sequence that consists
of a lower glauconite sand or glauconitic clay,
medial silt, and upper sand (Fig. 8). Above a
sequence boundary at Ancora (792.3 ft

[241.49 m]; Fig. 3), glauconitic silty clay deposited in inner middle-neritic paleodepths
continues up-section to an MFS (789.5 ft
[240.64 m]) associated with a minor gammaray peak (Fig. 8). Here, there is an abrupt facies change to shelly, slightly sandy, micaceous, laminated silts deposited in a prodelta
environment. These grade up-section to unconsolidated, poorly sorted, lignitic, fine to
medium quartz and (reworked) glauconite
sand deposited in a nearshore environment.
The upper sequence boundary is at 757.2 ft
(230.79 m).
At Bass River, shelly glauconite sand and
overlying burrowed glauconitic clays deposited in middle-neritic paleodepths comprise
the TST between the sequence boundary
(1472.6 ft [448.85 m]) and the MFS (1467.4
ft [447.26 m]). Glauconite progressively decreases up-section above the MFS, where the
section consists of sandy, clayey silt and silty
clay deposited in a prodelta environment (lower HST) at inner-neritic paleodepths. Clay decreases up-section to very micaceous, slightly
glauconitic, bioturbated, in some places
shelly, clayey fine sand deposited in a deltafront environment (upper HST).
A sample near the top of the Englishtown
Formation (758.5 ft [231.19 m]) at Ancora is
tentatively assigned to Zone CC20 on the basis of the occurrence of Ceratolithoides aculeus. On the basis of the absence of Ceratolithoides aculeus, the interval from 763.5 to
792.2 ft (232.71–241.46 m) was tentatively
assigned to Zone CC19 (Miller et al., 1998b),
though the absence of this taxon may be due
to scarce and poorly preserved nannofossils.
The assignment to Zone CC19 is contradicted
by three Sr isotope age estimates that suggest
correlation to Biochron CC20 (see below). At
Bass River, neither nannofossils nor planktonic foraminifera yield diagnostic zonal assignments from this sequence; the underlying sequence is assigned to undifferentiated Zones
CC19 to CC20 and the overlying sequence to
CC21a.
In outcrop, the Englishtown Formation consists of a lignitic, slightly glauconitic, crossbedded sand deposited in a delta-front environment (Owens and Sohl, 1969; Owens et al.,
1998). Owens et al. (1998) informally divided
the subsurface Englishtown Formation into
upper and lower lithologic successions; their
lower Englishtown is the upper HST of the
Merchantville III sequence at Bass River and
Ancora, whereas their upper Englishtown
forms a complete sequence (Fig. 8) at both
sites. The relative thinness of the upper Englishtown sequence (35.1 ft [10.70 m] at Ancora; 32.1 ft [9.78 m] at Bass River) has rel-
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egated it to obscurity (e.g., it was not
differentiated from the lower Englishtown by
Olsson [1991] or Owens and Gohn [1985]),
though it is certainly a distinct and important
middle Campanian sequence. It was mapped
as the Kwc2 cycle of Owens et al. (1998) and
Ks3 of Gohn (1992).
Marshalltown Sequence (Late Campanian)
The Marshalltown is a thick upper Campanian sequence consisting of glauconite sand
at the base (Marshalltown Formation), a medial silty clay (Wenonah Formation), and an
upper fine to coarse quartz sand (Mount Laurel Formation) at the top. At Ancora, the Englishtown/Marshalltown contact is a distinct
sequence boundary (Figs. 3B and 9; 757.2 ft
[230.79 m]) with a shelly, micaceous glauconitic clay above (Fig. 3B). We interpret a surface and sharp facies change from glauconitic
clay below to glauconite sand above (752.7 ft
[229.42 m]) as a transgressive surface (TS)
and the basal Marshalltown Formation as an
LST; this is one of the few lowstand deposits
recognized in the coastal plain (see Discussion). Burrowed clayey glauconite sands typify the Marshalltown Formation; a peak in
carbonate represents the MFS (746 ft [227.38
m]). The contact between the Wenonah and
the Marshalltown Formations is gradational.
The Wenonah Formation consists of slightly
glauconitic, micaceous, shelly, woody, clayey
silty sand to sandy clayey prodelta silts, with
decreasing glauconite up-section (Fig. 9). The
contact with the Mount Laurel Formation is
also gradational, with silty clay and mica decreasing up-section in the transitional interval.
The Mount Laurel Formation generally coarsens up-section from glauconitic silty fine sand
to a slightly clayey, glauconitic (;20%) fine
to medium quartz sand, with common ovoid
phosphate grains near the top of the formation.
A major disconformity caps the sequence
(651.3 ft [198.52 m]; Figs. 3B and 9).
At Bass River, a sequence boundary occurs
at the base of the Marshalltown Formation
(1440.5 ft [439.06 m]; Fig. 9). The Marshalltown Formation at Bass River comprises fossiliferous, clayey, shelly, glauconite sands and
glauconitic clays. A peak in foraminiferal
abundances represents the MFS (1430 ft
[435.86 m]). Glauconite decreases gradually
up-section above this level, and the section
fines to micaceous silts of the Wenonah Formation. The contact with the overlying Mount
Laurel Formation is also gradational; sandy
silt, fine sand, and medium to coarse quartz
sand become successively dominant upsection. Phosphate grains are common at the
top of the formation, similar to the Ancora
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sediments, yielding a hot gamma-ray signature
for these sands. The sequence boundary with
the overlying Navesink Formation (1294.5 ft
[394.56 m]; Fig. 3) is a disconformity with
extensive reworking.
Benthic foraminifers indicate deposition of
the Marshalltown and Wenonah Formations in
middle-neritic paleodepths and the Mount
Laurel Formation in inner middle-neritic paleodepths (Fig. 9). Detailed benthic foraminiferal paleobathymetric estimates from Bass
River (Fig. 9; Skinner, 2001) show only ;35
m of shallowing within the Marshalltown sequence at Bass River (from ;75 m in the
Marshalltown to 60 m in the Wenonah and
lower Mount Laurel, to 40 m in the upper
Mount Laurel). This modest shallowing resulted in distinct facies changes.
The Marshalltown–Wenonah–Mount Laurel
sequence has been widely recognized both in
New Jersey (the KC2 sequence of Olsson,
1991) and elsewhere in the Atlantic Coastal
Plain (depositional sequence 5 of Owens and
Gohn, 1985). In other New Jersey boreholes
it has been dated as late Campanian by using
calcareous nannofossils (CC20 to CC21 [undifferentiated] in the Marshalltown CC22b in
the Mount Laurel) and Sr isotope stratigraphy
(Sugarman et al., 1995). At Bass River, the
Marshalltown Formation is assigned to Zone
CC21a, the Wenonah Formation to Zones
CC21 to CC22 [undifferentiated], and the
Mount Laurel Formation to Zones CC21 to
CC22 [undifferentiated] at the base to CC23a
at the top. Previous assignments of this sequence to the early Maastrichtian (Olsson,
1991) resulted from differences in time scales.
This sequence is late Campanian according to
the Gradstein et al. (1994) time scale; the hiatus associated with the Navesink/Mount Laurel contact spans the Campanian/Maastrichtian
boundary.
Navesink Sequence(s) (Maastrichtian)
The Maastrichtian at Ancora and Bass River consists of at least one, and possibly two,
sequences, and deposition was continuous
across the Cretaceous/Tertiary (K/T) boundary. At Ancora, a sequence boundary (651.3
ft [198.52 m]; Fig. 3B) associated with a layer
of phosphate pebbles separates carbonate-rich,
foraminiferal glauconitic clay of the Navesink
Formation from underlying quartz sand of the
Mount Laurel Formation. Carbonate content
increases in the lower Navesink, peaking at
the MFS (647 ft [197.21 m]) and decreasing
up-section. Quartz sand decreases up-section
to the MFS, suggesting deepening up-section
in the TST (i.e., no LST is preserved, unlike
the situation present in outcrop; see below).

At Bass River, the Navesink/Mount Laurel
unconformity (1294.5 ft [394.56 m]) is overlain by a 0.3-m-thick contact zone, with reworked Mount Laurel sands and phosphorite
pellets mixed with Navesink clayey glauconite
sand. Quartzose, slightly clayey glauconite
sand at the base of the sequence becomes
more clay rich and less quartzose up-section
to an MFS associated with a gamma log increase (1288 ft [392.58 m]) and a change to
glauconitic, carbonate-rich, clay. Carbonate
decreases and clayey, fossiliferous, very bioturbated glauconite sands continue to a gradational contact, marking the top of the Navesink Formation. The overlying New Egypt
Formation consists of brownish-gray shelly
clay that continues to a 6-cm-thick spherule
layer, the base of which marks the K/T boundary (1260.4 ft [384.17 m]; Olsson et al.,
1997). Above the spherule layer, a return to
glauconitic clay or clayey glauconite sand
marks the Paleocene Hornerstown Formation.
The extremely slow sedimentation rates for
the Maastrichtian (Table 1) Navesink sequence (,0.3 cm/k.y. at both sites) prompted
us to reconsider the continuity of this section.
We tentatively identify an additional sequence
boundary within the Maastrichtian section at
both Ancora and Bass River. At Ancora, we
tentatively place a sequence boundary (634 ft
[193.24 m]) just above a peak in clay and below a maximum in glauconite expressed as an
increase in downhole gamma-ray values (Fig.
10); this sequence boundary separates the Navesink I from the overlying Navesink II sequence. At Bass River, we tentatively place a
sequence boundary at the Navesink/New
Egypt Formation contact (1270 ft [387.10 m]).
These inferred sequence boundaries require
verification from other locations.
The Maastrichtian Navesink sequence(s) at
both boreholes were deposited primarily in
middle-neritic paleodepths. Maximum paleodepths were ;80 m at Bass River and ;60 m
at Ancora; the deposits sampled in both boreholes shallow up-section to paleodepths of
;30–50 m (Olsson et al., 2002). There was
little paleodepth change across the K/T boundary; only general shallowing occurred in the
last 0.5 m.y. of the Cretaceous and the first
0.5 m.y. of the Tertiary (Olsson et al., 2002).
The Navesink I sequence is dated as early
to middle Maastrichtian. At Ancora and Bass
River, it is assigned to Zone CC25 and lower
Zone CC26. The Navesink II at Bass River is
assignable to the uppermost Maastrichtian
(calcareous nannofossil M. prinsii Subzone of
CC26; the last 0.5 m.y. of the Cretaceous) to
lowermost Danian (Zones P0, Pa, P1a, and
P1b partim). The Navesink II continues across
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the K/T boundary into the lower Paleocene
where there is an unconformity: Zone P1b is
not represented at Bass River, and a break occurs within this zone at Ancora.
The basal Navesink unconformity is found
throughout the eastern United States at the
base of Owens and Gohn’s (1985) depositional sequence 6. The unconformity in the outcrop on Route 34 in Matawan, New Jersey, is
particularly interesting (Fig. 3A): (1) the underlying Mount Laurel Formation is a wellsorted medium sand with Ophiomorpha and
Asterosoma burrows and tabular planar crossbedding, indicating onshore-offshore current
directions on the lower shoreface (Martino
and Curran, 1990); (2) the sequence boundary
is marked by a distinct erosional surface and
a phosphorite layer that is commonly iron cemented at its base (Miller et al., 1999b); (3) a
heterolithic lag unit consists of sand pods of
reworked Mount Laurel sands (some of which
is cemented into calcarenitic clasts), rip-up
clasts, and shelf silts; this unit shows a regressive facies pattern up-section and is interpreted as an LST [Miller et al., 1999b]); (4) a
cemented erosional surface at the top of the
lowstand section is interpreted as a TS (Miller
et al., 1999b); and (5) a clayey glauconite sand
(the Navesink Formation) deposited in ;60 m
paleodepth (Olsson, 1991).
In outcrop, the Navesink Formation is overlain by silts and sands of the Red Bank Formation (HST; Sugarman et al., 1995). In the
subsurface, the HST sands largely disappear,
and the Maastrichtian section is dominated in
updip locations such as Ancora by clayey
glauconite sands assigned to the Navesink
Formation (Fig. 10). Farther downdip at Bass
River, the Navesink lithology is overlain by
glauconitic clay assigned to the New Egypt
Formation (Olsson, 1960).
Chronology and Sedimentation Rates
Integration of Sr isotope stratigraphy and
biostratigraphy on age vs. depth diagrams
(e.g., Fig. 11) provides age resolution of about
60.5 m.y. for the middle Campanian to earliest Tertiary (ca. 80–64.5 Ma). The chronology is less certain for the Santonian–early
Campanian (ca. 85.7–80 Ma), as illustrated by
one of two possible age models for this interval at both sites (Fig. 11). We prefer the less
continuous age models for each site (gray
lines, Fig. 11; Table 1) to the more conservative age models that assume no hiatuses
across major unconformities. Biostratigraphy
alone provides age control on the early Campanian and older sequences at Bass River because of diagenetic alteration of Sr isotopes

below ;1470 ft (;450 m) at Bass River (Fig.
11). Nannofossil biostratigraphy constrains
the age of the Magothy III sequence to the late
Coniacian. At both sites, the upper Turonian–
Santonian nonmarine Magothy I and II sequences are dated with pollen biostratigraphy
to the stage level. Moderate (61 m.y.) resolution is provided by biostratigraphy alone for
the Cenomanian–lower Turonian sections at
both sites. The ages of the sequences at Bass
River agree with Ancora within better than 1
m.y. (Fig. 11).
The break between the lower Cenomanian
upper Potomac Formation (pollen Zone III/IV
transition and nannofossil Zone CC9) and the
Cenomanian–lower Turonian Bass River sequence I is a regional unconformity (Owens
and Gohn, 1985) with a hiatus of at least ;1
m.y. in duration (97.0–95.8 Ma). This sequence boundary correlates with the major
middle Cenomanian sea-level lowering of
Gale et al. (2002) and the UAZ2.4/2.3 sequence boundary of EPR (Haq et al., 1987).
Three middle to late Cenomanian (Bass
River I–III) sequences have been identified at
Ancora; the basal sequence boundaries for
Bass River II and III are dated as 94.6 and
93.5 Ma, respectively (hiatuses are not discernible). The Bass River I and II sequences
are below the TD at Bass River, but three of
us (Sugarman, Miller, and Browning) have
identified these sequences at the borehole
drilled in 2002 at Millville, New Jersey, suggesting that they are regional in extent. Sedimentation rates for the middle Cenomanian to
lower Turonian sequences at Ancora (7–10 m/
m.y.) are about average for the Late Cretaceous (9.6 and 11.2 m/m.y. at Ancora and
Bass River, respectively). However, the Bass
River III sequence is expanded at Bass River
where sedimentation rates exceeded 31 m/
m.y., the most rapid of any Upper Cretaceous
sequence in New Jersey (Table 1; Fig. 12).
The Bass River I, II, and III sequences correlate with the UZA2.4, UZA2.5, and UZA2.6
sequences of EPR (Haq et al., 1987),
respectively.
A major middle Turonian sequence boundary (hiatus 92.1–91.4 Ma) separates the Magothy I sequence from the lower Turonian
Bass River III sequence. The upper Turonian–
Coniacian Magothy Formation appears to represent three sequences, though differentiation
of the Magothy II sequence at Ancora from
the Magothy I at Bass River relies solely on
pollen correlations (pollen Zone IV for the
former, V for the latter). Limited data indicate
that sedimentation rates were at least 12 m/
m.y. for the Magothy I and III and 15 and 8
m/m.y. for the Magothy II and III, respective-

ly, at Ancora (Fig. 13, Table 1). The ages of
the Magothy II and Magothy III sequence
boundaries are estimated as 90–89.8 and
88.3–87.8 Ma, respectively. The Magothy I,
Magothy II, and Magothy III sequences appear to correlate with the UZA 2.7, UZA3.1,
and UZA3.2 sequences of EPR (Haq et al.,
1987), respectively.
The lower to middle Santonian Cheesequake sequence is separated from the Magothy III sequence by an unconformity and a 1.5
m.y. hiatus (86.7–85.2 Ma). It is separated
from the overlying Merchantville sequences
by a short hiatus (84.3–83.9 Ma). The Cheesequake sequence appears to correlate with the
UZA3.3 sequence of Haq et al. (1987).
The upper Santonian Merchantville I (84.3–
84.0 Ma), uppermost Santonian to lower Campanian Merchantville II (84.0–83.5 Ma), and
lower Campanian Merchantville III (81.0–
77.8 Ma) sequences had moderate to high sedimentation rates (13–17 m/m.y. at Bass River,
12–19 m/m.y. at Ancora). There is no discernible hiatus between the Merchantville I and II
sequences (83.5 Ma) and an ;2 m.y. hiatus
(83.1–81 Ma) between the Merchantville II
and Merchantville III sequences. The Merchantville I, II, and III sequences appear to
correlate with the UZA3.4, UZA3.5, and
UZA4.1 sequences of EPR (Haq et al., 1987),
respectively.
The age of the middle Campanian Englishtown sequence is poorly constrained (ca.
76.8–76 Ma). The hiatuses between the Englishtown and underlying Merchantville
(77.8–76.7 Ma) and overlying Marshalltown
sequences (76–75 Ma) are poorly resolved.
The Englishtown sequence appears to correlate with the UZA4.3 sequence of EPR (Haq
et al., 1987); we do not see evidence for the
UZA4.2 sequence.
The upper Campanian Marshalltown sequence (;75.7–71.2 Ma) had high sedimentation rates at Ancora (16.2 m/m.y.) and average sedimentation rates at Bass River (9.7
m/m.y.). The Marshalltown sequence appears
to correlate with the UZA4.4 sequence of Haq
et al. (1987). A major hiatus (;2.2 m.y.) separates the Marshalltown sequence from the
Maastrichtian Navesink I sequence (69–67
Ma). The Navesink I sequence appears to correlate with the UZA4.5 sequence of EPR (Haq
et al., 1987).
The inferred sequence boundary between
the Navesink I and II sequences may be associated with an ;1 m.y. late Maastrichtian
hiatus (67–66 Ma). This hiatus requires verification; it may correlate with the TA1.1/
UZA4.6 sequence boundary of Haq et al.
(1987). No matter which age model is used
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(continuous or discontinuous; Fig. 11), it is
clear that there was a dramatic drop in sedimentation rates between the Campanian and
the Maastrichtian (Fig. 13).
At both sites, deposition was continuous
across the Cretaceous/Tertiary (K/T) boundary, within sequence Navesink II (66–64.5
Ma). A sequence boundary is associated with
an early Danian hiatus (Biochron P1b; 64.5–
63.0 Ma).
The sequence boundaries at the bases of the
Bass River I, Magothy I, Magothy III, Cheesequake, Merchantville I, upper Englishtown,
Marshalltown, and Navesink sequences are regional in extent, occurring not only in both
boreholes (Fig. 11), but also in other New Jersey sites (these are equivalent to the eight sequences of Olsson, 1991) and throughout the
Atlantic Coastal Plain (e.g., Owens and Gohn,
1985). The Bass River I, Bass River II, Merchantville II, and Merchantville III sequence
also appear to be regional, whereas the regional significance of the Magothy II and Navesink II sequences is uncertain.
Sedimentation rates were high during at
least three periods during which the Magothy
II (ca. 89–88 Ma), Merchantville/Woodbury
(ca. 81–78 Ma), and Mount Laurel (ca. 75–72
Ma) units were deposited (Fig. 13). High sedimentation rates may also have been associated with deposition of the upper Englishtown
unit (ca. 77–76 Ma; Fig. 13). These periods
reflect times of increased influx of siliciclastic
input.
DISCUSSION
Facies Changes Within Sequences
Continuous cores through the thick Upper
Cretaceous sections at Ancora and Bass River
provide insights about models for sedimentation within sequences. The basic deltaically

influenced shoreline model for Upper Cretaceous facies styles in the New Jersey Coastal
Plain developed by Owens and Sohl (1969),
Owens and Gohn (1985), and Sugarman et al.
(1995) is valid in these downdip locations,
and the systems tracts of Posamentier et al.
(1988) are applicable to the coastal plain both
updip (Sugarman et al., 1995) and downdip as
shown here. HSTs are sandy and thick, whereas TSTs are thin and generally composed of
glauconite in the deeper marine sequences.
Lowstand deposits are rare in the coastal
plain; Upper Cretaceous LSTs are only preserved in the Marshalltown sequences at Ancora and the outcrop of the Navesink Formation in Matawan (Miller et al., 1999b).
Lowstand deposits are not expected landward
of prograding clinoform inflection points except in incised valleys. Available seismic profiles have not revealed a clinoform geometry
for the Upper Cretaceous section of New Jersey, though progradation can be inferred by
comparing the timing of appearance of medium to coarse sands within the Mount Laurel
Formation at Ancora (74 Ma) to the downdip
occurrence at Bass River (72.5 Ma). Thus, we
infer that the preservation of LSTs in the Upper Cretaceous section was restricted to incised valleys in regions behind clinoform inflection points.
The deltaically influenced shoreline model
(Fig. 4) predicts sandy HSTs in most sequences, a prediction that is generally upheld in Upper Cretaceous sequences at Ancora and Bass
River. However the major aquifers (Mount
Laurel and Magothy Formations) are thick
sand accumulations that thicken and thin closer and farther away from point sources, respectively. For example, the Magothy sands
thicken dramatically toward the Long Island
platform, but thin along strike to the southeast
of the Ancora–Bass River dip profile (Owens
and Gohn, 1985), indicating a primary source

to the northeast. In the case of the Magothy I
sequence, the high supply of sand and low sea
level overwhelms the sequence-stratigraphic
signature. The Magothy II and III sequences
show a predicted pattern of upper HST sands.
This difference suggests peak delivery of sand
to the Ancora–Bass River transect during the
late Turonian deposition of the Magothy I sequence and reduced supply thereafter. Sand
supply also increased in the late Campanian
during deposition of the Mount Laurel Formation. Comparisons with outcrop and other
subsurface data suggest multiple sources of
sand during deposition of the Mount Laurel
sequence because the formation shows a distinct along-strike pattern of thickening and
thinning of sands (Owens et al., 1970; Martino
and Curran, 1990).
Comparison of the Ancora and Bass River
sequences provides insights into updip vs.
downdip patterns of sedimentation. The Ancora and Bass River cores constitute a dip profile (Fig. 1). These sites are 33 km apart,
which translates into ;66 m of paleodepth
variation under the assumption of a gradient
of 1:500 (Steckler et al., 1999). Every Cretaceous sequence found at the downdip Bass
River site is also represented at the updip Ancora site, and the facies pattern persists updip
to downdip (Fig. 5). This depositional style is
unexpected because Miocene sequences in
New Jersey show a distinct pattern in which
more sequences are preserved in downdip
boreholes (Miller et al., 1997). We attribute
this contrast in depositional styles to deposition on a ramp during the Cretaceous compared to deposition of thick (hundreds of meters), prograding clinoforms on the Miocene
shelf (Steckler et al., 1999). The updip Ancora
site has higher amounts of medium to coarse
quartz sand than the downdip Bass River site,
as expected because Ancora is more proximal
to the source. Glauconite is also more com-

Figure 12. Comparison of Late Cretaceous data. Thin horizontal dashed lines are drawn at 5 m.y. increments (Sant.—Santonian). (A)
Deep-sea benthic foraminiferal d18O records (ODP [Ocean Drilling Program] Site 463, Barrera and Savin, 1999; Site 690, Barrera and
Savin, 1999; Site 511, Huber et al., 1995; Sites 1049, 1050, Huber et al., 2002) and planktonic foraminiferal d18O records (Site 463,
Barrera and Savin, 1999). Arrows are drawn through the inflection points of the isotopic records. Temperatures are computed by
assuming an ice-free world (dw 5 21.2‰ with respect to PDB [Peedee belemnite]; Shackleton and Kennett, 1975), with Nuttallides values
of20.76‰ relative to equilibrium (Pak and Miller, 1992), and the paleotemperature equation in Barrera and Savin (1999). (B) New
Jersey composite sequences (derived from Fig. 1). Gray boxes—time represented; white areas—hiatuses; and thin white lines—inferred
hiatuses. (C) Backstripped R2 eustatic estimates for Bass River (black, thin discontinuous lines) and Ancora (gray, thick discontinuous
lines) for both the conservative and preferred age models. (D) Our best estimate of eustatic changes for the New Jersey Coastal Plain
derived from the R2 curves (black continuous lines indicates parts of the curve constrained by data, dashed lines indicate parts inferred).
(E) The relative sea-level curve from northwest Europe (gray continuous line; Hancock, 1993) and the backstripped record from the
Russian platform (black continuous heavy line; Sahagian et al., 1996). Arrows indicate positive d18O inflections (inferred cooling and/
or ice-volume increases). (F) The EPR eustatic estimate (Haq et al., 1987). TA and UZA and numbers on the left side of the panel refer
to sequences defined by EPR (Haq et al., 1987).
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Figure 13. Average sedimentation rates within sequences for Ancora (black) and Bass
River (thick gray lines) derived from Table 1. The Bass River III sequence at Bass River
is not shown (off scale, 31 m/m.y.). K—Cretaceous; San.—Santonian; Con.—Coniacian.

greater thickness of the Merchantville Formation compared with other glauconite sands
can be explained by the fact that this formation is at least two or three different sequences
concatenated together. It is clear that the high
abundance of glauconite throughout the Navesink sequence(s) at Ancora is due to a very
low siliciclastic input in the central part of the
New Jersey Coastal Plain where the Navesink
lithology is dominant (e.g., at Ancora). In the
northern part of the coastal plain, local sands
developed from small point sources (e.g., the
Shrewsbury Member of the Red Bank Formation; the Tinton Formation). Downdip at
Bass River, a slowly accumulated clay predominates (New Egypt Formation). The uppermost Cretaceous–lower Paleocene greensands (the Hornerstown cycle of Olsson
(1991); the Navesink II sequence here) reflect
very little siliciclastic input, and deposition
was almost exclusively of authigenic glauconite. These facies relationships can be explained by high late Campanian siliciclastic
input, its reduction during the Maastrichtian,
and its virtual shutdown during the early Paleocene. This pattern is widespread, occurring
throughout the New Jersey Coastal Plain, and
must be ascribed to regional changes in sediment supply.
Olsson et al. (2002) showed that deposition
was continuous across the K/T boundary at
Bass River and that there was a minimal
change in sea level associated with the K/T
boundary. In the subsurface we show that the
K/T boundary occurred during deposition of
the Navesink II sequence (ca. 66–64.5 Ma;
Figs. 11 and 12). The sequence shallows upsection during the last 0.5 m.y. of the Cretaceous, culminating in a shallowing beginning
in the last 100 k.y. of the Cretaceous (Olsson
et al., 2002). However, there is no sequence
boundary associated with the K/T boundary;
a sequence boundary occurs in Biochron P1b
with a hiatus from ca. 64.5 to 63 Ma (Figs.
11 and 12).
Sequences and Sea Level

mon at the updip site, suggesting peak glauconite deposition on the middle shelf and
smothering by clay deposition on the outer
shelf. Recycling of glauconite (shown by
weathered brown to yellow-green grains compared to in situ, authigenic green-black glauconite) is indicated by the covariance of glauconite and quartz sands in the HST. Recycling
of glauconite in the HSTs is common in both
Upper Cretaceous sections, though more recycling occurred at the updip site. Mica is
more common at the updip site, but it is still
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common in the Bass River, Magothy, and
Woodbury Formations downdip (Fig. 5).
Sea level and sediment supply were important constraints on sequence development.
Thick, nonmarine to marginal-marine deposits
of the upper Turonian–Coniacian Magothy
Formation were influenced by high sediment
supply and a generally lower sea level (;30
m lower than the Bass River sequences). The
Merchantville Formation was deposited during a general peak in sea level during the latest
Santonian–early Campanian (Fig. 12). The

The Ancora and Bass River boreholes extend the dated record of sequences on the New
Jersey Margin from the Cenozoic (Miller et
al., 1996, 1998a) back to nearly 100 Ma. Pioneering work of Olsson (1963, 1975), Owens
and Sohl (1969), and Owens and Gohn (1985)
established that there were at least five Upper
Cretaceous sequences in the New Jersey
Coastal Plain. Here we not only document the
ages of these sequences fully, but also recognize and date six to eight additional
sequences.
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The ages of the New Jersey sequences are
remarkably similar to the global compilation
of EPR (Haq et al., 1987) and of Late Cretaceous events in northwest Europe (Hancock,
1993) and Russia (Fig. 12; Sahagian et al.,
1996). Of 16 eustatic lowerings reported by
EPR (Haq et al., 1987), 14 show correlative
events (within 60.5 m.y.) in New Jersey (Fig.
12). As noted by Hancock (1993), five to six
later Cretaceous (85–65 Ma) sequences in
northwest Europe appear to correlate with sequences in New Jersey (Fig. 12); limited age
control, time-scale problems, and the lack of
backstripping in the northwest European data
preclude closer comparison. An early Late
Cretaceous eustatic estimate from the Russian
platform (Sahagian et al., 1996) provides an
excellent comparison; six events correlate
with New Jersey, but the Bass River II and III
events are not discernible in the Russian platform record. The correspondence among these
records indicates a global control on Upper
Cretaceous sequence boundaries: eustatic
change.
Backstripping of coastal-plain boreholes
provides eustatic estimates that can be compared from site to site to evaluate internal consistency. Van Sickel et al. (2003) and Miller
et al. (2003) used the Ancora and Bass River
records to provide the first fully backstripped
eustatic estimate for the entire Upper Cretaceous section in New Jersey (Fig. 12). Backstripping of Upper Cretaceous onshore New
Jersey sequences yields sea-level amplitude
changes of greater than 25 m in less than 1
m.y. (Fig. 12). We do not capture the full eustatic amplitude across major hiatuses (dashed
lines, Fig. 12) because mostly TSTs and HSTs
are preserved and LSTs are largely missing;
therefore, the actual lowstands may be lower
than our estimates. The most prominent feature of our eustatic estimate are three major
rises at ca. 69, 76, and 84 Ma; these represent
major flooding events expressed by the development of widespread glauconite deposition
on this and other passive margins (e.g., northwest Europe).
Backstripping often yields results that are
counterintuitive because water-depth variations do not necessarily equate to sea-level
changes. Backstripping of the Ancora and
Bass River sections shows that major marine
transgressions associated with the Merchantville, Marshalltown, and Navesink Formation
glauconites are all eustatic highstands (Fig.
12). Although relative water depths were
greater during the deposition of the glauconites than during the Cenomanian–Turonian
sequences, backstripping shows the Bass River I middle Cenomanian sequence actually has

virtually the same (if not slightly higher) eustatic estimate than the Merchantville (182 m
for the Bass River I vs. 80–78 m for the Merchantville) even though the water depths were
much less (inner-neritic vs. middle neritic).
This result is consistent with observations on
other margins that show peak sea level in the
Cenomanian–Turonian (e.g., the Russian platform, Fig. 12; Sahagian et al., 1996).
Backstripping of the Ancora and Bass River
sections confirms that Late Cretaceous sealevel changes were large (tens of meters) and
rapid (,1 m.y.), as purported by Haq et al.
(1987) and documented for the early Late Cretaceous by backstripping of Russian platform
sections (Fig. 12; Sahagian et al., 1996). Such
large, rapid changes in global sea level can
only be explained by glacio-eustasy (Donovan
and Jones, 1979; Pitman and Golovchenko,
1983). However, noneustatic mechanisms—
such as large, rapid variations in subsidence—
could explain the patterns we observe; rapid
variations of in-plane stress could account for
large, rapid variations in subsidence (e.g.,
Saurborn et al., 2000). Karner (1986) modeled
the impact of in-plane stress on passive margins. Excess subsidence can generate an apparent sea-level highstand, such as we observe. In his model, Karner (1986) found that
for an old plate (in our case, 70–100 m.y.
postrifting), subsidence landward of the hinge
zone is generated by compressive stress and
decreases landward. Thus, the Ancora R2 estimates would be expected to be lower than
the Bass River R2 estimates. In general, the
fact that we see the opposite situation (Fig.
12) suggests that these events were not caused
by in-plane stress.
Active normal and reverse faulting has also
been cited in the Atlantic coastal regions
(Prowell, 1988). In particular, broad (40–300
km), Tertiary, tectonic uplift and subsidence
of the South Carolina Coastal Plain has been
mapped by Weems and Lewis (2002). We
think that Late Cretaceous–Tertiary tectonics
is an unlikely cause for our R2 events for a
number of reasons:
1. Backstripping documents that the only
discernible tectonic effect during the past 100
m.y. on coastal-plain subsidence is thermoflexural (Kominz et al., 1998; Van Sickel et
al., 2003).
2. Southern New Jersey has not been the
site of the large number or magnitude of earthquakes seen near Charleston, South Carolina,
and other areas of active faulting in the Atlantic Coastal Plain (Seeber and Armbruster,
1988).
3. Seismic lines from southern New Jersey
image faults in the New Jersey Coastal Plain

(Sheridan et al., 1991); however, there is no
evidence of faulting younger than the Cenomanian Potomac Formation (Olsson, 1991).
4. Our drilling results (e.g., Miller et al.,
1997) document that Cretaceous to middle
Miocene sedimentation in New Jersey was
more continuous than in many other coastalplain regions such as the Cape Fear Arch and
the South Carolina Coastal Plain (e.g., Brown
et al., 1972; Sohl and Owens, 1991).
5. Sedimentation in the New Jersey Coastal
Plain displays a simple pattern of increasing
preservation of sequences downdip for the
Neogene (Miller et al., 1997) and widespread
sequences from the Late Cretaceous (Olsson,
1991, this study) to Eocene (Miller et al.,
1997). Both patterns argue against major tectonic changes in the coastal plain.
Thus, our backstripping results combined
with seismicity, seismic stratigraphic data, and
distribution patterns of sediments all indicate
minimal tectonic effects on the Late Cretaceous to Tertiary New Jersey Coastal Plain.
Having eliminated horizontal and vertical tectonics as a source of these events, the remaining mechanism is glacio-eustasy.
Although the timing of EPR eustatic lowerings may be more or less correct, both the
New Jersey and Russian results show that the
EPR curve cannot be used as a valid Late Cretaceous eustatic record because the amplitudes
of the major EPR eustatic lowerings were too
high by a factor of at least two (Fig. 12). Although we do not capture the full amplitude
of change, this limitation is not sufficient to
explain the very large differences in amplitude
between EPR and New Jersey/Russian estimates (Fig. 12). In addition, the amplitude differences between New Jersey and EPR vary
through time, yielding markedly differentlooking eustatic curves (Fig. 12). For example, the extremely large middle Turonian and
middle Maastrichtian events reported by EPR
are muted in both backstripped records,
whereas the major flooding events at 69, 76,
and 84 Ma in New Jersey are less important
in the EPR record (Fig. 12). We conclude that
it is time to abandon the use of the EPR record
for the Late Cretaceous and suggest that the
New Jersey and Russian platform backstripped records provide the best substitute.
Having eliminated tectonics as a cause for
our sea-level estimates, the only mechanism
that can explain the size and rapidity of our
eustatic estimates is glacial growth and decay.
If ice-volume changes drove Late Cretaceous
sea-level changes, then foraminiferal d18O records should show increases associated with sequence boundaries. Such a link has been established for the late middle Eocene to
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Miocene (Miller et al., 1996, 1998a; Browning et al., 1996; Pekar et al., 2001). However,
Late Cretaceous d18O records have not attained the resolution needed to test their relationship with sequence boundaries. Previous
studies have linked the ca. 71 Ma basal Navesink I sequence boundary with d18O increases in deep-sea benthic and low-latitude planktonic foraminifera; on this basis, Miller et al.
(1999a) suggested that the 20–40 m eustatic
lowering of sea level at 71 Ma resulted from
the growth of a transitory ice cap equivalent
to 25%–40% of the volume of the present-day
East Antarctic ice cap. Scarce d18O data have
limited previous comparison of links between
Late Cretaceous global d18O records and
sequences.
New benthic foraminiferal d18O data (Huber
et al., 2002) allow preliminary comparisons
between Upper Cretaceous sequence stratigraphy and d18O records (Fig. 12). Coverage for
the Coniacian–lower Campanian is still limited to the deeply buried records from ODP
Site 511, and there are large data gaps in the
lower to middle Campanian and upper Turonian to Coniacian. Despite these limitations,
d18O comparisons are intriguing (Fig. 12), further suggesting the presence of small ice
sheets in this alleged greenhouse world: (1) A
major middle Cenomanian sequence boundary
(see also Gale et al., 2002) between the Potomac and Bass River I sequences (hiatus at
ca. 97–95.8 Ma) correlates with a major
(.1‰) d18O increase (Fig. 12), and (2) a middle Turonian sea-level lowering associated
with the Bass River III/Magothy contact (92–
91.5 Ma) may correlate with a major increase
in benthic foraminiferal d18O values (;1.0‰),
though additional data are needed to determine the precise timing of the increase (Fig.
12). Several other Coniacian–Campanian d18O
increases (dashed arrows, Fig. 12) may be related to sequence boundaries, but the data are
too sparse to provide a firm correlation.
Our comparisons link several Upper Cretaceous sequence boundaries to d18O increases
that are major deep-water (hence highlatitude) cooling events and possibly ice volume events; the increases must be ascribed
primarily to cooling because the ;1‰ increases cannot be totally due to ice-volume or
salinity variations. Nevertheless, the link between d18O increases and eustatic lowerings
(Fig. 12) implies that at least a part of the Late
Cretaceous d18O signature was due to development of ice sheets.
Miller et al. (2003) explained the presence
of ice sheets in the greenhouse world of the
Late Cretaceous by proposing that the ice
sheets were restricted in area in Antarctica,
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ephemeral, and paced by Milankovitch forcing. Modeling evidence (DeConto and Pollard, 2003) indicates that a 5–10 3 106 km3
ice sheet (Fig. 3B of DeConto and Pollard,
2003, shows a 10 3 106 km3 ice-sheet scenario) could have developed when atmospheric CO2 fell below a threshold. For the Oligocene continental configurations, this threshold
was estimated as three times that of the present; Cretaceous thresholds would have differed, but the modeling results illustrate
greenhouse ice-sheet and sea-level dynamics.
This ice sheet would not have reached the
Antarctic coast, hence explaining the relative
warmth in coastal Antarctica, but it would
have significantly influenced sea level by as
much as ;25 m and global d18O by as much
as 0.25‰. Application of modeling results
suggests that a maximum of 25% of the ;1‰
d18O increases at ca. 96, 93–92, and 71.2 Ma
may be attributed to ice (;25 m of eustatic
lowering); ;75% would be attributed to deepwater cooling of 3–4 8C (which by itself
would cause only 3–4 m of eustatic lowering;
Jacobs and Sahagian, 1993). Unlike the Oligocene and younger icehouse world, these
Late Cretaceous ice sheets probably only existed during short intervals of peak Milankovitch forcing, and the continent was ice free
during much of the greenhouse Late Cretaceous to middle Eocene.
Milankovitch forcing paced the development of the ephemeral ice sheets in Antarctica. Modeling studies of Matthews and Frohlich (2002) predicted glacio-eustatic falls from
Milankovitch orbital solutions that are similar
to those we obtained from the New Jersey
margin (Table 1). This convergence of model
predictions (Matthews and Frohlich, 2002)
with our sea-level history is remarkable (Table
1). The alternative to invoking Late Cretaceous ice sheets is that global sea-level changes were paced by as-yet-undefined mechanisms, because none of the other hypothesized
mechanisms (temperature effects, storage in
lakes, deep-water changes, groundwater, or
sea ice; Jacobs and Sahagian, 1993) can explain the observed 20–30 m changes in ,1
m.y.
With the exception of the ca. 71 Ma and
perhaps 96 Ma events, Late Cretaceous comparisons between sequence boundaries and
d18O increases are not compelling, and future
work must generate more detailed d18O records for the Late Cretaceous. Nevertheless,
our backstripping results require that large,
rapid sea-level variations occurred in the Late
Cretaceous greenhouse world, and we must
conclude that either small- to medium-sized
(5–10 3 106 km3) ice sheets paced sea-level

changes during this time or our understanding
of causal mechanisms for global sea-level
change is fundamentally flawed.
SUMMARY AND FUTURE WORK
We dated 11–14 Upper Cretaceous sequences at the Bass River and Ancora sites and correlated the sequence boundaries with sea-level
lowerings of EPR, northwest European, and
Russian sections, establishing a global cause.
Backstripping of the Bass River and Ancora
records provides a eustatic estimate for the
Late Cretaceous that differs in amplitude and
shape from the EPR record but agrees with
backstripped records from the Russian platform. The large, rapid eustatic changes require
either growth and decay of ice sheets ;25%–
50% of the size of the modern East Antarctica
ice sheet during the supposedly ice-free Late
Cretaceous or an unidentified mechanism that
controlled sea-level change at this time. Stable
isotope data suggest a glacio-eustatic cause for
the Campanian/Maastrichtian boundary (ca.
71.2 Ma) lowering and are consistent with a
glacio-eustatic cause for older lowerings.
However, additional stable isotope data from
deep-sea and onshore sections are needed to
test this link.
We integrate our interpretation of sea level,
ages, environments, and sedimentation rates
into an overview of Late Cretaceous sedimentation in the New Jersey Coastal Plain. The
New Jersey Coastal Plain formed as a result
of thermoflexural subsidence some 50 m.y. after rifting. Though accommodation was largely due to flexural subsidence of the coastal
plain, the form of onshore subsidence is thermal (Kominz et al., 1998). From ca. 120 to 97
Ma, deposition was largely fluvial and/or
alluvial-plain clays (interfluves and overbank
environments) and sands (channel, point-bar,
crevasse-splay, and fluvial-lacustrine environments) of the Potomac Formation. Pollen provides the primary age control for these red
beds that span the Early Cretaceous/Late Cretaceous boundary. Coring downdip at Ancora
recovered marine intercalations in the Potomac Formation. Future drilling may yield sufficient marine beds and improved pollen stratigraphy that may allow deciphering of the
Potomac Formation.
Following a major middle Cenomanian eustatic lowstand (97–95.8 Ma), marine deposition predominated in downdip locations (the
Bass River Formation at Bass River and Ancora). This major marine incursion occurred
in response to a general rise of sea level of
;20 m, punctuated by two eustatic lowerings
(94.6 and 93.5 Ma). A major middle Turonian
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eustatic lowering (92.1–91.4 Ma) separated
deposition of the Bass River Formation from
that of the thick, nonmarine to marginalmarine Magothy Formation.
High rates of sediment supply from a northeast source and a generally lower sea level
characterized late Turonian to Coniacian Magothy deposition, punctuated by two eustatic
lowerings (90–89.8 and 88.3–87.8 Ma). Peak
delivery of sand to the Ancora–Bass River
transect occurred during late Turonian Magothy I deposition; the sand supply was reduced
thereafter, as shown by the fact that the sands
of the Magothy II and III sequences are restricted to the HSTs.
A Coniacian eustatic lowering (86.7–85.2
Ma) was followed by deposition of the thin
lower to middle Santonian marine Cheesequake sequence and a subsequent late Santonian eustatic lowering (84.3–83.9 Ma). Pervasive glauconite deposition during a peak in sea
level began in the latest Santonian to early
Campanian with the Merchantville Formation.
The greater thickness of the Merchantville
Formation vs. other glauconite sands is the result of concatenation of three different sequences; eustatic lowerings occurred across
the Santonian/Campanian boundary (83.5 Ma)
and in the early Campanian (83.1–81 Ma).
High sedimentation rates (.17 cm/k.y.) during the middle Campanian deposition of the
Woodbury–lower Englishtown units represent
high deltaic input. Following a middle Campanian eustatic lowering (77.8–76.7 Ma) and
deposition of a thin, neritic glauconite sand
(now the lower part of the upper Englishtown), siliciclastic input continued to be high
during deposition of the middle Campanian
Englishtown sequence. A late Campanian eustatic lowering (76–75 Ma) was followed by
deposition of the glauconite sand bodies now
forming the late Campanian Marshalltown sequence; quartz sand input continued to be high
during the deposition of the HST of this sequence (in the Mount Laurel Formation).
A eustatic lowering spanning the Campanian/Maastrichtian boundary (71.2–69 Ma) was
followed by a secondary peak in sea level and
a return to glauconite deposition in the Maastrichtian Navesink Formation. Siliciclastic input was greatly reduced as glauconite deposition reigned during the Maastrichtian in
many parts of the state, whereas local sands
of the Red Bank Formation constitute the
HSTs in other parts. There may have been a
late Maastrichtian eustatic lowering (67–66
Ma), but there was minimal change in sea level and no sequence boundary associated with
the K/T boundary at Bass River and Ancora.
Siliciclastic input was minimal from the latest

Cretaceous into the early Paleocene. The Late
Cretaceous Epoch ended in New Jersey with
the delivery of impact-related spherules from
Chicxulub, Mexico (Olsson et al., 1997).
Thick, continuously cored sections at Ancora and Bass River have provided new insights into Late Cretaceous facies and sealevel history, though important issues remain
unresolved by drilling only two holes. The
number and significance of Magothy, Merchantville, and Navesink sequences require
verification and have global implications if
our eustatic estimate is to be used in place of
the EPR record. The Magothy issue of two vs.
three sequences (and attendant aquifer sands)
has local and regional hydrogeologic importance. Though outcrop-subsurface correlations
and chronology of sequences are both greatly
improved, uncertainties remain about the relationship and age of critical units (e.g., age
of the Englishtown sequence). Drilling at
Millville, New Jersey (Fig. 1), provides a Cretaceous section intermediate in dip position
between Ancora and Bass River, though the
Upper Cretaceous section thins toward the
southeast. Future drilling between Ancora and
Bass River is needed to resolve the Magothy
issue, whereas drilling in the northwest adjacent to the coast is needed to penetrate the
thickest marine Upper Cretaceous section possible while allowing correlation to offshore
seismic profiles. Drilling was scheduled along
the coast in fall 2003 near Sea Girt, New Jersey (Fig. 1).
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