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ABSTRACT

Boreholes from Island Beach, Allaire, Atlantic City, and Mays Landing, NJ provide an excellent chronology of lower to
middle Eocene passive margin sequences and allow analysis of long-term sea-level changes and sedimentation patterns. These
New Jersey sequences are tied directly to the geomagnetic polarity time scale through magnetostratigraphy. Integrated stratigra-
phy (including magnetostratigraphy, lithostratigraphy, plankton biostratigraphy, and benthic foraminiferal biofacies studies)
reveals that these sections contain a relatively continuous record of lowermost Eocene to middle Eocene deposition interrupted
by short hiatuses. A sequence boundary at the base of the section spans the Paleocene/Eocene boundary, representing a hiatus
from 55.8 to 54.7 Ma. A second sequence boundary is associated with a hiatus from 54.0 to 53.4 Ma. A third sequence bound-
ary is associated with a hiatus from 52.9 to 52.3 Ma. Two major unconformities occur near the lower/middle Eocene boundary
at all three boreholes. The first represents a hiatus between 50.9 and ~50.5 to 49.9 Ma; the second, between ~49.6 and 48.6 Ma.
Early Eocene water depths inferred from benthic foraminiferal biofacies analysis varied from 150 to 200 m and reached their
maximum depth between 53.4 and 53.2 Ma. In the middle Eocene, the sedimentation record is less continuous with hiatuses
from 48.3 to 47.9 Ma, 46.9 to 44.5 Ma, and 43.4 to ~41.2 Ma. A major lithofacies change from carbonate dominated to silici-
clastic dominated occurred by 41.2 Ma.

Of the 14 sequences inferred by Exxon for the early to middle Eocene, nine are resolvable on the New Jersey Margin and
the remaining five appear to be combined with others. Thus the New Jersey record is consistent with the Exxon record for the
early to middle Eocene, although the New Jersey record is better dated. Comparison of the record of sedimentation with the
global δ18O record shows interesting parallels. It is unlikely that early Eocene sequence boundaries are the result of gla-
cioeustasy because hiatuses from the New Jersey Coastal Plain in this interval do not match increases in the δ18O record. In the
late middle Eocene, concomitant increases in the planktonic and benthic δ18O records coincide with the timing of hiatuses on
the New Jersey Coastal Plain. Increases in the δ18O records between 43 and 41 Ma coincide with a New Jersey hiatus and a cor-
responding change in sedimentation type from carbonate dominated to siliciclastic dominated. We conclude that these represent
evidence of the first Antarctic ice cap and the beginning of the “Icehouse” world.
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INTRODUCTION

Because of debates over the dominant process driving sequence
formation, the Eocene provides a critical interval for evaluating caus-
es of global sea-level (eustatic) change and the validity of sequence
stratigraphy for global correlation. The only known mechanism for
producing the large, rapid sea-level changes that have been reported
in the early to middle Eocene is glacioeustasy (Donovan and Jones,
1979; Pitman and Golovchenko, 1983). Minimum benthic foramin-
iferal δ18O values are associated with peak Cenozoic warmth in the
early Eocene, an interval believed to lack significant ice sheets (a
“Greenhouse World,” Miller et al., 1987; 1991). Global clima
cooled in at least two steps in the early middle and late middle Eo
(Miller, 1992). The role of ice sheets vs. cooling in these middl
late Eocene δ18O increases is debated (e.g., Barron et al., 19
1991b), and this interval has been dubbed the “Doubthouse W
(Miller et al., 1991).
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These climate changes are reflected in changes in sedimenta
on mid-latitude continental shelves. Continental shelf sedimentat
throughout much of the Atlantic was dominated by carbonates in 
early Eocene (Steckler et al., 1995). Cooling associated with a δ18O
increase in the earliest Oligocene led to a change in sedimenta
type from carbonate dominated to siliciclastic dominated on shelv
throughout the mid-latitudes (Steckler et al., 1995; Miller et al., 
press). This change from carbonate has been termed the silicicla
switch (Miller et al., 1996). Our data from the New Jersey Coas
Plain (Fig. 1) suggest that the changeover was not abrupt at 
Eocene/Oligocene boundary but rather took place gradually, beg
ning by the late middle Eocene in onshore boreholes.

Although paleoceanographers generally agree that there were
significant early Eocene ice sheets, Haq et al. (1987) distinguish
numerous lower Eocene sequence boundaries and associated
level lowerings (Figs. 2, 3). There are four solutions to this appar
paradox:

1. The lower Eocene sequences identified by Haq et al. (19
were restricted to local basin(s), are not global, and do not 
flect eustasy. These lower Eocene sequences are based on
sections (e.g., outcrop studies in northwest Europe, particul
ly the Isle of Wight; Haq et al., 1987; B.U. Haq, pers. comm
1994; Berggren and Aubry, 1996) and are among the m
poorly documented of the Cenozoic. This solution is probab
not valid because there are many other “Greenhouse” interv
for which Haq et al. (1987) show large rapid sea-level chang
(e.g., early Cretaceous).

2. The sequences were controlled by low-amplitude sea-le
changes (e.g., 10 m of lowering in 1 m.y. can be explained 
229RQWHQWVRQWHQWV 1H[W�&KDSWHU1H[W�&KDSWHU

http://www-odp.tamu.edu/publications/150X_SR/150XTOC.HTM
mailto:jvb@rci.rutgers.edu


J.V. BROWNING ET AL.
numerous mechanisms including tectonoeustasy; Donovan
and Jones, 1979).

3. Mechanisms of sea-level change are not fully understood.
4. There were large ice sheets throughout much of the Cretaceous

to early Eocene.

Evaluating eustatic changes requires precise dating of unconfor-
mities (sequence boundaries) on different passive margins (Imbrie et
al., 1987). Few studies of Eocene sections have attained direct ties to
the geomagnetic polarity time scale (GPTS) and have the high chro-
nostratigraphic resolution (better than 0.5 m.y.) needed to evaluate
synchrony of unconformities. This results from a lack of suitable ma-
terial (e.g., boreholes) for integrated magnetostratigraphic, biostrati-
graphic, and isotopic stratigraphic studies. Sections in the Gulf Coast
(e.g., Hazel et al., 1984; Baum and Vail, 1988; Mancini and Tew,
1991), northwest Europe (Aubry, 1985, 1991; Plint, 1988, Ali and
Hailwood, 1995), and New Jersey (e.g., Olsson and Wise, 1987b;
Bybell and Self-Trail, 1995) provide the best candidates for integrat-
ed studies. Although most Eocene studies have focused on outcrops,
boreholes are less subject to weathering than outcrops, stratigraphic
positions are more precisely known, fossil preservation is usually
better, and more basinal (downdip and more fossiliferous) sections
can be analyzed.

New Jersey provides a good record of shallow-water (neritic;
<200 m) Eocene deposition, although previous studies of this region
were limited by a lack of continuously cored boreholes. New Jersey
Eocene outcrops are largely unfossiliferous and poorly dated. Sub-
surface biostratigraphic studies allowed division of the lower Eocene
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Figure 1. Location map showing boreholes on the New Jersey Coastal Plain
discussed in the text. Dark pattern indicates location of Eocene outcrop (after
Enright, 1969a). Outcrop belts are shown only for New Jersey.
230
(Manasquan Formation) and middle Eocene (Shark River Formation)
into seven sequences (Olsson and Wise, 1987a, 1987b), although di-
rect ties to the GPTS were not possible. The first continuously cored
borehole on the New Jersey Coastal Plain (the ACGS#4, [Fig. 1];
Owens et al., 1988) provided material for integrated biostratigraphic
(Poore and Bybell, 1988), magnetostratigraphic (Miller et al., 1990),
and benthic foraminiferal biofacies (Christensen et al., 1995) studies
of the uppermost lower to upper Eocene. Little of the lower Eocene
was penetrated (only 40 ft [12.2 m] was recovered). The Paleocene/
Eocene boundary has recently been recovered in an updip borehole
drilled at Clayton, New Jersey (Gibson et al., 1993), although the
lower to middle Eocene is truncated at this location (only 30 ft [9.1
m] was recovered).

Drilling at Allaire State Park (Sugarman et al., 1991) and Island
Beach, NJ (Miller et al., 1994b; this study) provided the first contin-
uous cores (78 and 226 ft [23.8 and 68.9 m]) of the entire lower
Eocene section in New Jersey. We analyzed lower and middle
Eocene sections at these boreholes and at ACGS#4 (Owens et al.,
1988) and Atlantic City (Miller et al., 1994a) to construct a detailed
early to middle Eocene chronology of sea-level change on this pas-
sive margin. Integrated stratigraphy, in conjunction with benthic for-
aminiferal biofacies analysis, is used to identify and date lower to
middle Eocene unconformities. The early to middle Eocene sequence
chronology developed here (Figs. 2, 3) allows us to evaluate correla-
tions with the inferred sea-level record of Haq et al. (1987) and the
δ18O record (Kennett and Stott, 1990; Pak and Miller, 1992, 1995).

PREVIOUS WORK

Conrad (1865) first identified Eocene sediments in New Jersey
and gave the name Shark River Marl to small outcrops near Asbury
Park, NJ. Cook (1868) subdivided the Eocene, which he termed the
upper marl bed, into three units: the Green Marl at the base, the Ash
Marl, and the Blue Marl. The Manasquan Formation was formally
defined by Clark (1894), who included the Green Marl and the Ash
Marl in the Manasquan Formation. The Blue Marl was identified as
the Shark River Formation. The first detailed work on Eocene sedi-
ments was by Enright (1969a, 1969b). He correlated the Manasquan
Formation to the early Eocene and the Shark River Formation to the
middle Eocene using the planktonic foraminiferal zones of Bolli
(1957a, 1957b). He also divided the Manasquan Formation into two
members: the Farmingdale Member, a clayey glauconitic sand, be-
low and the Deal Member, a sandy clay, above. He also divided the
Shark River Formation into the Squankum Member, an argillaceous,
glauconite sand, and the Toms River Member, a fine to medium
quartz sand found only in the subsurface. Ulrich (1976) refined the
planktonic foraminiferal biostratigraphy using the Turborotalia cer-
roazulensis and Globigerinatheka spp. lineages. Charletta (1980)
used cluster analysis to distinguish 11 benthic foraminiferal biofacies
which he associated with different environments of deposition.

The most definitive micropaleontological study of the New Jersey
Coastal Plain Eocene was that of Olsson and Wise (1987a, 1987b),
who recognized six early to middle Eocene hiatuses and correlated
them to the Haq et al. (1987) curve. They also developed a benthic
foraminiferal depth zonation scheme. Unconformities were recog-
nized by abrupt changes in lithology, abrupt changes in benthic fora-
miniferal biofacies, and gaps in the planktonic foraminiferal and cal-
careous nannoplankton zones.

The first continuously cored Eocene record was obtained from a
borehole drilled near Mays Landing, NJ (the ACGS#4 borehole;
Owens et al., 1988). Owens et al. (1988) described the stratigraphy of
the borehole, which recovered a complete middle and upper Eocene
section but only 40 ft (12.2 m) of the lower Eocene Manasquan For-
mation. They assigned the lower Eocene bioturbated clayey silt to the
Manasquan Formation and concluded that it was deposited in middle
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Figure 2. Distribution of sediments from the New Jersey Coastal Plain lower Eocene shown as a function of time and compared to the eustatic record of Haq et
al. (1987; recalibrated to the time scale of Berggren et al. [1995]), the benthic foraminiferal δ18O record from the Southern (Site 690, Kennett and Stott, 1990)
and Pacific Oceans (Site 577, Pak and Miller, 1992), and the planktonic foraminiferal δ18O record from the equatorial Pacific (Site 865, Bralower et al., 1995).
Paleodepths are inferred using benthic foraminiferal biofacies (Browning et al., Chapter 16, this volume). The letters C–H refer to benthic foraminiferal biofa-
cies. E1–E5 refer to Eocene sequences. Wavy lines indicate unconformities. The time scale of Berggren et al. (1995) is used throughout.
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to outer neritic environments. Above the Manasquan is 132 ft (40.2
m) of clayey silt and silty, very fine sand assigned to the Shark River
Formation. Locally glauconite is very abundant. This formation was
also interpreted as a marine shelf deposit. Poore and Bybell (1988)
studied the planktonic foraminiferal and calcareous nannoplankton
stratigraphy at that borehole. Despite finding all Eocene foraminifer-
al and nannoplankton zones, they suspected that some unconformi-
ties existed. Miller et al. (1990) identified several Eocene to Oligo-
cene unconformities in this borehole using integrated strontium iso-
topic stratigraphy, magnetostratigraphy, and lithostratigraphy. Aubry
(1991) also considered the hiatuses on the New Jersey Coastal Plain.
She successfully correlated a hiatus at the lower/middle Eocene
boundary in different sedimentary basins around the world but con-
cluded, contrary to what Miller et al. (1990) had found, that there was
only one unconformity near the lower/middle Eocene boundary in
New Jersey. She relied upon age-depth plots using calcareous nanno-
plankton data reported by Poore and Bybell (1988). Most recently,
Christensen et al. (1995), using benthic foraminifers, reported a num-
ber of hiatuses in the ACGS#4 borehole including two at the lower/
middle Eocene boundary.

METHODS

We combined studies of lithostratigraphy, planktonic foramin-
iferal and calcareous nannofossil biostratigraphy (ACGS#4: Poore
and Bybell, 1988; Miller et al., 1990; Island Beach: Miller et al.,
1994b; Atlantic City: Miller et al., 1994a; Allaire: this study [By-
bell]), magnetostratigraphy (Allaire: this study; Island Beach: Van
Fossen, Chapter 22, this volume; ACGS#4: Miller et al., 1990), and
benthic foraminiferal biofacies studies to recognize unconformities
and the duration of their associated hiatuses (Figs. 4–6). Discon
for-

mities in the three boreholes were identified on the basis of phys
and geophysical stratigraphy (including irregular contacts, rewo
ing, bioturbation, major facies changes, and gamma-ray peaks). P
conformities were inferred from biostratigraphic and magnetoch
nologic breaks (Fig. 4–6). Studies of benthic foraminiferal biofaci
helped confirm and identify disconformities and paraconformitie
Recognition of these surfaces allowed identification of sequenc
The magnetostratigraphy of the Allaire borehole is presented here
the first time (Fig. 7). The time scale of Berggren et al. (1995) is us
throughout. Samples were analyzed at Woods Hole Oceanogra
Institution for percent calcium carbonate by weight using the Au
mated Carbonate System (Ostermann et al., 1990) with a precisio
0.8%−1.0%.

Random samples of 300 benthic foraminifers from the grea
than 150-µm fraction were obtained from ~4- to 10-ft intervals (1−3
m). Species were identified using the taxonomy of Bandy (1949) s
plemented by Charletta (1980), Jones (1983), and this study. Q-m
factor analysis of percentage data on the entire data set was 
formed. A visual estimate of species abundances in the 63- to 1
µm-size fraction was conducted to identify the five paleobathymet
biofacies of Olsson and Wise (1987b). These range from inner–m
dle neritic (0−65 m; Biofacies 1) to the outer neritic (160−200 m;
Biofacies 5).

RESULTS

Benthic Foraminifers

Nine stratigraphically interpretable factors explaining 79.8% 
the variation were extracted from the lower to middle Eocene fau
at Island Beach, Allaire, ACGS#4, and Atlantic City (Figs. 2, 3
These represent eight biofacies that have been used to interpret w
231
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Figure 3. Distribution of sediments from the New Jersey Coastal Plain middle Eocene shown as a function of time and compared to the eustatic record of Haq et
al. (1987) (recalibrated to the time scale of Berggren et al. [1995]), the benthic foraminiferal δ18O record from the Southern (Sites 689 and 690, Kennett and
Stott, 1990) and South Atlantic Oceans (Site 527, Shackleton et al., 1984), and the planktonic foraminiferal record from the equatorial Pacific (Site 865, Bral-
ower et al., 1995). Paleodepths are inferred using benthic foraminiferal biofacies (Browning et al., Chapter 16, this volume). E4–E8 refers to Eocene sequences.
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depths on the continental shelf (detailed descriptions of the biofacies
and derivation of the paleodepths is given in Browning et al., Chapter
16, this volume). The biofacies and the factors that define them are
discussed from shallowest (Biofacies A) to deepest (Biofacies H):

Biofacies A is defined by Factor 5 (4.8% explained; 190−175 ft
[57.9−53.3 m] at Allaire; 41.2–40.2 Ma) and is characterized by Glo-
bobulimina ovata, Cibicidina praeconcentricus, Gyroidinoides octo-
cameratus, and Alabamina wilcoxensis.

Biofacies B is defined by Factor 7 (4.4% explained; 1420−1390 ft
[432.8−423.7 m] at Atlantic City; 800−780 ft [243.8−237.7 m] at Is-
land Beach; 205−200 ft [62.5−61.0 m] at Allaire; 41.2–40.5 Ma) and
is characterized by Cibicidoides pippeni and Hanzawaia blanpiedi.

Biofacies C is defined by Factor 6 (5.5% explained) and is ch
acterized by Cibicidoides cf. pseudoungerianus, Anomalinoides acu-
ta, and Cibicidoides cocoaensis.

Biofacies D is defined by Factor 1 (20.3% explained) and is ch
acterized by Siphonina claibornensis. Biofacies C and D alternate in
dominance between 914 and 855 ft (278.6 and 260.6 m) at Is
Beach, 270 and 230 ft (82.3 and 70.1 m) at Allaire, and 938 and
ft (285.9 and 272.2 m) at ACGS#4 (51.4–49.6 Ma).

Biofacies E is defined by Factor 3 (15.3% explained; 1000−914 ft
[304.8−278.6 m] at Island Beach, 299−270 ft [91.1−82.3 m] at Al-
laire, 945−938 ft [288.0−285.9 m] at ACGS#4; 53.2–51.4 Ma) and 
characterized by Cibicidoides aff. subspiratus.

Biofacies F is defined by Factor 4 (7.5% explained) and is ch
acterized by high positive scores for Cibicidoides cf. mimulus, Osan-
gularia expansa, and Anomalinoides acuta. It dominates at Island
Beach at the base of the Manasquan Formation (1075.5−1015 ft
[327.8−309.4 m]; 54.7–54.0 Ma; earliest Eocene).
232
ar-

ar-

and
93

ar-

Biofacies G is defined by Factors 2 and 9. Factor 2 (16.1%
plained; 852−800 ft [259.7−243.8 m] at Island Beach; 224−210 ft
[68.3−64 m] at Allaire; 848, 830−793 ft [258.5, 253.0−241.7 m] at
ACGS#4; 1450−1430 ft [442.0−435.9 m] at Atlantic City; 44.5–43.4
Ma) is characterized by Cibicidoides subspiratus. Factor 9 (2.9% ex-
plained; 870−852 and 843 ft [265.2−260 and 256.9 m] at ACGS#4
47.9–47 Ma) is characterized by Cibicidoides cf. praemundulus.

Biofacies H is defined by Factor 8 (3.0% explained; 1015−1000 ft
[309.4−304.8 m] at Island Beach; 53.4–53.2 Ma) and is character
by Cibicidoides eocaena, Eponides jacksonensis, and Gavelinella
capitatus,

These biofacies have predictive value concerning the depositi
environments of the sediments in which they occur (Browning et
Chapter 16, this volume). By integrating a paleoslope modeling te
nique (Olsson and Wise, 1987b) with studies of modern benthic f
miniferal faunal distributions, lithofacies analysis, and comparis
with the biofacies of Olsson and Wise (1987b), changes in faunas 
related to changes in paleowater depth (see Browning et al. [Ch
16, this volume] for derivation of the paleodepths for these biofaci
This technique allowed interpretation of the absolute paleode
these faunas inhabited. The deepest water fauna is Biofacies H w
paleodepth or 185 ± 15 m. Biofacies E has a paleodepth of 155 ± 15
m; Biofacies D has a paleodepth of 125 ± 15 m; Biofacies F and G
have paleodepths of 135 ± 25 m; Biofacies C has a paleodepth of 1
± 10 m; Biofacies B has a paleodepth of 75 ± 15 m; and Biofacies A,
the shallowest water fauna, has a paleodepth of less than 65 m
probably 50 ± 15 m. Maximum paleodepths of 170−200 m (Biofacies
H) were attained during the early Eocene (~53.4–53.2 Ma; 1019−1000
ft [310.6−304.8 m] at Island Beach). The remainder of the ea
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Eocene and most of the middle Eocene sections were deposited at in-
ferred paleodepths of 90−170 m (Biofacies C, D, E, F, and G).

Integrated Stratigraphy

Age-depth diagrams of the Island Beach and ACGS#4 boreholes
(Figs. 4−6) integrate ages of significant bioevents and magneto-
stratigraphy. The two boreholes have comparable magnetobiostrati-
graphic resolution (Fig. 8), although the lower part of the lower
Eocene was not cored at ACGS#4. The Atlantic City borehole recov-
ered little of the middle Eocene (Fig. 3). The updip Allaire core (Fig.
7) is more difficult to date accurately, because the section is more
condensed, magnetostratigraphy is difficult in the sandier sediments,
and biostratigraphic markers are rarer. Correlation to Island Beach
was accomplished using available biostratigraphy, magnetostratigra-
phy, and benthic biofacies (Fig. 8). Depth-depth diagrams among the
three boreholes were used to delineate sequences (Fig. 8). An attempt
was also made to tie the facies to specific systems tracts to gain a
clearer understanding of deposition and to attempt to date the maxi-
mum flooding surfaces (MFS) within each sequence. In the New Jer-
sey Coastal Plain, lowstand systems tracts are absent, and it is only
the transgressive and highstand systems tracts that occur. A typical
New Jersey sequence has a glauconite sand at the base, interpreted to
be the transgressive systems tract (TST), overlain by early highstand
systems tract (HST) clays and silts with late HST sands at the top
(Sugarman et al., 1993). New Jersey Eocene onshore sediments do
not always resemble a typical New Jersey sequence, because they
rarely have sand at the base. Eocene sequences are from relatively
deep water, and the basal sediments occur as a condensed section.
The MFS is associated with this condensed interval (Posamentier et
al., 1988). Condensed intervals can be recognized by a higher diver-
sity of planktonic foraminifers than intervals above or below (Powell,
1992). In addition, glauconite tends to accumulate at those times be-
cause siliciclastic sediments are trapped in the near shore region.
Sequence E1

A disconformity at 1075.5 ft (327.8 m) at Island Beach (Fig. 4),
separating the Vincentown and Manasquan Formations, is indicated
by an irregular surface evidencing erosion, a lithofacies shift, and a
sharp gamma log increase. The extent of the hiatus is disputed, as is
the position of the Paleocene/Eocene boundary. The surface underly-
ing the unconformity is not easily dated. Sediments below it are nor-
mally magnetized, and those above are reversed representing the dis-
conformable transition from Chronozone C25n to C24r. The transi-
tion from Chronozone C25n to C24r is no younger than 55.9 Ma. The
age of the surface above is controversial. M.-P. Aubry (pers. comm.,
1995) found that the first occurrence (FO) of Tribrachiatus bram-
lettei, and hence the NP9/NP10 boundary, is coincident with the Vin-
centown/Manasquan boundary at Island Beach, and Tribrachiatus
contortus morphotype A is also found at the base of the Manasquan
Formation. Berggren et al. (1995) found that the range of the latter
species is from 54.37 to 54.17 Ma, making the base of the Manasquan
Formation no older than 54.37 Ma. Hence, according to Aubry’s i
terpretation, the Paleocene/Eocene boundary is lost in the cont
and the hiatus is ~1.53 m.y. (from 55.9 to 54.37 Ma).

Pak (1995) examined stable isotopes of oxygen and carbon a
found excellent correlation between the signals found at Island Bea
and in deep-sea cores. In particular, she found that a large decr
in the δ13C record at Island Beach resembles a similar shift in the la
est Paleocene δ13C record of deep-sea boreholes (the Carbon Isoto
Excursion, CIE), leading her to conclude that the Paleocene/Eoc
(P/E) boundary is preserved in the Island Beach borehole at ~107
(327 m). Pak’s (1995) interpretation requires a short hiatus (~0
m.y.) associated with the disconformity at 1075.5 ft (327.8 m).

A slight variation on this hypothesis is that a sequence boundary 
in the interval between 1045 and 1055 ft (318.5 and 321.6 m), wh
was lost during drilling. This would allow the base of the Manasqu
to be Paleocene and the carbon isotope increase of Pak (1995) to b
233
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CIE. The lower sequence would have ages of 55.6–55.3 Ma, wh
the upper sequence would be between 54.3 and 54.0 Ma.

Stensoina beccariformis was found in all samples between th
Manasquan/Vincentown Formation boundary to 1055 ft (321.6 m
the deep sea, this taxon becomes extinct at the CIE (van Morkh
et al., 1986). There are three possibilities: first, that the range of
taxon is incompletely known; second, the specimens are rewo
from older sediments; or third, that the sediments are Paleocene

The planktonic foraminifers do not give a definitive answer.
single specimen of Morozovella acuta was found at 1074 ft (327.4
m), along with a single specimen of Pseudohastigerina sp. Berggren
et al. (1995) report that the highest occurrence of M. acuta coincides
with the highest occurrence of M. velascoensis in deep-sea boreholes
indicating a Paleocene age. However, Berggren et al. (1995) stat
whereas Pseudohastigerina has a FO at the P/E boundary in the tro
ics, its FO is progressively younger in higher latitude cor
Pseudohastigerina is found continuously throughout the Manasqu
Formation at the Island Beach borehole. The interpretation ado
for this paper is that the highest occurrence of M. acuta is accurate,
and the base of the Manasquan Formation is 54.7 Ma with a hiat
1.2 m.y. (from 55.9 to 54.7 Ma). This would require either an ext
sion of the range of T. contortus morphotype A or require some con
tamination, but is consistent with the base of the Manasquan Fo
tion being NP10 (Aubry, pers. comm., 1995). The alternative, 
deposition took place between 54.37 and 54.17 Ma based on
range of T. contortus morphotype A of Berggren et al. (1995), r
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quires that the sequence above the unconformity have an anomal
ly high sedimentation rate (85 m/m.y.).

The lowermost Eocene sequence continues to 1019.7 ft (310.8
where there is a subtle break in sedimentation. This sequence is d
inated by Biofacies F, which is characterized by Cibicidoides cf.
mimulus and Osangularia expansa. Also important in this assem-
blage are Anomalinoides acuta, and Bulimina macilenta. Cibici-
doides spp. dominates at the top of the sequence. The sequence 
sists of silty clay with glauconite sand at the base (1075.5−1071.6 ft
[327.8−326.6 m]), laminated clay–glauconite clay (1071.6−1071.2 ft
[326.6−326.5 m]), capped with slightly sandy silts (1071.2−1019.7 ft
[326.5−310.8 m]) that contain equal parts of quartz and glauconi
The change in lithology, at 1071.6 ft (326.6 m), is probably associ
ed with a change in systems tracts from a TST to a HST and may
a MFS. This horizon is also associated with the only occurrence in 
sequence of M. acuta, which may indicate deeper water on the she
that allowed this taxon to penetrate. The inferred age of this surfa
is dependent upon the age model chosen. Assuming one sequen
the interval, the MFS is dated at ~54.4 Ma. This sequence repres
predominantly HST deposition with a highly reduced TST. There 
little change in the benthic biofacies across this surface and f
changes in the biofacies in this entire sequence, indicating that wa
depth changes in this interval were probably less than 30 m. The 
tire sequence was deposited in 0.7 m.y. with a sedimentation rate
24 m/m.y. Biofacies F indicates paleodepths of 135 ± 25 m. Average
percent carbonate for these sediments is ~7%.
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An unconformity, separating glauconitic sandy silts below from
silts above, occurs at 1019.7 ft (310.8 m) at Island Beach (Fig. 4). The
unconformity is marked by a thin clay layer with an increase in glau-
conite immediately above the surface. A short hiatus of 0.6 m.y. (from
54.0 to 53.4 Ma) is associated with this surface. The surface marks the
change from Chronozone C24r to C24n (53.4 Ma). Morozovella for-
mosa formosa (FO = 54.0 Ma) and Tribrachiatus orthostylus (53.6
Ma) have lowest occurrences in the sediments above this surface (Fig.
4). Minor amounts of biofacies mixing occur across the surface (i.e.,
the sample at 1019.0 ft [310.6 m] is a mixture of Biofacies F and H),
although there is a clear deepening across the surface from paleo-
depths of 135–185 m (Biofacies F to H, Fig. 2). We interpret t
deepening as reflecting a change from the regressive HST (Posa
tier et al., 1988) of the underlying sequence to the deepest water “
densed section” of the overlying sequence (Loutit et al., 1988).

The E2 sequence at Island Beach, between 1019.7 and 9
(310.8 and 296.3 m) is fine grained. It was deposited between 
and 52.9 Ma (late Biochron NP11 and earliest NP12). The base 
tains glauconite sand similar to the New Jersey sequences desc
from Miocene sections (Sugarman et al., 1993). The sediments
tween 1018 and 1000 ft (310.3 and 304.8 m) are almost entirely 
is
en-

on-

2 ft
3.4
on-
ibed
be-
ilty

clay with very little sand, and the sand fraction is dominated by fo
minifers. The sediments above this become increasingly sand rich
to 25%, with the sand fraction dominated by fine and very fine qua
At 990 ft (301.8 m), radiolarians become important in the sand fr
tion and constitute 20% of sands to the top of the sequence. Thes
iceous microfossils have been diagenetically altered, in places
porcellanites. Especially thick (>15 cm) porcellanites are found
992.7−993.2 ft (302.6−302.7 m) and 976.6−977.2 ft (297.7−297.9
m). The sedimentation rate for this sequence is 29 m/m.y. The per
carbonate is ~10%.

The base of Sequence E2 (1019.7−1000 ft [310.8−304.8 m]) con-
sists of Biofacies H, which is dominated by Cibicidoides eocaena,
Eponides jacksonensis, and Gavelinella capitatus. Species common
higher in the section such as Cibicidoides cocoaensis, Cibicidoides
pseudoungerianus, and Cibicidoides vicksburgensis are absent. At
1000 ft (304.8 m), benthic Biofacies H is replaced by Biofacies 
Biofacies E dominates most of the Manasquan Formation and is c
acterized by the common occurrence of Cibicidoides aff. subspiratus,
which dominates the biofacies, and Anomalinoides acuta, Cibici-
doides eocaena, and Turrilina robertsi. Biofacies H was deposited in
paleowater depths of ~185 ± 15 m, representing the deepest water 
the Cenozoic, and Biofacies E was deposited in paleowater depth
~155 ± 15 m.
235
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Sequence E2 is also present at the Allaire State Park borehole. It
is ~20 ft thick (6.1 m) and consists of coarse glauconite sand at the
base that rapidly fines upward to a slightly sandy clay. The biofacies
are similar to those at Island Beach with dominant Cibicidoides cf.
subspiratus (Biofacies E). The uppermost sample in this sequence
contains an abundance of Turrilina robertsi, which is an indicator of
Olsson and Wise’s (1987b) Biofacies 4 and 3. This may indicate 
some shallowing took place during deposition, although a coe
shallowing is not apparent at Island Beach. We interpret the cha
from Biofacies H to Biofacies E and the shift in lithology from cla
to slightly sandy clay to be the MFS and the shift from transgres
facies to highstand facies. This change is dated as 53.1 Ma at I
Beach.

Sequence E3

A distinct surface at 972 ft (296.3 m) at Island Beach is mar
by a porcellanite in the underlying material and an erosional surf
Discoaster lodoensis has its lowest occurrence above this surfa
and Morozovella aragonensis occurs 3 ft (0.9 m) below the surface
indicating a hiatus from 52.9 to 52.3 Ma. The occurrence of M. ara-
gonensis below the surface is attributed to contamination or dow
ward piping. This surface also represents the contact of Chronoz
C24n and C23r.

Sequence E3 extends to 876 ft (267 m) at Island Beach (u
two-thirds of calcareous nannoplankton Zone NP12; planktonic 
aminiferal Zone P7; Magnetochron C23). This sequence does
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Figure 7. Magnetostratigraphic and biostratigraphic data for the Allaire bore-
hole. See Figure 6 for explanation of lithologic symbols.
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have a basal glauconite and thus is not a typical New Jersey seque
It is dominated by silt and clay with sand rarely exceeding 20% of th
sediments. The sand fraction between 972 and 940 ft (296.6 a
286.5 m) is dominated by foraminiferal and radiolarian tests. Be
tween 940 and 915 ft (286.5 and 278.9 m), the sand fraction is do
inated by fine and very fine quartz sand. From 915 to 876 ft (278.9
267 m), the sand fraction is dominated by foraminiferal tests wit
glauconite, quartz, and radiolarian tests being relatively unimportan
Glauconite is rare to absent in these sediments. The percent carbo
in these sediments averages 15%. The foraminifers at the base of 
sequence are characterized by Biofacies E. Biofacies E is replace
914 ft (278.6 m) by Biofacies D, which is characterized by Siphonina
claibornensis along with Anomalinoides acuta. This is replaced at
896 ft (273.1 m) by Biofacies C, which is characterized by Cibici-
doides pseudoungerianus, Cibicidoides cocoaensis, and Anomali-
noides acuta. This paleodepths of this sequence shallowed from 15
± 15 m at the base to 100 ± 10 m at the top.

Sequence E3 is also found in the Allaire State Park boreho
(280–243 ft [85.3–74.1 m]). As at Island Beach, benthic foraminife
al Biofacies E at the base is replaced by Biofacies D (265 ft [80.8 m
which is in turn replaced by Biofacies C (248 ft [75.6 m]). At Allaire,
the sediments are slightly more glauconitic at the base at 275 ft (8
m). They become more clay rich; at the top fine to very fine sand b
comes more dominant.

Sequence E3 is the oldest sequence recovered at the ACGS
borehole. It is fine grained, and the sand-sized fraction consists 
~20% fine to very fine quartz and 25% diatom tests. The remaind
is foraminiferal tests. The change in foraminiferal biofacies from
Biofacies E at the base to Biofacies C at the top clearly shows th
shallowing occurs within this sequence.

At Island Beach, this sequence contains a number of thick (up 
0.3 m) porcellanite units correlative to Reflector Ac (Tucholke and
Mountain, 1979; Fig. 2). Species richness, equitability, and perce
planktonic foraminifers decrease throughout the interval from hig
values at the base, which is indicative of shallowing sea level (Gibs
and Buzas, 1973).

The MFS is difficult to interpret in this sequence. As in sequenc
E2, the MFS is interpreted to be at the point where the sand fracti
increases significantly. This takes place at 940 ft (286.5 m) at Isla
Beach (51.8 Ma). Because of poor recovery, the MFS cannot be 
terpreted at Allaire. The base of this sequence, and hence the M
was not recovered at ACGS#4.

Sequence E4

We infer an unconformity, dated at 50.9 Ma, at all three borehole
(876 ft [267 m] at Island Beach, 243 ft [74.1 m] at Allaire, and 920 f
[280.4 m] at ACGS#4). This is a paraconformity at Island Beach wit
no physical surface observed in the core. This unconformity is in
ferred from a deepening associated with a biofacies shift from Biof
cies C to Biofacies D above. It coincides with the contact betwee
Chronozone C23n and a truncated upper C22r; it is just above 
highest occurrences of Morozovella formosa formosa and Tribrachi-
atus orthostylus (Fig. 4). The lowest occurrence of Planorotalites
palmerae is slightly above the unconformity at 875 ft (266.7 m) a
Island Beach, indicating that planktonic foraminiferal Zone P8 i
highly truncated or missing and that the unconformity encompass
much of early Chron C22r. At the ACGS#4 borehole, the absence
Zone P8 is indicated by the co-occurrence of Planorotalites palmerae
and Morozovella formosa formosa at 920.5 ft (280.6 m; Fig. 5). The
hiatus associated with this unconformity is at least 0.4 m.y. (50.9
50.5 Ma), if a sedimentation rate of 5 m/m.y. is inferred for the sed
ments above the unconformity, or 1.0 m.y. (50.9–49.9 Ma) if a sed
mentation rate of 20 m/m.y. is inferred (Figs. 2, 4). The lack of 
physical surface with a hiatus of this magnitude is unusual in the Ne
Jersey Coastal Plain.
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lines indicate unconformities. Solid squares = magnetic reversals at Allaire, open squares = magnetic reversals at ACGS#4, open circles = faunal lowest occur-
rences, and X = faunal highest occurrences.
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The sediments deposited between 50.5 and 49.5 Ma at all three
sites are intensely bioturbated with dark gray clays interbedded with
pale yellow clays. A sharp surface at 862 ft (262.7 m) at Island Beach
is associated with a “kick” in the gamma-ray log and a change f
a pale yellow marl below to a glauconitic silty sand above; howe
there is no discernible hiatus associated with this surface that is
fined to Chronozone C22n. The unit between 862 and 857 ft (2
and 261.2 m) at Island Beach grades upward into an pale yellow
that apparently is not present at ACGS#4 (Fig. 8). Very coarse g
conite and quartz sand occurs at 862 ft (262.7 m). The percen
bonate is 5% above 862 ft (262.7 m) and 25% in the sediments be
This surface separates the Manasquan and Shark River Forma
These sediments are dominated by Biofacies D, indicating pa
depths of 135 ± 15 m.

The absence of a glauconite layer at the base makes it difficu
resolve the MFS in the sequence. The fact that these sedimen
highly bioturbated may mask these thin facies variations. The ju
position of M. formosa formosa and P. palmerae in the ACGS#4
borehole may indicate a highly condensed section and that the 
is at the base of the sequence.

Sequence E5

Another major unconformity occurs at all three boreholes wit
a stratigraphic interval correlative to the top of Chronozone C22n
Island Beach, this surface (857 ft [261.2 m]) is represented by a s
facies change from pale yellow marls below to a glauconite s
above and a “kick” in the gamma-ray log. The hiatus may be less
0.5 m.y. (~49.6–49.1 Ma) or as long as 1 m.y. (49.6–48.6 Ma),
pending on the assumed sedimentation rate (Figs. 2, 4). Thus, 
are at least two major hiatuses associated with the latest early Eo
at all three sites, as noted by Miller et al. (1990) and Christense
al. (1995) at the ACGS#4 borehole.
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We note at least one, if not two, lowermost middle Eocene (Ch
C21r) sequences. All three boreholes contain an upper Chronoz
C21r section dominated by Biofacies D and G with a glauconite s
at the base (Fig. 2). The sediments contain up to 50% carbonate
ACGS#4, there may be a unit, not present at Island Beach or All
(Fig. 5), that is older than the Island Beach glauconite sand (betw
905 and 893 ft [275.8 and 272.2 m]; early Chron C21r). This may
a separate sequence at ACGS#4 (Figs. 2, 5) or it may be the TS
the sequence based on the continued dominance of Siphonina clai-
bornensis in the overlying biofacies (Fig. 5). We cannot choose b
tween these two interpretations at this time. The age of the glauco
unit at ACGS#4 is 48.5 Ma, which is also the most likely age for t
base of the sequence at Island Beach. The only occurrence of Dis-
coaster lodoensis at ACGS#4 is at 890 ft (271.3 m). We interpret th
top of the glauconite associated with the presence of these age-
nostic fossils as evidence for the MFS.

Sequence E6

Another unconformity in this interval occurs in sediments corre
ative to Chronozone C21r (~48.3 Ma). At Island Beach, a 0.3-m-th
hardground (846 ft [257.9 m]) separates two sequences. The un
formity is at ~884 ft (269.4 m) at ACGS#4, and the hiatus, which
associated with the boundary between Chronozones C21r and C
is from 48.3 to 47.9 Ma. The hiatus is associated with a change f
Biofacies D, dominated by Siphonina claibornensis, to Biofacies G,
dominated by Cibicidoides subspiratus. Sequence E6 is not presen
at the other boreholes. Calcareous nannoplankton indicate depos
during Biochrons NP14b and NP15a (48.5–46.1 Ma). A layer co
taining abundant glauconite occurs between 870 and 860 ft (26
and 262.1 m) at ACGS#4. Both Poore and Bybell (1988) and Au
(1991) placed an unconformity in the lower part of the Shark Riv
Formation between the lowest occurrences in the core of Discoaster
237



J.V. BROWNING ET AL.

a
u

 5
n

a
ic
pr
T
s

n
c
 o
 t
5

d
6
]

 
a
b
a
a
/

e
a
t
k
r
 

b
r 

0%
and
sts

 the
ents
ntic
ller
 de-

hs
ck
i-
ons
one
2.6

ove
ne
me

ew
DP
. It
 by
from
m to
htly
in
el-
m)
an

e
 in

 at
n at

 the

 not
ciated
 are

y to
t al.
;
al.
ag-

rt.”
n be

. or
y. or
im-
nce
 pri-

dle

 for
rsey
rs.
2.4

o the
ed
sublodoensis at 902 ft (274.9 m) and Nannotetrina fulgens at 860 ft
(262.1 m). Poore and Bybell (1988) suggested that the unconformity
was most likely associated with the glauconite layer. This leads to the
possibility that two sequences are present between 880 and 844 ft
(268.2 and 257.3 m) in the core. A more parsimonious explanation is
that the glauconite bed represents the condensed section, and the sed-
iments below belong to the TST. The occurrence of Rhabdosphaera
inflata at 870 ft (265.2 m) probably marks deep water and the MFS
at 47.5 Ma. The sequence between 880 and 844 ft (268.2 and 257.3
m) is very fine grained with almost the entire sand fraction composed
of foraminiferal tests. It is characterized by Biofacies G with Factor
9 at the base replaced by Factor 2 at the top.

Sequence E7

At ACGS#4, there is an unconformity at 844 ft (257.3 m). Owens
et al. (1988) identified an indurated pyritic layer containing flattened
shells at 844 ft (257.3 m). This is probably the TST immediately
above the unconformity. The only occurrence of Blackites gladius is
at 843 ft (256.9 m). The FO of this species is not used as a biostrati-
graphic marker, but its range is generally confined to Zone NP15c
(Figs. 5, 6). This would agree with the absence of Chiasmolithus gi-
gas from the borehole. This also corresponds well with the Chrono-
zone C21/C20 boundary. The duration of this long hiatus can only be
approximately estimated as at least 46.9–44.5 Ma.

A sequence deposited between 44.5 and ~43.4 Ma occurs 
three boreholes (Fig. 3). The upper portion of this sequence is fo
at the bottom of the Atlantic City borehole. It comprises roughly
ft (15.2 m) of section at ACGS#4, 46 ft (14.0 m) of section at Isla
Beach and 20 ft (6.1 m) of section at Allaire. This sequence is do
nated by Biofacies G. At Island Beach the sequence is predomin
clay. The sand fraction contains glauconite at the base, but it qu
becomes 100% foraminifers. The glauconite layer is more 
nounced at ACGS#4, reaching a maximum at 830 ft (253.0 m). 
amount of quartz relative to glauconite increases upsection. Thi
terpretation for the sediments implies that B. gladius (as found by
Poore and Bybell, 1988) and M. aragonensis (as found by Miller et
al., 1990) have premature last occurrences on the coastal plai
that Globigerapsis kugleri has a delayed FO. The increase in glau
nite at the base of this sequence, along with the only occurrenceR.
gladius in the ACGS#4 and Island Beach boreholes, is evidence
the MFS is near the base of this sequence, which is dated at 44.

Sequence E8

An unconformity constituting the base of Sequence E8 is foun
all four boreholes (800 ft (243.8 m) at Island Beach; 1431 ft [43
m] at Atlantic City; 204 ft [62.2 m] at Allaire; and 792 ft [241.4 m
at ACGS#4) associated with a hiatus that begins at 43.4 Ma. Morozo-
vella lehneri is found at the top of the underlying Sequence E7
ACGS#4 and Atlantic City. The boundary between Zone NP15c 
NP16 is difficult to recognize in these sediments. Poore and By
(1988) reported R. gladius in a single sample, but they concluded th
it was more likely ecologically excluded elsewhere in the section 
used the last occurrence of Nannotetrina spp. to set the Zone NP15
NP16 boundary at 802 ft (244.4 m). This would indicate an ag
43.4 Ma about 10 ft (3.0 m) below the unconformity. Miller et 
(1990) reported that normally magnetized sediments equivalen
Chron C20n occur in the borehole at the top of this sequence, ma
the top of the sequence younger than 43.8 Ma. The surface sepa
these two sequences is very sharp, with pale yellow marls below
glauconitic sandy clays above.

Sequence E8 is found from 800 to 780 ft (243.8−237.7 m) at
Island Beach, from 1431 to 1390 ft (436.2−423.7 m) at Atlantic City,
and from 204 to 175 ft (62.2−53.3 m) at Allaire. The sequence is a
sent at ACGS#4. The sediments of this sequence are coarse
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those below. At Allaire and Island Beach, they consist of up to 5
clay. Glauconite dominates in the lower portion of the sequence 
fine quartz sand dominates above (Figs. 3, 6). Foraminiferal te
comprise up to 20% of the sand fraction at Island Beach and at
base of this sequence at Allaire, but only about 5% of the sedim
at the top. Island Beach samples contain 5% carbonate. At Atla
City, the sediments are more clay rich and contain a much sma
percentage of glauconite and quartz. Sequence E8 at Allaire was
posited at depths of 50 ± 15 m, and in the other boreholes at dept
of 75 ± 15 m. Dating these sediments is difficult because of the la
of definitive biostratigraphic indicators in this time period. The sed
ments are of reversed polarity and were deposited during Biochr
NP16 and P12. All that is certain is that they are either Chronoz
C19r or C18r. Therefore, they were either deposited between 4
and 41.5 Ma or between 41.25 and 40.5 Ma.

The top of this sequence is poorly defined. The sequence ab
contains a mixture of biostratigraphic indicators. Middle Eoce
(P14 and older) morozovellids and acarininids are found in the sa
samples as upper Eocene calcareous nannoplankton (Isthmolithus re-
curvus). This mixture has been found in other boreholes in the N
Jersey Coastal Plain (Poore and Bybell, 1988) as well as in DS
(Miller and Hart, 1987) and ODP boreholes (Snyder et al., 1996)
is likely that its deposition is related to a bolide impact postulated
Poag et al. (1992, 1994). The contact separating Sequence E8 
Sequence E9 is sharp at the Island Beach borehole with a mediu
coarse pebbly glauconitic, quartzose sand underlain by a slig
sandy clay (Fig. 6). At Atlantic City, there is no abrupt change 
lithology in this interval; there is a glauconitic clay above an pale y
low marl at 1387 ft (422.8 m) in the core, and by 1380 ft (420.6 
glauconite becomes dominant (Fig. 3). This is slightly higher th
what would be suggested by the calcareous nannoplankton (Isthm-
olithus recurvus is at 1390 ft [423.7 m]), but it would seem that th
change from original to reworked sediments occurs somewhere
this interval. This sequence is not present in ACGS#4. Unlike
Island Beach, the sediments above the Shark River Formatio
ACGS#4 are younger than Zone NP16 and are not separated from
biostratigraphically mixed layer by an obvious surface.

The extent of the hiatus associated with the unconformity has
been determined. If the sediments above Sequence E8 are asso
with the impact in the Chesapeake Bay impact crater, then they
reworked sediments deposited during Biochron NP19−20 (Poag and
Aubry, 1995).

DISCUSSION

We compare the record of sea-level change from New Jerse
the record of third-order sea-level events developed by Haq e
(1987) and the global deep-sea δ18O record (Kennett and Stott, 1990
Pak and Miller, 1992; Figs. 2, 3). We recalibrated the Haq et 
(1987) record to the Berggren et al. (1995) time scale using the m
netostratigraphy and biostratigraphy provided in the “cycle cha
Whereas the chronology of the New Jersey Eocene sections ca
directly tied to the GPTS and has a resolution typically of 0.5 m.y
better, the Haq et al. (1987) record has a resolution of about 1 m.
worse, considering differences in the biochronology presented. S
ilar to the record of Haq et al. (1987), which showed 14 seque
boundaries, the New Jersey early to middle Eocene record shows
marily punctuated deposition through most of the early to mid
Eocene, with nine major sequence boundaries (Figs. 2, 3).

Of the 14 sequence boundaries inferred by Haq et al. (1987)
the lower to middle Eocene, nine are resolvable on the New Je
Margin, and the remaining five appear to be combined with othe
The sequence boundaries at the bases of TA2.2, TA2.3, and TA
cannot be separately resolved, and one or all may correspond t
unconformity dated at 55 Ma (Fig. 2). The TA2.5 (53.5 Ma correlat
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to Berggren et al., 1995) sequence boundary apparently correlates
with the unconformity dated as 54.0−53.4 Ma, although this is a very
small-amplitude (<20 m) sea-level event according to Haq et al.
(1987). The sequence boundaries at the base of TA2.6 (52.8 Ma) and
TA2.7 (52.2 Ma) correlate with the unconformity dated as 52.9–52
Ma. This sequence is not reflected in the benthic foraminifers fro
the >150-µm-size fraction. The sequence boundaries at the bas
TA2.8 (50.7 Ma) and TA2.9 (50.2 Ma) coincide with an unconform
ty dated as 50.9 to 50.5 or 49.9 Ma (876 ft [267.0 m] at Island Beac
The TA3.1 (49.7 Ma) sequence boundary apparently coincides w
an unconformity dated as 49.6–48.6 Ma (857 ft [261.2 m] at Isla
Beach). This unconformity was inferred by Haq et al. (1987) to be 
tween Chrons C22r and C22n. We find that this major unconform
associated with a major facies change, is at the top of Chronoz
C22n. There is no correlative sea-level lowering inferred by Haq
al. (1987) associated with the probable unconformity at 862 ft (26
m; 49.6 or 49.4 Ma) at Island Beach, nor is there a correlative s
level lowering for the possible unconformity at 893 ft (272.2 m; 48
Ma) at ACGS#4. The TA3.2 (48.1 Ma) sequence boundary correla
with an unconformity found at ACGS#4, dated 48.3–47.9 Ma. T
TA3.3 (46.2 Ma) sequence boundary is associated with an uncon
mity at ACGS#4, dated 46.9–44.5 Ma. The TA3.4 (43.4 Ma) a
TA3.5 (41.5 Ma) sequence boundaries coincide with a major unc
formity found in the New Jersey Coastal Plain, dating from 43.4
either 42.5 or 41.2 Ma. The final unconformity on the top of this se
tion may not be a result of eustatic change, but may have been ca
by the Chesapeake Bay impact.

We are also able to date the MFSs and compare the dates to t
of Haq et al. (1987). In these deep neritic sections, each seque
should be dominated by the HST overlying a condensed TST. In
lower and middle Eocene, we see somewhat expanded secti
which sometimes allow us to distinguish and date the MFS. Seque
E1 has an MFS, according to Haq et al. (1987) at 54.3 Ma. At Isla
Beach we find that the MFS actually occurs at 54.4 or 54.6 Ma, 
pending upon the sedimentation rate chosen. Haq et al. (1987) 
cluded that the MFS for Sequence E2 should be at 53.2 Ma. This 
responds to the change from Biofacies H to Biofacies E and 
change in lithology from clay to slightly sandy clay, which we da
at 53.1 Ma. Sequence E3 has an inferred MFS of 51.7 Ma. The M
in Sequence E3 is associated with a change from sediments dom
ed by clay with a very minor quartz sand fraction to a unit with mo
fine and very fine sand. This changeover takes place at about 
Ma. Sequence E4 has no obvious MFS. There is no glauconite a
base, implying that the entire unit is a HST. All of the sediments
this sequence are apparently younger than the inferred MFS at 50
The MFS for Sequence TA3.1 is inferred to be at 49 Ma. We feel t
Haq et al. (1987) misdated this sequence boundary and consequ
the MFS. We suggest the glauconite at 893 ft (272.2 m) in 
ACGS#4 borehole is the MFS, which is here dated as 48.6 Ma. 
quence E6 also has a glauconite that is dated at 47.5 Ma. This is c
parable to the inferred value of 47.4 Ma by Haq et al. (1987). S
quence E7 has a slight increase in glauconite at the base of all t
boreholes and contains the only occurrence of R. gladius. We con-
clude that the MFS is coincident with the base of this sequence 
that it should be dated at 44.5 Ma. This is comparable to the 44.8
of Haq et al. (1987). The MFS for Sequence E8 cannot be dated 
cisely because of uncertainty in the age of this sequence. It is lik
that the MFS lies close to the lower bounding unconformity.

We conclude that the record of Haq et al. (1987) is largely rep
sentative of the record of sea-level change for this interval in N
Jersey, although we do not resolve some of their smaller events.
though the New Jersey record cannot be used as a “global stand
until verified by studies on other margins, this record provides an 
cellent chronology of unconformities for the latest Paleocene to ea
middle Eocene tied to the Berggren et al. (1995) time scale.

The record of sedimentation shows interesting correlations w
the δ18O record. Covariance of tropical and benthic foraminifer
.3
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δ18O records has been used by previous authors to infer ice-volu
changes (Shackleton and Kennett, 1975; Miller et al. 1991). We ev
uate here the relationship, if any, between inferred ice-volume cha
es and unconformities on the New Jersey Coastal Plain. The oxy
isotope records were taken from the literature and were recalibra
to the Berggren et al. (1995) time scale. No single benthic foram
iferal δ18O record covers the entire time interval discussed here, a
we have tied together the records from Southern Ocean Site 
(Shackleton et al., 1984), Pacific Ocean Site 577 (Pak and Mill
1994), and Southern Ocean Sites 689 and 690 (Kennett and S
1990). The stratigraphy near the P/E boundary at Site 577 is in d
pute, and several age models were considered. All benthic foram
iferal δ18O records are calibrated and reported to Cibicidoides. The
planktonic foraminiferal δ18O record from Site 865 (generated on sur
face-dwelling Morozovella spp., Bralower et al., 1995), was recali
brated to the Berggren et al. (1995) time scale and used for the en
interval (Table 1). Site 865 was a tropical site in the Eocene. Comp
ison of the benthic and tropical planktonic δ18O records shows the
following:

1. Global deep-water δ18O values decreased through the latest P
leocene to earliest Eocene, indicating deep-water warming,
agreement with other proxies for warm global climates (e.g
Wolfe and Poore, 1982; Sloan, 1994). Lowest δ18O values oc-
curred in global deep waters in the early Eocene, a time
which water depths in New Jersey reached their maximum
~185 m (Fig. 2; Browning et al., Chapter 16, this volume; Ol
son and Wise, 1987b). New Jersey Coastal Plain lower Eoce
unconformities do not correlate with increases in the oxyge
isotope record. In particular, there are no oxygen isotope 
creases associated with hiatuses at 55.9–54.7 Ma, 54.0–5
Ma, 52.9 Ma, and 52.3 Ma. Changes in ice volume cann
readily be invoked to explain these unconformities. This leav
open the question of whether these are local phenomena o
or if some other mechanisms caused the unconformities.

2. A large increase in the planktonic δ18O record from paleotrop-
ical Site 865 (Fig. 2) occurs at ~51 Ma, representing a ma
surface ocean cooling (Bralower et al., 1995). This increa
does not appear to correlate with either a poorly resolv
benthic foraminiferal δ18O increase (~0.5‰) at Pacific Site
577 or a late early Eocene New Jersey Coastal Plain hia
(50.9−49.9 Ma). It is doubtful that either δ18O increase or the
younger unconformity in New Jersey resulted from gla
cioeustasy.

3. Oxygen-isotopic records near the early/middle Eocene bou
ary (49.6–48.6 Ma) are too poorly resolved to determin
whether unconformities found on the New Jersey Coas
Plain formed as a result of glacioeustasy (Fig. 3). Olsson a
Wise (1987b) noted a dramatic shallowing of 50- to 90-m p
leowater depth during Biochron CP12a (= NP14a). This sh
lowing is not preserved in the boreholes studied here. Ma
lithofacies changes take place on the New Jersey Coastal P
at this time (Figs. 2, 3), and more work is needed to understa
the nature of the unconformities found at that time.

4. Hiatuses in the middle Eocene correlate with benthic foram
iferal oxygen increases, although the middle Eocene record
not as continuous as the lower Eocene (Fig. 3). There are f
middle Eocene sequence boundaries in the New Jersey Coa
Plain (Fig. 3). The unconformity at 48 Ma correlates with 
poorly constrained increase in planktonic and benthic foram
iferal δ18O records of 0.2‰. This corresponds to a sea-lev
fall of 18 m using the Pleistocene sea-level δ18O calibration
(0.11‰/10 m) of Fairbanks and Matthews (1978), or a se
level fall of 36 m using the “upper limit” of Miller et al. (1987;
0.055‰/10 m). The hiatus between 46.5 and 44.5 Ma cor
lates with a large increase in the planktonic oxygen-isotop
record, but there are no high-resolution benthic foraminifer
239



J.V. BROWNING ET AL.

d

s
,

 
n

e
c
w
t
 

r

a
n
u

t
 5
in
s
,
l

 
 
m

s

o
e

w
v

 r
t

 

A
r

o
e
a
a

 ex-
r-
om
als

er

ills
n-
n,
 of

to
lain
low-
 in-
ces

ec-
 re-

1]
 the
is

sult
his

uses
nt
isotopic records for this interval. A benthic foraminiferal δ18O
record from Site 527 indicates that covariance may be as much
as 0.3‰ (27-m sea-level fall with a 55-m sea-level fall upp
limit; Fig. 3). The hiatus between 43 and 41 Ma correlates w
with an increase in both planktonic and benthic δ18O records.
Covariance in this case is 0.25‰ (23-m sea level fall with
45-m sea-level fall upper limit). We note that this unconform
ty also corresponds to a major drop in water depth of 40 to
much as 100 m, as determined from benthic biofacies chan
and a change in lithofacies from carbonate mud dominate
siliciclastic sand dominated (Fig. 3). The youngest hiatus d
ed here begins at 40 Ma and correlates well with increase
both planktonic and benthic δ18O records. Covariance is 0.3‰
which corresponds to a sea-level fall of 27 m using the Fa
banks and Matthews (1978) calibration, or a sea-level fall
55 m using the “upper limit.” Thus, later middle Eocene u
conformities can be readily attributed to glacioeustasy.

The cause of the early Eocene inferred sea-level changes is
clear. Close agreement between the New Jersey record and the
et al. (1987) eustatic curve suggests that early Eocene sequ
boundaries are globally synchronous. We show that there is little 
relation of the early Eocene New Jersey Coastal Plain hiatuses 
the δ18O record (Figs. 2, 3), so we cannot invoke glacioeustasy in 
interval. We would argue that, although it is possible that growth
a small ice sheet occurred several times in the early middle Eoc
(~52−50 Ma), explaining a hiatus on this and other margins (Aub
1991), there is little support for early Eocene ice sheets.

It is possible that small glacioeustatic variations have gone un
tected. The minimum detectable δ18O change is ~0.2‰ (or higher
with diagenesis and sparse sampling). Thus, a glacioeustatic ch
of ~18 m (~20% of present ice volume) is our detection limit usi
the Pleistocene calibration or ~36 m using the Miller et al. (1987) 
per limit. Our data indicate that sea-level changes were rapid 
m.y.) and fairly large (>35 m). Our paleodepth estimates show 
water-depth changes across these surfaces were on the order of
which is ~35 m of eustatic change, correcting for water load
(Steckler and Watts, 1978). Although these water-depth change
not provide rigorous estimates of relative sea-level changes (i.e.
cluding the effects of loading, compaction, and sediment supp
they are minimal estimates because we do not sample the full ra
of water-depth variation because of hiatuses and the absence of
stand deposits. The New Jersey Margin was sediment starved
subject to very slow thermal subsidence (<10 m/m.y.) at this ti
(e.g., Steckler and Watts, 1978). Although more active tectonics h
been proposed for the Atlantic Coastal Plain (e.g., faulting of cru
blocks, Brown et al., 1972), the similarity of the regions througho
New Jersey (Fig. 2) and interregional similarities argue for a m
passive regional tectonic history. Thus, we conclude that water-d
changes of the amplitude recorded on the early Eocene New Je
Margin should be detectable by oxygen-isotope stratigraphy.

Changes in seafloor spreading rates or ridge length are too slo
explain large, rapid (>10 m/m.y.), global sea-level changes (Dono
and Jones, 1979), although associated changes in production an
struction of ocean plateaus potentially can cause relatively large,
id changes (Larson, 1991; Tarduno et al., 1991). We conclude 
mechanisms for sea-level change are still not fully understood.

Late-middle Eocene correlations to the oxygen-isotope curve
more intriguing. Although a few workers (Prentice and Matthew
1988) have argued for the existence of a continuous ice cap on 
arctica since the beginning of the middle Eocene, the oldest gene
accepted evidence of glaciation is early Oligocene. A few stud
have extended ice sheets back into the late-middle Eocene. Barr
al. (1991a, 1991b) recovered 300 m of glaciomarine drift below w
dated lowermost Oligocene diamictites at ODP Holes 739C 
742A, Prydz Bay, East Antarctica. A middle Eocene to Oligocene 
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is suggested by the sparse nannoplankton and dinoflagellates. An
cellent magnetic polarity record consisting of a mostly normal pola
ity sequence interrupted by eight short reversals was recovered fr
Hole 742A. Comparison with the geomagnetic time scale reve
only one interval, Chrons C18−15, with a similar pattern. This is sim-
ilar in age to the youngest unconformity found here. Birkenmaj
(1988) reported glacial tills underlying a tuff bed dated at 49 Ma ±5
m.y. in the South Shetland Islands, Antarctica, although these t
could be attributed to alpine glaciation. This age is older than the u
conformity separating the upper and lower Shark River Formatio
and we conclude that there is growing evidence that the initiation
Antarctic ice began as early as 42 Ma.

CONCLUSIONS

We show nine clearly expressed unconformities in the lower 
middle Eocene in at least two of our three New Jersey Coastal P
boreholes and suggest that these are due to regional base-level 
erings. Haq et al. (1987) inferred 14 sea-level events for the same
terval, and this suggests that many of the lower Eocene sequen
summarized by Haq et al. (1987) are global, although additional s
tions on other margins are needed to test this. Other studies have
corded coeval unconformities on other margins (e.g., Aubry [199
detected our early middle Eocene break in northwest Europe and
Irish margin), again supporting global lowerings of sea level at th
time.

It is unlikely that early Eocene sequence boundaries are the re
of glacioeustasy. Hiatuses from the New Jersey Coastal Plain in t
interval do not match increases in the δ18O record. Good correlation
between the δ18O record and the timing of unconformities on the New
Jersey Coastal Plain in the late middle Eocene suggests that hiat
forming at this time may be caused by glacioeustasy. A concomita
increase in the planktonic and benthic δ18O records coincides with the

Table 1. Datums used to estimate ages of the oxygen-isotope records.

Notes: FO = first occurrence, LO = last occurrence, BFE = benthic foraminiferal extinction.

Datum
Age
(Ma)

Depth
(m)

Hole 865B
LO C. grandis 37.1 19.32
LO C. solitus 40.4 29.4
FO R. umbilicus 43.7 47.31
LO C. gigas 44.5 48.73
FO C. gigas 46.1 67.7
FO N. fulgens 47.3 73.2
FO B. inflatus 48.5 74.0
FO D. sublodoensis 49.7 79.6
LO T. orthostylus 50.6 79.6
FO D. lodoensis 52.85 89.6
LO T. contortus 53.61 91.61
LO M. velascoensis 54.7 100.9
FO D. multiradiatus 56.2 116.21

Hole 527
Base C20n 43.789 138.71
LO C. gigas 44.5 138.85
FO C. gigas 46.1 140.77
Top C21n 46.264 143.45
Base C21n 47.906 148.09

Hole 577
Top C22n 49.037 67.95
LO T. orthostylus 50.6 72.2
Base C23n 51.743 73.2
Top C24n 52.364 75.45
Base C24n 53.3 79.95
LO T contortus 53.61 80.05
FO T. contortus 53.93 80.7
LO T. digitalis 54.37 80.7
FO T. bramlettei 55.0 82.8
BFE 55.6 82.8
Top C25n 55.9 85.45
Top C26n 57.55 91.47
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timing of a hiatus on the New Jersey Coastal Plain between 46.9 and
44.5 Ma. Similar increases in the δ18O records coincide with the hia-
tus between 43 and 41 Ma and a corresponding change in sedimenta-
tion type from carbonate dominated to siliciclastic dominated. We
conclude that these represent evidence of the first Antarctic ice cap
and the beginning of the “Icehouse” world.
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