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ABSTRACT
Micropaleontological faunal studies coupled with foraminiferal geochemical analyses from the Bass River Site (Ocean Drilling Program [ODP] Leg
174AX; New Jersey, USA) reveal rapid changes in relative sea level due to
million-year-scale glaciations during the early to middle Eocene, a time previously thought to have been mainly ice free. We examine benthic foraminiferal
assemblages, stable isotopes (δ18O and δ13C), Mg/Ca, planktonic foraminiferal
abundances, and ostracod abundances in eight lower to middle Eocene sequences at Bass River to reconstruct paleo–water depth and paleoceanographic changes within a sequence stratigraphic framework on the New Jersey
paleo–continental shelf. Distinct benthic foraminiferal biofacies are identified
and interpreted for paleodepth and environmental changes. Certain dominant
species (e.g., Uvigerina spp., Cibicidoides eocaenus, Spiroplectammina alabamensis, Siphonina claibornensis, and Cibicidoides pippeni) indicate changes
in water depth and/or environmental conditions. We estimate middle to outer
neritic (50–100+ m) paleodepths for much of the early to middle Eocene, with
maximum water depths (~150 ± 25 m) occurring in the early Eocene. We
integrate these results with ostracod abundances and diversity, planktonic
foraminiferal abundances, lithofacies, downhole logs, and core erosional surfaces to create a sequence framework for the early Eocene to early late Eocene
of the New Jersey coastal plain. We compare the relationships among these
sequences to foraminiferal biofacies of coreholes of the New Jersey Coastal
Plain Drilling Project (Island Beach, Atlantic City, and ACGS#4), showing coeval
hiatuses associated with regional base-level lowerings. Benthic and planktonic
foraminifera δ18O coupled with low-resolution Mg/Ca measurements provide
a first-order correlation of sequence boundaries and δ18Oseawater variations, indicating glacioeustatic changes associated with the growth and decay of small
ice sheets on the order of 20–30 m sea-level equivalent during the Eocene.

INTRODUCTION
This paper is published under the terms of the
CC‑BY-NC license.

The cause of eustatic changes has been widely debated (e.g., Moucha et
al., 2008). Global mean sea level (GMSL) is controlled by fluctuations in either

the ocean basin size or the volume of water in the ocean (e.g., Miller et al.,
2005a), whereas relative sea level (RSL) is described by changes in accommodation space due to changes in (1) GMSL and/or (2) subsidence and/or
uplift (Posamentier and Vail, 1988). The growth and decay of continental ice
sheets produces rapid and large-scale changes in the volume of water (up to
40 m/k.y. and 200 m respectively), whereas water temperature and variations in
groundwater and lake storage occur at high rates (10 m/k.y.) yet low amplitudes
(~5–10 m) (e.g., Miller et al., 2005a). Fluctuations in ocean basin volume are
controlled by slow (>1 m.y.) variations in sea-floor spreading rates, sedimentation, and continental collision (e.g., Miller et al., 2005a). Therefore, the only
known mechanism that can explain large (>25 m) and rapid (<1 m.y.) changes
in GMSL is the growth and decay of ice sheets (glacioeustasy).

Glacioeustasy in a Greenhouse World
The onset of continent-wide Antarctic glaciation occurred around the Eocene-Oligocene transition (EOT) and is marked by a prominent δ18O increase at
34–33.5 Ma (e.g., Kennett and Shackleton, 1976; Miller et al., 1991, 2008; Zachos
et al., 1996; Coxall et al., 2005; Katz et al., 2008; Lear et al., 2008; Carter et al.,
2017). The EOT is associated with a fall of atmospheric CO2 (e.g., DeConto and
Pollard, 2003a; Pearson et al., 2009; Pagani et al., 2005, 2011) and/or a change in
ocean circulation (e.g., Exon et al., 2004; Stickley et al., 2004; Scher and Martin,
2006; Livermore et al., 2007; Borrelli et al., 2014). In the first scenario, cooling
caused by falling pCO2 allowed snow to accumulate and ice sheets to expand
over Antarctica at high elevations (e.g., DeConto and Pollard, 2003a). In the
second scenario, the opening of two gateways resulted in the development of
the Antarctic Circumpolar Current (ACC) and led to Antarctic glaciation: (1) the
Drake Passage, which isolated Antarctica from South America (Scher and
Martin, 2006; Livermore et al., 2007); and (2) the Tasman Rise, which isolated
Antarctica from Australia (Exon et al., 2004; Stickley et al., 2004).
Although there is a consensus for the glaciation of much, if not all, of
the Antarctic continent in the Oligocene, the period leading up to Antarctic
glaciation remains poorly constrained. The overall cooling trend that led to
the EOT began following the sustained warming period of the Early Eocene
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Climatic Optimum (EECO; 52–50 Ma; Zachos et al., 2001). The Middle Eocene
Climatic Optimum (MECO; ca. 41.5 Ma) is the last global warming event that
occurred before the initiation of large-scale Antarctic glaciation, and is marked
by a record of transient decrease in global δ18O superimposed on the overall
cooling trend (e.g., Bohaty and Zachos, 2003; Villa et al., 2013). Therefore, the
role of glacioeustasy in a greenhouse world remains controversial, with the
possibility of ice sheets in the Paleocene and middle to late Eocene dubbed the
“doubthouse world” (Miller et al., 1991). This time period differs from the established Oligocene to Holocene “icehouse world,” when glacioeustatic changes
clearly occurred, and the Cretaceous to early Eocene “greenhouse world,”
which apparently lacked large-scale ice sheets (e.g., Miller et al., 2005a, 2005b).
Numerous studies provide evidence that Antarctic glaciation began prior
to the EOT (e.g., Barker et al., 2007), though the extent of these glaciations
and their attendant sea-level changes are poorly known. Scher et al. (2014)
produced a high-resolution benthic foraminiferal δ18O record in the Southern
Ocean that shows a transient rise at ca. 37.3 Ma, suggesting cooling and/or
ice-sheet growth prior to the EOT. Evidence of ice-rafted debris (IRD) and widespread glacier calving was found in Antarctica 2.5 m.y. prior to the EOT event
(Carter et al., 2017). Starting in the late middle Eocene (43–42 Ma), increases
in both planktonic and benthic δ18O values occur across hiatuses, suggesting
the initiation of the first ice sheet on Antarctica and the start of the incipient
“icehouse world”; however, a connection to large ice sheets is uncertain due
to limited isotopic evidence (Browning et al., 1996). Although the early Eocene
generally has been thought to have lacked significant ice sheets, Haq et al.
(1987) found numerous early Eocene sequence boundaries and corresponding
falls in sea level. On the New Jersey coastal plain (northeastern USA), Browning et al. (1996) found that early Eocene (56–52 Ma) hiatuses from onshore
sequences did not correspond with global δ18O changes and therefore were
unlikely to have been due to glacioeustasy, though the δ18O data were limited
and the expected change in δ18O is small (e.g., 0.2‰–0.3‰ for 25 m).

Sequence Stratigraphic, Micropaleontological, and Geochemical
Constraints
The use of sequence stratigraphy allows the stratigraphic record to be
divided into unconformity-bounded units termed sequences (Van Wagoner
et al., 1988). Sequences are bounded above and below by unconformities
or their correlative surfaces (Vail et al., 1977) and are the building blocks of
sequence stratigraphy. Passive continental margin sequences develop as the
result of the interplay of several processes including tectonics and changes
in sediment supply (e.g., Vail et al., 1977, 1991; Haq et al., 1987; Weimer and
Posamentier, 1993; Christie-Blick and Driscoll, 1995; Moucha et al., 2008). By
integrating lithologic, paleontologic, seismic stratigraphic, and well-log data,
sequences can be identified (Browning et al., 1997a).
Benthic foraminiferal biofacies can be used as indicators of water-depth
changes throughout a section, providing critical information for sequence
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stratigraphic interpretations. Benthic foraminifera have been widely used
to evaluate paleobathymetric changes (e.g., Natland, 1933; Bandy, 1960; van
Morkhoven et al., 1986; Sen Gupta, 1999) because benthic foraminiferal shelf
species are immediately affected by environmental factors (i.e., food, oxygen)
that change with depth. Certain benthic foraminifera inhabit specific water
depths and tolerate specific environmental conditions, and therefore changes
in biofacies can be used to interpret fluctuations in water depth and identify
environmental changes (e.g., Douglas, 1979; Poag, 1981; Culver, 1988).
The ratio of planktonic to total foraminifera (% planktonics) is used to further aid in paleo–water depth interpretations. The percentage of planktonic
foraminiferal specimens is characteristically low across the inner and middle
shelf and increases rapidly across the outer shelf and upper slope; therefore,
higher planktonic foraminiferal abundances typically indicate deeper water
depths (e.g., Grimsdale and van Morkhoven, 1955; Gibson, 1989; van der Zwaan
et al., 1990; Leckie and Olson, 2003). More specifically, percent planktonics
from multiple depth transects show a typical increase from 20%–60% planktonics at 100 m to 60%–90% by 200 m (Gibson, 1989). Percent planktonics is
assessed in conjunction with benthic assemblages and lithology to reconstruct
paleodepth, as percent planktonics can be strongly distorted by taphonomy
and dissolution (van de Zwaan et al., 1990).
Ostracod abundance and diversity can further aid in paleobathymetric
and paleoenvironmental interpretations (Frenzel and Boomer, 2005). Ostracods are more sensitive to changes in temperature and oxygen conditions
than benthic foraminifera (Passlow, 1997; Yasuhara et al., 2012), and as such,
can provide valuable additional information to supplement the foraminiferal
interpretations. In addition to reconstructing paleo–water depth from benthic foraminiferal biofacies, combined benthic foraminiferal δ18O and Mg/Ca
studies can provide an independent method for evaluating changes in sea
level (e.g., Cramer et al., 2011; Katz et al., 2008; Lear et al., 2000, 2008). Mg/
Ca analyses provide a temperature proxy, whereas δ18Obenthic is influenced by
both water temperature and δ18Osw (sw—seawater) changes due to ice-volume fluctuations; when combined, benthic foraminiferal δ18O and Mg/Ca
can be used to produce δ18Osw (hence sea-level) reconstructions (e.g., Lear
et al., 2000, 2008).
Providing a stable-isotope and temperature record within a sequence stratigraphic framework at Bass River (New Jersey) allows us to assess the evidence
of glacial growth and decay during the Eocene, prior to the onset of large-scale
Antarctic glaciation at the EOT. In this paper, new micropaleontological data
(benthic foraminiferal and ostracod assemblages and planktonic foraminiferal
abundances) and foraminiferal geochemical analyses (δ18O, δ13C, and Mg/Ca)
are integrated with lithology and previously defined New Jersey coastal plain
sequences. Our first goal is to establish a more comprehensive picture of sealevel changes that occurred on the New Jersey paleo–continental shelf in the
early Eocene to early late Eocene. Our second goal is to determine whether
increases in δ18O across sequence boundaries were associated with glacial
interactions in the early to middle Eocene, a time previously believed to have
been mainly ice free (e.g., Miller et al., 2005a; Harris et al., 2010).
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New Jersey Sequence Stratigraphic Studies
The mid-Atlantic U.S. continental margin is an ideal setting to study changes
in paleo–water depth and sequence stratigraphy because it is an old passive
margin with reasonably uniform, slow subsidence (Miller and Mountain, 1994;
Kominz et al., 1998). Tectonic complications due to non-thermal effects impact
this margin (e.g., Moucha et al., 2008; Rowley et al., 2013), though these effects
appear mostly on the >1 m.y. scale (Miller et al., 2011). Consequently, the New
Jersey passive continental margin provides an exceptional record of relative
sea-level change (e.g., Olsson and Wise, 1987; Miller et al., 2005a).
The extraction of inferred eustatic records from passive-margin sequences
was led by the innovative work of the Exxon Production Research (EPR) Company whose work utilized seismic reflection profiles and, later, outcrops and
well data (Vail et al., 1977; Haq et al., 1987; Posamentier et al., 1988). Subsequently, numerous studies have focused on Eocene sequence stratigraphy on
the New Jersey coastal plain and related it to this inferred record of GMSL,
finding similar timing, but major differences in amplitudes, of events.
New Jersey coastal plain sections include the lower Eocene Manasquan
Formation and middle Eocene Shark River Formation in outcrop (Enright, 1969)
and the subsurface (e.g., ACGS#4 corehole: Owens et al., 1988; Ocean Drilling
Program [ODP] Leg 150X coreholes, Browning et al., 1996; Fig. 1). Olsson and
Wise (1987) utilized foraminiferal biofacies analysis and lithofacies changes in
the upper Paleocene and lower Eocene New Jersey coastal plain to recognize
depositional sequences that were correlated to the original Haq et al. (1987)
cycle chart, showing that foraminiferal biofacies showed similar timing of sealevel changes. However, the water-depth changes of Olsson and Wise (1987)
contrast with the much higher sea-level variations (>100 m changes) of Vail et
al. (1977) and Haq et al. (1987). Nonetheless, Olsson and Wise (1987) concluded
that relative sea level in the late Paleocene–early Eocene was between 55 m
and 120 m above present sea level.
Browning et al. (1997a) provided a comprehensive study examining the
relationship of lower to middle Eocene benthic foraminiferal biofacies to sequences from four New Jersey coastal plain boreholes (Island Beach, ACGS#4,
Atlantic City, and Allaire; Fig. 1), showing a similar number and pattern to the
inferred GMSL curve of Haq et al. (1987). Harris et al. (2010) and Stassen et
al. (2015) provided benthic foraminiferal paleodepth estimates spanning the
Paleocene-Eocene boundary in New Jersey.
These previous studies of water-depth changes did not account for the effects of compaction, sediment loading, and thermal subsidence, and therefore
are not a direct measure of GMSL. Backstripping, a method that progressively
accounts for these effects, provides a measure of GMSL and non-tectonic
subsidence (e.g., Kominz et al., 2008). Backstripping the continental margins
of New Jersey (Miller et al., 2005a; Kominz et al., 2008) and Australia (John
et al., 2004, 2011) yields GMSL estimates that appear to be no more than half
the amplitude of the EPR sea-level curves.
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Figure 1. Location map showing Ocean Drilling Program–International Ocean Drilling
Project boreholes on the New Jersey coastal plain (USA) discussed in this study. A dip
profile is drawn through the Atlantic City borehole, and projections from the Bass River,
ACGS#4, and Island Beach boreholes are shown. After Browning et al. (1997a).

Bass River Site
The Eocene section at Bass River (ODP Leg 174AX; Miller et al., 1998b)
(Fig. 1) is the most downdip and potentially most complete of the coreholes
that sample the lower Eocene to lower middle Eocene (Fig. 1; the Atlantic City
corehole did not penetrate below the upper middle Eocene). The post–Paleocene-Eocene Thermal Maximum Eocene section at Bass River had not been
studied in detail prior to this study. The Eocene at Bass River consists mainly
of clays deposited in middle to outer neritic (30–200 m) paleodepths (Miller et
al., 1998b). The Bass River samples used for this study span the lower Eocene
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to lower upper Eocene (sequences E2–E10, ca. 53 Ma to ca. 37 Ma [converted to
time scale of Gradstein et al., 2012]; Browning et al., 1997b). Lithostratigraphic
and preliminary sequence stratigraphic interpretations (e.g., correlations of
sequences E1, E2, etc.) for Bass River are previously defined in the Bass River
site report (Miller et al., 1998b). The Manasquan Formation contains lower
Eocene sequences E1–E4 and is composed of bioturbated silty clays with less
glauconite than the overlying Shark River Formation (Miller et al., 1998b). The
middle Eocene Shark River Formation (sequences E5–E9) can be further divided
into a more carbonate-rich (marly) lower unit assigned to the lower Shark
River Formation (sequences E5–E7) and a coarser-grained, more glauconitic
upper unit assigned to the upper Shark River Formation (sequences E8–E9)
(Browning et al., 1997b; Miller et al., 1998b). Previous backstripping studies of
the Bass River and other Eocene coastal plain coreholes provide an estimate
of GMSL changes (Kominz et al., 2008), though paleodepth estimates from
Bass River used in these efforts were based on semiquantitative evaluation
of widely spaced samples.

METHODS
Sequence Stratigraphic Studies

Supplemental Information. Table S1 includes counts
of all identified benthic foraminiferal species, planktonic abundances, ostracod genera from each sample
depth, benthic foraminiferal factor scores, and trace
element analysis values used in this study. Figure S1
shows depth estimates of the most common taxa present at Bass River in our study. Figure S2 compares
global δ13C values with our study from Bass River. Figures S3–S5 show updated age-depth plots for Sites
ACGS#4, Island Beach, and Atlantic City, respectively.
Figure S6 compares Bass River BWT/SST with TEX86
temperature reconstructions for the Eocene. Please
visit https://doi.org/10.1130/GES01652.S1 or access
the full-text article on www.gsapubs.org to view the
Supplemental Information.
1
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Benthic foraminiferal assemblage changes can help in interpretation of systems tracts within sequences. Systems tracts are linked depositional systems
(Brown and Fisher, 1977) that are used to subdivide sequences into lowstand
(LST), transgressive (TST), and highstand systems tracts (HST) (Vail, 1987; Van
Wagoner et al., 1987; Posamentier and Vail, 1988; Posamentier et al., 1988). The
boundary separating the LST from the overlying TST is called a transgressive
surface (TS), and the surface separating the TST from the overlying HST is
termed the maximum flooding surface (MFS). Where present, the LST overlies
the sequence boundary (SB). When the LST is absent, as is in most New Jersey
coastal plain sections, the TST may overlie the SB. A SB is recognized by an
unconformity updip (commonly marked by subaerial exposure and erosion),
a correlative surface downdip, and basinward shift of facies (Van Wagoner
et al., 1988). Systems tracts depositional models have wide applicability and
have been utilized in sequence interpretations (e.g., Abbott and Carter, 1994;
Winn et al., 1995; Abreu and Anderson, 1998).
Benthic foraminifera are used to reconstruct paleobathymetry (described
below), providing the means to determine shallowing- or deepening-upward
trends within a sequence; this is key to distinguishing systems tracts in shelfal
environments deposited below storm wave base (e.g., Gräfe, 1999; Browning
et al., 1997a; Miller et al., 1998a; Pekar and Kominz, 2001; Leckie and Olson,
2003). During a regression (basinward movement of the shoreline), shallower
benthic foraminiferal assemblages are deposited above deeper assemblages
as the water depth decreases. In general, a LST should shallow upward as
a result of progradation or exhibit relatively constant water depths due to
aggradation (Posamentier et al., 1988; Neal and Abreu, 2009). Because of the

shallow-water setting, LSTs are thin (<1 m) or absent in typical New Jersey
coastal plain sequences; instead, the lower portions of sequences generally
are characterized by a merging of the TS and sequence boundary (Browning
et al., 1997b). The TSTs, which generally have common to high abundances
of glauconite in New Jersey Eocene sequences (Browning et al., 1997b), show
a deepening-upward trend that is characteristic of transgression. The MFS,
which separates the deepening-upward TST from the shallowing-upward HST,
forms in the deepest water depth of the sequence and indicates the time of
the landwardmost extent of the shoreline. In a shelfal environment, the MFS
is commonly associated with a condensed interval (Posamentier et al., 1988)
that commonly includes the highest diversity and abundance of planktonic
foraminifera and a high abundance of the genus Uvigerina (e.g., Loutit et al.,
1988) and other infaunal taxa such as Neobulimina (Elderbak and Leckie, 2016).
These condensed intervals of sediment starvation and high levels of glauconite
typify low-oxygen middle neritic (30–100 m) and deeper paleoenvironments
(Pekar et al., 2003).

Foraminiferal Studies
Foraminifera are the most abundant and well-preserved microfossils that
occur regularly at Bass River and are used to reconstruct paleobathymetry.
The paleodepth history of a site can be tracked through changes in important depth-indicator species (e.g., Natland, 1933; Bandy, 1960; Douglas, 1979;
Olsson and Wise, 1987; Pekar et al., 1997; Sen Gupta, 1999; Leckie and Olson,
2003; Katz et al., 2003a, 2013) and percent planktonics (Grimsdale and van
Morkhoven, 1955). In this study, bathymetric zonations are split into the inner
neritic (0–30 m), middle neritic (30–100 m), outer neritic (100–200 m), and upper
bathyal (200–600 m; van Morkhoven et al., 1986).
Samples from Bass River were taken approximately every 1.5 m (5 ft), and
every 0.5 m (1.6 ft) in stratigraphically significant intervals (e.g., near sequence
boundaries). In total, 43 samples were obtained for micropaleontological analyses. Samples were soaked overnight in a sodium metaphosphate solution
made with deionized water (5.5 g/l), washed with tap water through a 63 µm
sieve, and then oven dried at ~50 °C overnight. A microsplitter was used to
obtain splits of between 149 and 369 benthic foraminiferal specimens for quantitative analysis. The ~200 specimens per sample in our shallow New Jersey
margin study differs from deep-sea methods (>300 specimens), with previous
studies reporting analyses with methods using counts as few as 100 specimens
(e.g., Katz and Miller, 1991; Streeter and Lavery, 1982; Christensen et al., 1995).
Furthermore, comparison of <200 counts versus >300 counts from multiple
samples in our section shows no difference in dominant species (see Table S1
in the Supplemental Information1). The average number of species (species
richness) for our data set is 27, compared to 55 species from middle Eocene
deep-sea ODP Site 690 in the Weddell Sea, Antarctica (Thomas, 1990). This
explicitly demonstrates that our diversity is lower than at deep-sea sites and
validates our method of counting 200 specimens.
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The samples were sieved to acquire the >150 µm fraction, consistent with
studies on the margin used for comparison (Browning et al., 1997a; Charletta,
1980; Miller and Katz, 1987; Streeter and Lavery, 1982). The 63–150 µm size
fraction was scanned for qualitative analysis. Specimens were picked from
the >150 µm size fraction. This approach was employed with the intent to limit
the degree of uncertainty due to ambiguity in identifying small specimens
including juvenile forms. Although we recognize that some studies prefer
picking the >63 µm size fraction in order to minimize underrepresentation of
smaller taxa (Thomas, 1990), using the >150 µm size fraction provides information on larger taxa that would otherwise be underrepresented in the >63
µm fraction, where small, hard-to-identify taxa would be highlighted (Katz and
Miller, 1996). Study of both the >63 and >150 µm size fractions yield useful
data, but we chose the larger size fraction to easily compare with previous
studies (e.g., Browning et al., 1997a). Taxonomy from Tjalsma and Lohmann
(1983), Jones (1983), Bandy (1949), Enright (1969), Howe (1939), Boersma (1984),
van Morkhoven et al. (1986), and Stassen et al. (2015) was used to identify the
benthic foraminiferal species in each sample. Species were also compared to
type slides and assemblage slides from Browning et al. (1997a) and Charletta
(1980). Taxa are well illustrated in these publications.
We calculated benthic foraminiferal numbers (specimens per gram of dry
sediment) because they can be related to paleobathymetry especially in finegrained sediments, although they can be heavily affected by depositional processes in coarse-grained sediments. In general, benthic foraminiferal numbers
are inversely related with water depth (Mendes et al., 2004). Percent coarse
fraction was calculated using the >63 µm fraction weight versus total sample
weight prior to processing. The sand fraction was sieved to separate (1) the
fine- and very fine-grained quartz sand and glauconite sand from (2) the medium-grained and coarser quartz sand and glauconite sand. Percent glauconite
and shells were visually estimated (Figs. 2, 3).
All benthic foraminifera in each sample split were identified to determine
the dominant species, and multivariate analyses were conducted to establish
biofacies relationships and trends. The genus Lenticulina inhabited the inner
shelf to deep sea during the Cenozoic (e.g., Tjalsma and Lohmann, 1983; Katz
et al., 2003b). Consequently, Lenticulina spp. are not a useful paleodepth indicator and are not included in our analysis of paleobathymetry, although they
are found in all of our samples. The benthic foraminiferal data were converted
to relative abundances (percentages) and then used to perform Q-mode factor
analysis. The data were rotated using the factoran function in MATLAB software (version R2013a). Factor analysis is a form of multivariate data reduction that uncovers a simple underlying structure (expressed though variance
and covariances) that is presumed to exist within a larger set of observable
variables (Davis, 2002). This variance is expressed by placing the variables
(in this case, foraminiferal taxa) into unique factors, which we ultimately relate to distinct paleo–water depths. Only factors with eigenvalues >1.0 were
considered (Imbrie and Kipp, 1971; Harman, 1976; Guttman, 1954). We chose
factor analysis as the primary multivariate method because it yielded useful
results in studies we used for comparison (Browning et al., 1997b; Charletta,
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1980). Neighbor-joining cluster analysis using Chord similarity index and a
final branch root was also performed on taxa occurring at >5% in at least one
sample using the PAST 3.13 software (Hammer et al., 2001). Cluster analysis
aims to group like variables, independently from other similar variables (Trauth
et al., 2010), and is used to further support factor analysis. Diversity indices
[Shannon-Wiener heterogeneity index: H; dominance: D; Fisher alpha: F(α);
evenness: eH/S (where H is the Shannon-Wiener index and S is the species
richness)] were determined to further support assemblage biofacies interpretations. Diversity indices were calculated using initial data sets including all
counted benthic foraminiferal specimens. Diversity indices were calculated
using the PAST 3.13 software (Hammer et al., 2001).
All planktonic foraminifera in each sample split were counted to determine
planktonic foraminiferal percentages relative to total foraminifera. Higher
percentages of planktonic foraminifera are generally associated with greater
paleodepths (e.g., van der Zwaan et al., 1990).

Stable-Isotope Studies
Both benthic and planktonic foraminifera were analyzed for δ18O and δ13C
to better understand sea-level and paleoceanographic changes. δ13C can be
measured to help constrain carbon cycle changes (e.g., weathering rates, organic carbon burial, and sources of organic carbon) and used to reconstruct
paleocirculation and paleoproductivity. Various carbon reservoirs on Earth
have distinctive carbon isotopic signatures, and a change in the storage of one
of these reservoirs is reflected in another. Although there is very little fractionation during the precipitation of carbon in carbonate, the role of photosynthesis
in organic matter displays a very strong fractionation effect, allowing for the
study and interpretation of δ13C in benthic foraminifera (e.g., Kump and Arthur,
1999; Katz et al., 2010, and references therein).
Foraminiferal δ18Ocalcite changes provide a proxy for both temperature and ice
volume (e.g., Emiliani, 1955; Shackleton, 1967, 1974; Miller et al., 1991). δ18Ocalcite
acts as a paleothermometer, with higher values reflecting colder temperatures
due to thermodynamic effects (Epstein et al., 1953). It also reflects changes in
seawater δ18O (δ18Osw) due to two effects: (1) growth and decay of isotopically
depleted ice sheets that globally change δ18Osw; and (2) local evaporation and
precipitation, particularly in the surface ocean. δ18O analyses were conducted
to track both changes upsection (from the lower to upper Eocene) and to determine whether increases in δ18O occurred across sequence boundaries as
predicted by the supposition that these were formed during glacioeustatic
falls. Bass River is located in a neritic setting, with the potential of freshwater
input (lower δ18Osw), especially during a fall in sea level. However, such effects
largely are ameliorated on the middle to outer shelf (water depths >30 m)
even in regions with extremely high riverine input (e.g., the modern Amazon;
Geyer et al., 1996).
The genus Alabamina is the most consistent (present in sequences E3–E10)
and well-preserved benthic foraminiferal genus in our section, and is similar
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in general morphology to the epifaunal genus Cibicidoides, a taxon generally
favored in stable-isotopic studies (e.g., Katz et al., 2010). To provide the most
comprehensive isotopic analysis of the section, two species of Alabamina
(A. wilcoxensis and A. aff. dissonata) and four species of Cibicidoides (C. co
coaensis, C. pippeni, C. eocaenus, C. pseudoungerianus) were analyzed. Note
that the last occurrence of A. aff. dissonata is in the sample at corehole depths
288.9 m (945.7 ft), and 285.6 m (936.9 ft) marks the first occurrence of A. wil
coxensis. Two genera of planktonic foraminifera (surface-dwelling Acarinina
and thermocline-dwelling Subbotina) were also analyzed across the E4-E5
and E5-E6 sequence boundaries. These sequence boundaries were chosen
for analysis because the benthic foraminiferal δ18O increased significantly at
these sequence boundaries. Comparisons show species offsets that result
from microhabitat preferences, such as infaunal versus epifaunal benthics,
surface- versus thermocline-dwelling planktonics, and vital effects (variation
in metabolic processes) (e.g., Rohling and Cooke, 1999; Katz et al., 2003c, 2010).
Infaunal benthic foraminifera live within the sediments and record pore-water chemistry, and are therefore helpful indicators of productivity. During a
period of high productivity in the surface waters, an increase in organic matter is delivered to the sediments, which release 12C when oxidized and drive
down δ13C in the pore waters. Epifaunal benthic foraminifera live at or near
the sediment-water interface, and therefore more closely reflect seawater
δ13C values and are good water-mass tracers (e.g., Mackensen et al., 2000;
Shackleton et al., 2000).
Specimens of these species were picked from each sample and sonicated
in distilled water to remove clays. Only well-preserved glassy specimens were
analyzed. Approximately four to seven specimens of each benthic foraminiferal taxon were chosen from each sample for analysis. Multiple analyses
were conducted for the same sample to compare the genus Alabamina with
Cibicidoides.
Samples were analyzed at the Stable Isotope Laboratory in the Department of Earth and Planetary Sciences at Rutgers University (Piscataway, New
Jersey) using a Micromass Optima mass spectrometer. Foraminifera were
reacted with phosphoric acid at 90 °C for 15 min. Stable-isotope values are
reported versus Vienna Peedee belemnite (V-PDB) by analyzing standard
NBS-19 and an internal laboratory standard during each automated run. The
internal laboratory standard is calibrated against NBS-19, with an offset of
±0.04‰ and ±0.10‰ for δ18O and δ13C, respectively. Results are reported relative to the V-PDB standard. The laboratory standard error (1σ) is ±0.08‰ for
δ18O, and ±0.05‰ for δ13C.

Magnesium/Calcium Studies
Two species of benthic foraminifera (C. pippeni and C. eocaenus) and two
genera of planktonic foraminifera (Acarinina and Subbotina) were chosen
for Mg/Ca analysis based on their preservation and distribution. On average,
19 specimens of each benthic species and 42 of each planktonic genus were
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selected from each sample for analysis. Individual specimens of these species were picked from each sample, sonicated in distilled water to remove
clays, weighed, and crushed between glass plates. The crushed foraminiferal
tests were chemically cleaned following the Cd-cleaning protocol modified
by Rosenthal et al. (1997). Trace element analyses (Sr/Ca, B/Ca, Mg/Ca, Mn/
Ca, Al/Ca, and Fe/Ca) were measured at the Department of Marine and Coastal
Sciences at Rutgers University (New Brunswick, New Jersey) on a Thermo Finnigan Element XR sector field–inductively coupled plasma–mass spectrometer
(SF-ICP-MS) following the method of Rosenthal et al. (1999).
Trace element values are noted to ensure that the analyzed specimens do
not indicate the likelihood of contamination (Table S1 [footnote 1]). To calculate
the Mg/Ca temperature, we used a corrected exponential calibration following
Evans and Müller (2012), where modern seawater is 5.2 mmol/mol, Eocene
seawater is 2.0 mmol/mol (see summary in Cramer et al., 2011), and H (which
is a constant calibrated for a specific group or species) = 0.41; the constants A
(0.109) and B (0.867) for benthic foraminifera are from Lear et al. (2002), and
A (0.09) and B (0.38) for planktonic foraminifera are from Anand et al. (2003);
T is temperature, t = 0 is present, and t = t is some point in the past.
H

Mg / Catest =

t=t
Mg / Casw

H

t=0
Mg / Casw

B 10 AT.

(1)

Estimates of δ18Osw, a measure of ice volume, were calculated by substituting the Mg/Ca temperature and δ18Otest into the modified paleotemperature
equation of Cramer et al. (2011), modified after Lynch-Stieglitz et al. (1999):
T (°C) = 16.1 − 4.76 δ18Otest − ( δ18Osw − 0.27).

(2)

Although the absolute temperature depends on the Mg/Casw composition
correction applied and species-specific coefficients, the overall magnitude of
change does not (Babila et al., 2016). The limited availability of well-preserved
specimens across multiple sequence boundaries made it difficult to better
constrain temperature and δ18Osw reconstructions for a single species. As a
result, benthic foraminiferal δ18Osw reconstructions across the E2-E3 sequence
boundary were calculated using C. pseudoungerianus Mg/Ca and δ18O values; across the E4-E5 sequence boundary using C. eocaenus Mg/Ca and δ18O
values; and across the E5-E6 and E6-E7 sequence boundaries using C. pip
peni Mg/Ca and δ18O values. Planktonic foraminiferal δ18Osw reconstructions
from E4–E6 were calculated using surface-dwelling Acarinina spp. Mg/Ca and
δ18O values and thermocline-dwelling Subbotina spp. Mg/Ca and δ18O values.
When multiple species are used, an interspecies isotopic correction factor is
essential to account for vital effects (e.g., Katz et al., 2003c). Specimens of
C. pippeni and C. eocaenus from the same sample depths within E5 allowed
us to calculate a species correction and present a continuous single-species
temperature and δ18Osw record for C. pippeni from E4–E6. In order to evaluate
the temperature component of δ18Ocalcite, planktonic and benthic foraminifera
were analyzed from sequences E4–E7 with a focus on the E4-E5 and E5-E6
sequence boundaries.
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Ostracod Studies
All ostracods from each benthic foraminiferal split were picked for analysis
and interpretation. Taxonomy from Swain (1951), Krutak (1961), Hazel (1968),
and Deck (1985) was used to identify a total of 17 ostracod genera at Bass
River. The number of valves was counted to determine the abundance of
genera and the number of genera per sample for each sample. Four diversity
indices—Shannon-Wiener index (H), dominance (D), Fisher alpha [F(α)], and
evenness (eH/S)—were calculated using initial data sets including all counted
ostracod specimens. The number of whole carapaces (two valves) in each
sample was also noted to calculate percent valves.

Sequence Boundaries
Descriptions of sedimentary textures, colors, fossil content, and lithostratigraphic units (New Jersey Geological Survey, 1990) are presented in Miller
et al. (1998b). Unconformities were distinguished by sharp gamma-ray peaks,
bioturbation, reworking, changes in major lithofacies, and changes in lithologic stacking patterns (Miller et al., 1998b). In this study, we build on the sequence stratigraphic framework of Browning et al. (1997b) and Olsson and Wise
(1987), who identified unconformities in other coastal plain coreholes based
on abrupt changes in lithology and benthic foraminiferal biofacies and gaps
in planktonic and calcareous nannoplankton zones (Browning et al., 1997b).
We present an age-depth diagram for significant biostratigraphic events from
the Eocene section of the Bass River corehole, and this is our basis for our
age model (Fig. 2) and temporal correlations). We constructed our chronology
by integrating calcareous nannofossil and planktonic foraminiferal biostratigraphy on an age-depth diagram. These relatively deep-water sections had
abundant plankton, although not all primary markers were present. The agedepth diagram presented here uses the data in the Bass River site report with
the ages of biostratigraphic events updated to the Gradstein et al. (2012) time
scale. Sedimentation rates were estimated on the age-depth plots (Bass River,
Fig. 2; ACGS#4, Island Beach, and Atlantic City, Figs. S3–S5 [footnote 1]) as
visual best fits to the biostratigraphic datum levels. In cases where only one
reliable datum level was available for a sequence (e.g., E8 at Island Beach or
E10 at ACGS#4), an average sedimentation rate of 40 m/m.y. found in this and
previous studies (e.g., Browning et al., 1997a) was fit to the data within the constraints of superposition. Age errors are ±0.5–1 m.y. with this approach (Browning et al., 1996). Samples are tied to the age model based on interpolation of
the depth of the sample relative to the ages of the upper and lower sequence
boundaries. Lithology, gamma-ray log, cumulative coarse fraction percent, and
biostratigraphic markers are also plotted. Deepening-upward successions are
interpreted as TSTs and exhibit fining-upward successions, whereas shallowing-upward successions are indicative of HSTs and show coarsening upward.
LSTs were not identified, consistent with previous work. Gamma-ray logs for
coastal plain sediments record largely a trivariate response, with lower values
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for quartz-rich sediments, higher values for muds, and even higher values for
sediments containing glauconite sand (Lanci et al., 2002).

RESULTS
Factor Analysis
Forty-three (43) samples were examined from the lower Eocene to lower
upper Eocene, and a total of 116 species were identified from ~10,017 benthic
foraminiferal specimens at Bass River (Table S1 [footnote 1]). Benthic foraminiferal factor analysis delineated four factors that explain 72% of the faunal
variation (Figs. 3–7; Table S1 [footnote 1]). We use the resulting four biofacies
to interpret paleodepths on the continental shelf. Depth ranges for individual
species have been previously estimated (Browning et al., 1997a; Olsson and
Wise, 1987). We provide a compilation of depth ranges for the most common
taxa in our studied section (Fig. S1 [footnote 1]). We compare our results
from factor analysis to the biofacies and corresponding depths described by
Browning et al. (1997a) for three New Jersey coreholes. The biofacies, and the
factors that explain them, are discussed below from shallowest (biofacies A)
to deepest (biofacies D). Within each factor we show species with the highest
three loadings (or more if Lenticulina spp. and/or more environmentally significant species are present). Eocene sediments at Bass River are fossiliferous
enough to contain well-preserved biostratigraphic marker taxa, allowing for
planktonic foraminiferal and calcareous nannoplankton zonation (Miller et al.,
1998b). Species abundance plots for the most common taxa in our studied
interval are shown in Figure 8.
Although not expressed in the factor plots, Globobulimina ovata has a low
relative abundance throughout the section, except at corehole depths 257.8 m
and 304.8 m (845.9 ft and 1000 ft), where it is has the third- and second-highest
percentage respectively. This may indicate low-oxygen conditions (Jorissen
et al., 1998).

Biofacies A
Factor 3 (biofacies A) describes 17.7% of the total faunal variation. The taxa
with the highest scores are Alabamina wilcoxensis (score = 5.98), Hanzawaia
mauricensis (score = 3.78), Gyroidinoides octocameratus (score = 3.74), Han
zawaia blanpiedi (score = 3.29), Cibicidoides cocoaensis (score = 3.12), Cibici
doides praemundulus (score = 2.09), and Uvigerina spp. (score = 0.98) (Figs. 3
and 4). The high negative score for Spiroplectammina alabamensis (−2.15)
indicates that this species is inversely correlated with biofacies A. This biofacies at Bass River is similar to biofacies A from other New Jersey coastal plain
sites (Island Beach, Atlantic City, and ACGS#4) of Browning et al. (1997a), with
paleodepths of 60 ± 10 m, and is associated with high abundances of glauconite
and siliciclastic sediment. Low average planktonic foraminiferal abundance
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Figure 4. Biofacies A (factor 3 and associated paleo-water depths). Distribution of species with high loadings
are shown (percent of total sample).
Total variance explained: 17.7%. Red
lines represent sequence boundaries;
dashed line within sequence E3 indicates an unresolvable contact and
may represent a sequence boundary (Miller et al., 1998b). %P—planktonic foraminferal abundance. Scores
show how strongly an individual species relates to the factor.
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(13%), ostracod diversity [H= 1], and ostracods per sample (6) correspond with
this biofacies. The highest loadings for biofacies A are in the 13 samples from
the upper Shark River Formation in sequences E8–E10. Biofacies A essentially
represents the glauconitic and sandy upper Shark River assemblage.

assemblage. Biofacies B is similar to biofacies B in Browning et al. (1997a),
indicating paleodepths of 75 ± 15 m. The average planktonic foraminiferal
abundance for samples in this biofacies is 58%, indicating deeper-water deposition than in biofacies A.

Biofacies B

Biofacies C

Factor 1 (biofacies B) describes 25.2% of the total faunal variation. The
taxa with the highest scores are Cibicidoides pippeni (score = 8.33), Lentic
ulina spp. (score = 4.50), Spiroplectammina alabamensis (score = 3.20), and
Melonis barleeanum (score = 2.01) (Figs. 3 and 5). This biofacies dominates
the lower Shark River Formation (sequences E6 and E7) and is found at the
base of sequence E8 (upper Shark River Formation), and describes 15 samples.
Biofacies B essentially represents the shelly and calcareous lower Shark River

Factor 4 (biofacies C) describes 4.5% of the total faunal variation and is
dominated by Siphonina claibornensis (score = 8.07), Cibicidoides pippeni
(score = 3.21), and Hanzawaia blanpiedi (score = 1.36). Though the percent
explained is low, this is the same biofacies identified across the shelf by
Browning et al. (1997a, their bifoacies D). Based on depth ranges for these
taxa, we estimate paleodepths of 75 ± 25 m (Figs. 3 and 6), which helps characterize six samples. Biofacies C is found at the base of sequences E8 and E9,
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marking a deepening-upward trend that is indicative of the TSTs. Biofacies C
allows us to clearly define the basal TSTs within sequences E8 and E9. Similar peaks are found in sequences E3 and E5, but C. pippeni is absent and is
not considered significant. The average planktonic foraminiferal abundance
found at the base of sequences E8 and E9 is 13% and 19%, respectively. The
combination of biofacies C with biofacies B and D provides further refinement
within these sequences.

Biofacies D
Factor 2 (biofacies D) describes 24.5% of the total faunal variation, and
biofacies D characterizes 15 samples. The taxa with the highest scores are
Siphonina claibornensis (score = 6.52), Cibicidoides micrus (score = 4.83),

GEOSPHERE | Volume 15 | Number 0

Figure 5. Biofacies B (factor 1 and associated
paleo-water depths). Distribution of species with high loadings are shown (percent
of total sample). Total variance explained:
25.2%. Red lines represent sequence boundaries; dashed line within sequence E3 indicates an unresolvable contact and may
represent a sequence boundary (Miller et
al., 1998b). %P—planktonic foraminferal
abundance. Scores show how strongly an
individual species relates to the factor.

and Cibicidoides pseudoungerianus (score = 4.73). Other important species
in this biofacies are Cibicidoides cocoaensis (score = 2.28), Cibicidoides eo
caenus (score = 1.66), Eponides jacksonensis (score = 1.05), and Alabamina aff.
dissonata (score = 0.62) (Figs. 3 and 7). Cibicidoides micrus is similar to, and
may be the same species as, Anomalinoides acuta (Browning et al., 1997a).
Cibicidoides eocaenus was primarily a bathyal species (Browning et al., 1997a),
and the occurrence of this species gives this biofacies the greatest paleowater
depths found within our section (sequences E3–E5) at the Bass River site. The
switch from A. wilcoxensis to A. aff. dissonata (Tjalsma and Lohmann, 1983)
supports the interpretation of deeper water depths. This biofacies is similar to
biofacies D in Browning et al. (1997a), which is found in clay-rich sediments,
with paleodepths of 125 ± 25 m. The average planktonic foraminiferal abundance in samples characterized by this biofacies is 67%, with some samples
reaching as high as 82%, supporting the greater water depth interpretation.
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Biofacies D is found in the lower Eocene of sequences E3–E5 and is essentially
the Manasquan Formation assemblage, which transitions into biofacies B of
the lower Shark River Formation.

Diversity Indices, Foraminiferal Numbers, and Grain Size
Diversity indices were calculated using initial data sets including all counted
benthic specimens from 42 samples at Bass River (Fig. 9). Heterogeneity
[Shannon-Wiener H] ranges from 2.0 to 3.2, dominance (D) ranges from 0.1
to 0.2, Fisher F(α) ranges from 3.5 to 12, and evenness (eH/S) ranges from 0.4
to 0.7. Shannon-Wiener H and F(α) values tend to increase at the bases of
sequences, followed by a decrease upsection. Highest diversity is observed
within sequence E8. Dominance (D) remains relatively uniform throughout
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Figure 6. Biofacies C (factor 4 and associated paleo-water depths). Distribution
of species with high loadings are shown
(percent of total sample). Total variance explained: 4.5%. Red lines represent sequence
boundaries; dashed line within sequence
E3 indicates an unresolvable contact and
may represent a sequence boundary (Miller
et al., 1998b). %P—planktonic foraminferal
abundance. Scores show how strongly an
individual species relates to the factor.

the studied interval, with prominent increases occurring near the tops of sequences E3, E5, E7, E8, and E9. Evenness (eH/S), which is the opposite of dominance, remains relatively stable in our section, with decreases occurring in
the upper sections of sequences E3, E7, and E8. Diversity indices can be used
to assess environmental stability; communities are considered stable if the
Shannon-Wiener H index remains between 2.5 and 3.5, in transition between
1.5 and 2.5, and stressed below 1.5 (Magurran, 1988; Patterson and Kumar,
2000; Roe and Patterson, 2014). The majority of samples (79%) remain above
stable levels [i.e., Shannon-Wiener H>2.5], with transition-level values occurring at the base of sequence E3 and near the tops of sequences E3, E7, and E9.
Benthic foraminiferal numbers (specimens per gram) generally are constant through sequences E3 and E4. These numbers increase gradually to a
maximum in sequence E8, which coincides with the highest H values, and
then decline into sequence E10 (Fig. 9).
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The coarse fraction (>63 µm) generally consists primarily of quartz or glauconite
sands, where glauconite in TSTs is in situ and in HSTs is reworked based on its
covariance with quartz sand (Miller et al., 2004). The percent coarse fraction is low
(average 11%) throughout sequences E3–E7 (Fig. 9), increases in the upper section
of sequence E7, and reaches a maximum of 64% in sequence E9 (where it consists
of an admixture of quartz and reworked glauconite sand; Figs. 2, 3), followed
by a decrease to 12% in sequence E10. The increase in percent coarse fraction
throughout our studied interval of ~20 m.y. indicates an overall long-term shallowing trend. Within individual sequences (specifically E3, E4, E5, E7, E8, E9), we
observe a coarsening-upward trend (Figs. 2, 3), indicative of shallowing upsection.
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Cluster Analysis
Cluster analysis was performed on the relative abundances of the 31 most
common benthic foraminiferal taxa (>5% in at least one sample) (Fig. 10) and
supports factor analysis interpretations. Clusters are based on a consistent
level of similarity. The boxes in Figure 10 show the clusters, which are related to the biofacies determined by factor analysis. The first three factors
(biofacies B, biofacies D, and biofacies A) are distinctly clustered, whereas
factor 4 (biofacies C) is less definite. This clustering is consistent with the fact
that the first three factors account for ~68% of the total variance and each is
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characterized by three to five species with high scores. Factor 4, on the other
hand, is characterized by only one high-scoring species and contains species
that also appear in the first two factors.

Ostracods
Seventeen ostracod genera were identified from the 1093 specimens at
Bass River (Table S1 [footnote 1]). The number of ostracods within each sample

GEOSPHERE | Volume 15 | Number 0

tends to track planktonic foraminiferal abundance (Fig. 3). The largest number
of total preserved ostracods in the sample and highest ostracod generic diversity indices (Fig. 11) occur through sequences E3–E8, with a dramatic drop in
heterogeneity [Shannon-Weiner H], diversity [Fisher F(α)], and the number of
observed genera occurring in the upper section of sequence E8 and continuing
through E10. The average number of genera present in sequences E3–E7 is ~8,
and in sequences E8–E10 is ~3. Conversely, dominance (D) remains low within
sequences E3–E8 and increases going into sequences E8–E10. Greatest ostracod
diversity is found at corehole depths 304.8, 289.6, 281.9, and 270.4 m (1000, 950,

Fung et al. | Sequence stratigraphy, micropaleontology, and foraminiferal geochemistry, New Jersey paleoshelf

15

Fung_ges01652  1st pages / 15 of 31

NP15−NP16

Benthics/g

Manasquan
Formation

P8

1000

NP14a

NP13

975

E7

Fisher F(α) Evenness (eH/S) % Coarse fraction
(>63 µm)

E6

NP12

950

P11

925

P9−P10

Depth (ft)

900

Dominance (D)

Depth (m)

E8

ShannonWiener (H)

Shark River Formation

NP19−20n Ca

NP18

E9

P12

875

E10

?NP16

P15

850

equivalent

P15

Fo

ra
m

in
a n l c i fe r
a
s
n
Se opreo
qu l an us
e k
AbseconU nc ton
es
Inlet Fm. nit
s

Research Paper

Biofacies A
Factor 3

Biofacies D
Factor 2

Biofacies B
Factor 1

Spiroplectammina mississippiensis

Cibicidoides spp.

Uvigerina vicksburgensis

Globobulimina ovata

Uvigerina spinicostata

Planulina costata

Hanzawaia blanpiedi

Hanzawaia mauricensis

Cibicidoides lobatulos

Cibicidoides praemundulus

Alabamina wilcoxensis

Gyroidinoides octocameratus

Anomalinoides acuta

Anomalinoides alazanensis

Lenticulina spp.

Spiroplectammina alabamensis

Pullenia quinqeloba

Figure 10. Neighbor-joining cluster analysis using
a Chord similarity index and final branch root performed on the relative abundance of the 31 most
common taxa (>5% in at least one sample). Clusters
are based on a consistent level of similarity (heavy
red line). Red boxes show related clusters and the
corresponding biofacies and factors that explain
them. The highest loading species for each biofacies
are shaded accordingly.

Cibicidoides cocoaensis

Similarity

0.48

Melonis barleeanum

Tritaxia spp.

Cibicidoides pippeni

Dentalina cooperensis

Osangularia expansa

Plaunlina cf. renzi

Alabamina aff. Dissonata

Cibicidoides eocaenus

Spiroloculina arenata

0.60

Siphonina claibornensis

Cibicidoides pseudoungerianus

0.72

Eponides jacksonensis

0.84

Cibicidoides micrus

Biofacies C
Factor 4

0.36
0.24
0.12
0.00
−0.12
4

8

12

16

20

24

28

32

Species

925, and 887 ft), coinciding with peaks in number of preserved ostracods. We
also find the maximum number of preserved whole carapaces (also known as
lowest percent valves) at these sample depths. The percent valves dramatically
increases to 100% in the upper section of sequence E8 and continues through
E10. At this depth, Eucythere (typical of deeper water in the outer shelf; Whatley, 1988) disappears completely from our study upsection. We also observe a
switch from delicately ornamented genera to more heavily calcified and robust
ostracods in the upper section of sequenced E8. Furthermore, spinose ostracods
(e.g., Acanthocythereis and Actinocythereis) disappear and are replaced by
smooth-walled genera in sequences E9 and E10 (Table S1 [footnote 1]).
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Taphonomy
The taphonomic condition of paleo-continental New Jersey sediments needs
to be taken under consideration in order to make accurate paleoenvironmental interpretations (Stassen et al., 2015). Despite potential taphonomic effects
(discussed below), the distinctive and discrete faunal patterns noted within and
between sequences (Fig. 3) and among studies (e.g., the similar changes noted
by Browning et al., 1997a, 1997b) argue for minimal overprint of the original biocenosis. Although foraminifera are generally well preserved at Bass River, benthic
foraminiferal preservation does vary through the studied section, from poor to
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excellent, indicating variable taphonomic effects in different lithologies. In general, we find that foraminifera are less translucent in the sandy sediments than
in the clays. Near the condensed sections associated with the MFS, specifically
at corehole depths 306.2, 269.1, and 263.0 m (1005, 883, and 863 ft), foraminifera
are in some cases partially replaced by authigenic minerals such as pyrite and
glauconite. Taphonomic modification can also include dissolution and physical
abrasion (especially in slowly accumulating sediments) and can alter the relative abundance of certain species (Stassen et al., 2015). In general, planktonic
foraminifera and small, fragile benthics (e.g., hyaline biserial and triserial taxa
and Spiroloculina sp.) are more prone to dissolution (Nguyen et al., 2009). The
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high percent planktonics in sequences E3–E7 suggests limited alteration by dissolution, although some dissolution may help account some of the unexplained
percent planktonic variations. The transition to shallowest biofacies A across the
E7-E8 sequence boundary which continues into sequence E10 is also associated
with a dramatic drop in percent planktonics and ostracods; this could suggest
some degree of post-depositional degradation due to physical reworking and
breakage associated with shallower water depths. The increase in percent ostracod valves, which is a helpful taphonomic indicator of physical abrasion and
amount of breakage (Cohen, 2003), suggests that Bass River sediments display
a moderate degree of alteration, especially in shallower water depths.
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Sequence Stratigraphy
We use benthic foraminiferal biofacies to reconstruct paleobathymetric
changes, make inferences on systems tracts within these sequences (Fig. 3),
and make comparisons to previously studied New Jersey coastal plain sites.
Sequence boundaries identified in this paper have been defined previously,
and unconformities are identified based on lithology and physical stratigraphy,
including irregular contacts, reworking, gamma-ray peaks, bioturbation, and
paraconformities inferred from biostratigraphic breaks (Miller et al., 1998b). In
general, the Eocene section at Bass River is composed primarily of silty clays
with variations arising mostly from changes to slightly sandy to very slightly
sandy (slightly glauconitic or slightly quartzose). These minor sedimentological variations are interpreted as significant within a sequence stratigraphic
context. Lithologic evidence presented here derives from the Bass River site
report (Miller et al., 1998b), and we provide evidence to show similar relative
depth trends between biofacies and lithofacies within each sequence.

Sequence E3
Greatest water depths are found in sequence E3 (corehole depth 337.9–299.1
m; 1108.5–981.3 ft; upper lower Eocene), which is dominated by biofacies D
(125 ± 25 m water depth; Fig. 3). Sequence E3 deepens upsection (TST) to
maximum water depths (~150 m) at the MFS, coinciding with the highest
planktonic foraminiferal abundance (86%) and peak in C. eocaenus (one of
the deepest-dwelling species in this section). Above the MFS, decreases in
C. eocaenus and planktonic foraminiferal percentages indicate that sequence
E3 shallows upsection, characteristic of HSTs. A contact at 299.1 m (981.3 ft)
separates indurated clays below from characterized bioturbated silty clays
above and is associated with a gamma-log peak, indicating the E3-E4 sequence
boundary (Miller et al., 1998b). The average planktonic foraminiferal abundance
for the eight samples analyzed in sequence E3 is high at 78%. The occurrence
of biofacies D in sequence E3 at Bass River is further supported by the coeval
occurrence of similar biofacies D and E of Browning et al. (1997a) at other
New Jersey coastal plain sites (Island Beach and ACGS#4). Lowest percent
coarse fraction (i.e., highest component of clay) and highest average number
of whole ostracod carapaces (low percent single valves) further support deep
water depths in sequence E3. In addition, the percent of single ostracod valves
increases from ~70% at the base of E3 to ~90% at the top of E3, in agreement
with our interpretation of shallowing upsection.

Sequence E4
Deep water depths continue in sequence E4 (corehole depth 299.1–
292.56 m; 981.3–959.85 ft), which is characterized by biofacies D (125 ± 25 m
water depth). The lithofacies in sequence E4 is dominated by marls with slight
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glauconite enrichment at the base (indicative of the TST; Miller et al., 1998b),
and are consistent with the biofacies representing deposition in outer neritic
(>100 m) paleodepths. Percent planktonic foraminifera decreases above the
E3-E4 sequence boundary, and then increases upsection. The average planktonic foraminiferal abundance for the five samples analyzed from sequence
E4 is 61%; changes in percent planktonics within this sequence may be due
to preservation because the benthic biofacies indicates relatively uniform paleodepth (Fig. 3). C. pseudoungerianus decreases through sequence E4 with an
increase in C. micrus, followed by a large decrease in C. micrus across the E4-E5
sequence boundary, indicating a change from deeper- to shallower-dwelling
species across a sequence boundary. We also observe a coincident decrease
in percent planktonics across the E4-E5 sequence boundary, from 74% to 34%.

Sequence E5
Sequence E5 (corehole depth 292.56–290.89 m; 959.85–954.35 ft) is very
thin (1.68 m; 5.5 ft), is bracketed by hiatuses of ~0.5 and 2.0 m.y. (Fig. 2), is
described as a glauconitic burrowed silty clay (Miller et al., 1998b), and is characterized by biofacies D (125 ± 25 m water depth). Although only two samples
are examined within this thin sequence, we interpret a second peak in C. eo
caenus to indicate a deepening upsection (TST) with maximum depths of 150
m. Average percent planktonics for sequence E5 is lower than in the previous
two sequences, at 36%. While biofacies D is less important within sequence
E5 than in the sequence below, and planktonics and ostracods are not particularly high, a significant peak in C. eocaenus (the deepest-dwelling species in
our study) to ~20% is observed within E5. Sequence E5 at Island Beach and
ACGS#4 is also characterized by coeval biofacies D of Browning et al. (1997a).

Sequence E6
Sequence E6 (corehole depth 290.89–284.07 m; 954.35–932 ft) is characterized primarily by biofacies B (75 ± 15 m water depth). A deepening-upward
TST occurs at the base of E6, indicated by a peak in C. pseudoungerianus (an
element of deeper biofacies D). Above this peak, shallower biofacies B and
A dominate, indicating the shallowing-upward HST. Consistent with the biofacies, the lithofacies show basal slightly more glauconite-rich mud (deepening
TST), which grades to medial silty clays (HST) to slightly glauconitic (possibly
reworked) clays at the top of the sequence (Miller et al., 1998b). Sequence E6
is overall more carbonate rich than the underlying Manasquan sequences
(E3–E4) with an upward trend of more carbonate in the sand fraction. The
average planktonic foraminiferal abundance for the three samples analyzed
in sequence E6 is 65%. Percent planktonics dramatically decreases from 77%
to 37% across the E6-E7 sequence boundary, and although percent planktonics returns to 57% within sequence E7, this further supports a fall in sea level
across the sequence boundary.
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Sequence E7

Sequence E9

Sequence E7 (corehole depth 284.07–269.99 m; 932–885.8 ft) is dominated
by biofacies B (75 ± 15 m water depth). The abundance of deeper-dwelling
C. cocoaensis delineates the basal MFS (100 m water depth). The basal TST
and thick HST in the middle to upper part of the sequence are supported by
lithology: a slight but notable increase in glauconite in the burrowed clays
at the base of sequence E7 (TST) is overlain by decreasing glauconite as the
section transitions upward from silty clays (lower HST) to slightly sandy clays
(HST) with an increasing proportion of shell material (Miller et al., 1998b). Ten
samples were analyzed from sequence E7, with an average planktonic foraminiferal abundance of 56%. Although little variation is observed within the
middle section of E7, percent coarse fraction begins to increase in the upper
section, indicative of shallowing upsection. We also note a significant decrease
in percent planktonics across the E7-E8 sequence boundary from 45% to 16%.
The average number of ostracods per sample decreases from 37 in sequences
E3–E7 to 6 in sequences E8–E10.

Similar to sequence E8, the base of upper Eocene sequence E9 (corehole
depth 263.23–258.04 m; 863.6–846.6 ft) is characterized by a switch from biofacies C and B (75 ± 25 m water depth) to biofacies A (60 ± 10 m water depth),
indicative of shallowing upsection. Glauconite and quartz sand are more abundant in sequence E9 than in any of the lower sequences. The deepest water
depths in this sequence are indicated by the occurrence of glauconite, abundance increase in Uvigerina spp. and S. claibornensis, and peak in planktonic
foraminiferal abundance, representing the deepening-upward basal TST. Above
the MFS (75 m water depth at 262.5 m corehole depth), biofacies A dominates,
indicating water depths of 60 m. Sequence E9 has a similar average planktonic
foraminiferal abundance (15%) as in the previous sequence. We also observe
a decrease in percent planktonics from 13% to 3% across the E9-E10 sequence
boundary. In addition, the highest percent coarse fraction within this sequence
further supports shallow water depths.

Sequence E10

Sequence E8
Minimum water depths of 60 m are interpreted in sequence E8 (corehole
depth 269.99–263.23 m; 885.8–863.6 ft), based on the presence of biofacies
A (60 ± 10 m water depth) with deeper biofacies C and B at the base (75 ±
25 m water depth). Here, the bioturbated silty clays of the lower Shark River
Formation (sequences E5–E7) transition to the slightly glauconitic clays of
the upper Shark River formation (sequences E8–E9) (Miller et al., 1998b).
Sequence E8 has slightly glauconitic clays at the base (TST), medial clays
(lower HST), and a slightly sandier upper section with quartz sand covarying
with reworked glauconite (upper HST) and an upsection decrease in shells
(Miller et al., 1998b). The increase in abundance of Uvigerina spp. (commonly
found in TST) and peak in S. claibornensis (component of deeper biofacies
C and D) indicate a deepening-upward basal TST to the MFS (75 m water
depth at ~268 m corehole depth), although we do note that this is a very thin
interval (<2 m). The basal TST and upper-section HST are also characterized
by a switch from biofacies C (deeper) to biofacies A (shallower). A decrease
in diversity indices and increase in the percent coarse fraction upsection
further supports an overall shallowing-upward trend within sequence E8. In
addition, higher benthics per gram at the base (deeper water depths) and
decrease in number of benthics per gram in the upper half of the sequence
supports shallowing upsection. Although we observe a peak in the number
of benthics per gram within sequence E8, the general shallow-water depths
for E8 are consistent with the low planktonic foraminiferal abundances (14%)
and low ostracod abundances and diversity in this section. Similar water
depths are found at the Atlantic City and Island Beach sites (75 ± 15 m),
with biofacies comparable to biofacies A and B present within sequence E8
(Browning et al., 1997a).
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Although only the lowermost section of upper Eocene sequence E10 (corehole depth 258.04–208.76 m; 846.6–684.9 ft) is shown in this study, E10 is characterized by biofacies A (60 ± 10 m water depth) and represents the shallowest
sequence. In the basal 1.95 m (6.4 ft) of this sequence, two samples indicate
a deepening-upward TST and abundance peak in the genus Uvigerina. The
bottommost sample from sequence E10 shows the lowest percent planktonics
(2.5%) found at Bass River, further supporting our conclusion that sequence
E10 is the shallowest. In the base of sequence E10, two samples yield a very
low average planktonic foraminiferal abundance of 6%. Low ostracod diversity
and high (100%) percent valves from basal sequence E10 support our interpretation of the shallowest water depths found in this study.

Stable Isotopes
The δ18O and δ13C results from six species of benthic foraminifera (A. wilcoxen
sis, A. aff. dissonata, C. cocoaensis, C. pippeni, C. eocaenus, and C. pseudoun
gerianus) and two genera of planktonic foraminifera (Acarinina spp. and Sub
botina spp.) are shown in Figure 12 to track sea level and paleoceanographic
changes throughout our section. Alabamina and Cibicidoides are typically
epifaunal genera (Thomas, 1990), although we find that our δ13C values for the
genus Alabamina are consistently lower by 0.63‰ than the Cibicidoides δ13C
values, suggesting that Alabamina was infaunal (at least shallow infaunal). The
low δ13C values in infaunal species result from higher organic carbon in the sediments arising from higher productivity in the surface waters and/or through an
increase in preservation in sediments. Decay of buried organic matter (which is
enriched in 12C) depletes the porewaters of O2 and releases the 12C, which is then
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incorporated into the tests of foraminifera. Therefore, we interpret early Eocene
to early middle Eocene (corehole depth 282–312 m; 925–1025 ft) Alabamina as
infaunal based on their lower δ13C values compared to epifaunal Cibicidoides.
Although there is a species offset, the δ13C values of the different species track
similar trends. Surface-dwelling Acarinina δ13C values are consistently higher
than the thermocline-dwelling Subbotina values (which are comparable to the
Cibicidoides values), yet follow comparable trends.
Results from our δ13C values from all species of benthic foraminifera show
an overall decrease from the lower to the upper Eocene (Fig. 12). The δ13C decreases occur in the upper sections of sequences E7, E8, and E9 (at corehole
depths 270.36, 264.26, and 260.60 m, respectively; 887, 867, and 855 ft). The
δ13C decrease in the upper E7 sequence is also accompanied by an increase in
abundance of Spiroplectammina alabamensis, an infaunal species (Fig. 5). We
also show increases in δ13C following the E7-E8, E8-E9 and E9-E10 sequence
boundaries, which correspond with abundance increases in the genus Uvi
gerina (Figs. 3, 4).
The δ18O values increase upsection at Bass River (Fig. 12). Increases in δ18O
occur across five out of the eight sequence boundaries (E2-E3, E4-E5, E5-E6,
E7-E8, and E9-E10) we studied. The uncertainties in interpreting changes across
these sequence boundaries associated with hiatuses are discussed below.
A significant decrease in δ18O (1.19‰) at corehole depth 274–270 m (900–885 ft)
occurs leading into the E7-E8 boundary. Benthic foraminiferal δ18O values
are lowest in early Eocene sequence E2 (−3.25‰) and are consistently low
throughout early Eocene sequences E3–E4, corresponding with the greatest
water depths in our section (125 ± 25 m) and the EECO. Acarinina δ18O values
are lower than Subbotina and benthic (Cibicidoides and Alabamina) values,
as expected for surface dwellers.

Mg/Ca Temperatures and δ18Osw
Benthic and planktonic foraminiferal Mg/Ca samples are focused around
select sequence boundaries (E2-E3, E4-E5, E5-E6, E6-E7) to evaluate if sealevel falls indicated by biofacies and lithofacies are associated with changes
in δ18Osw associated with glaciation. Mg/Ca-derived temperature estimates
from benthic foraminifera (bottom-water temperature, BWT; we use this
term in the sense that benthic foraminifera record seafloor temperature) and
planktonic foraminifera (sea-surface temperature, SST) are shown across
these sequence boundaries in Figure 12. Planktonic foraminiferal SSTs are
consistently warmer than benthic BWTs; both SST and BWT track similar
trends. In addition, surface-dwelling Acarinina spp. SSTs are higher than
thermocline-dwelling Subbotina spp. SSTs, as expected. We observe a 5.2 ±
1 °C decrease in SST from Acarinina and 3.8 ± 1 °C decrease from Subbotina
across the E4-E5 sequence boundary. Cibicidoides pseudoungerianus BWT
remains constant across the E2-E3 sequence boundary but decreases 2.3 ±
1 °C immediately above the sequence boundary. BWT decreases 3.8 ± 1 °C
across the E4-E5 sequence boundary (approximately the lower Eocene–middle
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Eocene boundary), followed by an increase and then decrease of 3 ± 1 °C
within sequence E5. Little temperature change is associated with sequence
boundaries E5-E6 and E6-E7 from either the benthic or planktonic foraminifera.
Overall, warmer temperatures are recorded in the Manasquan Formation
(lower Eocene) compared to the lower Shark River Formation (middle Eocene). δ18Osw values increase across the E2-E3 and E5-E6 sequence boundaries
(Fig. 12), but are equivocal across the E4-E5 and E6-E7 sequence boundaries
(see Discussion).

DISCUSSION
Stable Isotopes
Benthic and planktonic foraminiferal stable isotopes provide the means to
reconstruct paleoceanographic changes during the early Eocene to early late
Eocene at Bass River (Fig. 12). δ13C decreases occur in the upper portions of
sequences E7, E8, and E9 (Fig. 12). The decreases in δ13C at Bass River correspond to global decreases in δ13C in the upper sections of sequences E7 and
E8, though the δ13C decrease in sequence E9 is much larger than in deep-sea
benthic foraminiferal records (Fig. S2 [footnote 1]). The decrease in δ13C values
in the upper E7 sequence is accompanied by an increase in S. alabamensis
abundance (Fig. 5). Spiroplectammina is an infaunal genus (Peryt et al., 1997)
and we interpret it as indicating an increase in productivity. During periods
of high (seasonal) productivity, an influx of organic matter is delivered to the
ocean sediments, which when oxidized releases 12C that drives down pore-water δ13C. This δ13C decrease also corresponds with a δ18O decrease. We speculate that this δ18O decrease can be attributed to riverine input, which supplies
nutrients and stimulates productivity and/or an increase in temperature. This
significant absolute decrease in δ13C (1.4‰) and δ18O (1.2‰) across corehole
depths 274.3 m (900 ft) to 270.4 m (887.3 ft) matches the global signal, yet the
magnitude is higher at Bass River (Fig. 13; Fig. S2 [footnote 1]), further supporting some regional component, such as a change in productivity. The increases
in the δ13C values following the E7-E8, E8-E9 and E9-E10 sequence boundaries
correspond with abundance increases in the genus Uvigerina (Fig. 4). An increase in Uvigerina spp. typically corresponds with deepening-upward TSTs
(e.g., Loutit et al., 1988), which we find at the base of sequences E8, E9, and
E10 (Fig. 3). The corresponding abundance increase in the genus Uvigerina
and δ13C values is puzzling, as Uvigerina is an infaunal species and commonly
indicates an increase in productivity.
Superimposed on the overall δ18O increase and cooling trend following the
EECO, a transient δ18O minimum is observed globally at ca. 41 Ma (Fig. 13),
called the MECO warming event (Bohaty and Zachos, 2003). Based on our
age model at Bass River, the MECO event likely is not recorded due to the
unconformity at the E8-E9 sequence boundary. In order to confirm the absence or presence of the MECO event, higher-resolution sampling across
this interval is needed.
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Figure 12. Stable isotopes (δ O and δ C), Mg/Ca temperature reconstructions (BWT—bottom-water temperature; SST—sea-surface temperature), and δ Osw (seawater) estimates from benthic and
planktonic foraminifera from sequences E2–E10 at Bass River, New Jersey coastal plain (USA). Genera abbreviations: A.—Alabamina; C.—Cibicidoides. The Early Eocene Climatic Optimum (EECO;
ca. 52–50 Ma) event is labeled.
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Evidence for Glacioeustasy
Based on our integrated analysis of physical stratigraphy, microfossils,
and geochemistry, we interpret the Eocene Bass River section to reflect GMSL
changes that are driven by ice-volume variations. We compare our benthic and
planktonic foraminiferal δ18O data with global benthic foraminiferal δ18O trends
(Cramer et al., 2009) and benthic foraminiferal δ18O records from the Southern
Ocean (ODP Sites 689 and 690; Kennett and Stott, 1990) (Fig. 13). Although our
isotope trend provides snapshots of ocean history during periods of high sea
level recorded in the sedimentary record, overall δ18O values increase upsection at Bass River (Figs. 12 and 13), consistent with global cooling (Cramer et
al., 2009). As expected, our shallow-water benthic and planktonic δ18O values
are consistently lower by 0.5‰–1.5‰ than the deep-sea benthic foraminifera
from Antarctic ODP Sites 689 and 690, reflecting 2–6 °C cooler temperatures in
the bathyal zone at those sites (Eocene water depths of ~1400 m and ~2250 m,
respectively; Kennett and Stott, 1990), yet they track similar patterns throughout our section, indicating that Bass River isotopes record a global signal.
The greenhouse conditions of the Eocene are presumed to have been
largely ice free with modern-sized Antarctic glaciation occurring at 33.8 Ma
(e.g., Miller et al., 1991; Zachos et al., 1996). Miller et al. (1998a) showed that all
but two latest Eocene–middle Miocene onshore New Jersey sequence boundaries are associated with increases in δ18O, suggesting a link between sequence
boundaries and a drop in sea level caused by glacioeustasy. Furthermore,
Miller et al. (1998a) proposed that small-amplitude sea-level changes (<20 m)
associated with the growth and decay of small ice sheets (8–12 × 106 km3
[20–30 m glacioeustatic equivalent]; DeConto and Pollard, 2003b) appear to
correlate with δ18O increases in the early to middle Eocene, a time interval previously thought to have been ice free. In order to reconcile warm high-latitude
climates coinciding with deep-sea δ18O increases and eustatic falls, Miller et
al. (2005b) proposed that Late Cretaceous to Eocene ice sheets (which only
existed during Milankovitch insolation minima, lasting ~100–200 k.y.) did not
reach the Antarctic coast. These small ice caps in the interior of Antarctica
allowed coastal Antarctica to remain warm, yet still allowed for changes in
sea level due to glaciation (Miller et al., 2005b).
Here, we use δ18O and Mg/Ca to reconstruct temperature and δ18Osw across
multiple Bass River sequence boundaries in the early to middle Eocene to resolve
whether relative sea-level falls (observed as water-depth changes) are associated
with glaciation. Benthic foraminiferal δ18O values increase across five out of the
eight Eocene sequence boundaries studied (E2-E3, E4-E5, E5-E6, E7-E8, and E9E10; Fig. 12; Table 1). Values decrease across sequence boundaries E6-E7 and
E8-E9, but increase immediately above (Fig. 12; Table 1). Where planktonic δ18O
data are available, they show similar increases at sequence boundaries (E4-E5
and E5-E6; Fig. 12; Table 1). Although the record at Bass River is less continuous
and punctuated by hiatuses, these δ18O increases are also observed in deep-sea
benthic foraminiferal records (Fig. 13; Cramer et al., 2011), supporting that the
global signals are recorded at Bass River. Although the Bass River data are generally sparse and hiatuses associated with them are long in certain cases, they
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do show 0.3‰–1.2‰ increases across sequence boundaries, which we associate
with glacial lowerings of sea level. The δ18O changes are similar to those reported
by Browning et al. (1996) from previous deep-sea studies (Table 1).
Middle Eocene and younger sea-level changes respond on Milankovitch scales,
paced primarily by the 1.2 m.y. tilt cycle, though the forcing on early Eocene
changes is not certain (Boulila et al., 2011). Higher-order cycles (400, quasi-100,
41, 23, and 19 k.y.) are difficult to resolve in the New Jersey coastal plain due to
moderate sedimentation rates (40 m/m.y.) and long hiatuses. Though hiatuses
across middle Eocene sequences are long, our data show that they are associated
with million-year-scale ice-volume increases, presumably on the 1.2 m.y. scale. We
suggest that the shorter hiatuses in the early Eocene are the result of lower-amplitude sea-level variations as implied by our data. The cause of these early Eocene
greenhouse sea-level variations has been debatable, though our data suggest
that they were glacioeustatically forced, again presumably on the 1.2 m.y. scale.
Difficulties in using the stratigraphic record at Bass River to study changes
in sea level arise from the lack of sediment preserved during long hiatuses.
Of the five sequence boundaries that show an increase in δ18O values, three
occur across short hiatuses (E2-E3, E4-E5, and E9-E10) and two over long
hiatuses (E5-E6 and E7-E8). Two of the sequence boundaries that show a decrease in δ18O (E6-E7 and E8-E9) occur across the longest hiatuses observed
in our studied interval. Changes observed across shorter-duration hiatuses
(E2-E3, E3-E4, E4-E5, and E9-E10 sequence boundaries) provide firm evidence
for a link of sequence boundaries and ice volume, even in the early Eocene
greenhouse-doubthouse world. Sequence boundaries associated with longer
hiatuses, such as the δ18O decrease at the E8-E9 sequence boundary, potentially
reflect snapshots in each of these short sequences of the overall global δ18O
trend and may represent more than one sea-level event. The incompleteness
of parts of the Bass River record makes it hard to say for certain that all stratigraphic changes can be explained by glacioeustasy. We can be more confident
in our interpretation of a glacioeustatic link where we observe increases in
δ18O across short hiatuses. Although not inconsistent, increases in δ18O across
sequence boundaries represented by longer hiatuses may be more difficult
to tie reasonably to a specific glacioeustatic event.
Sea-level calibrations using δ18O variations at Bass River are not straightforward due to three effects: (1) changes in water depth; (2) freshwater input; and
(3) uncertainties in δ18Osw-sea level calibration. The amplitudes of δ18O increases
at Bass River are similar to changes noted in deep-sea δ18O records at ca. 49
Ma (E4-E5 sequence boundary), 46–47 Ma (E5-E6), and 42 Ma (E7-E8; Fig. 13;
Table 1). Though δ18O values decrease across the E6-E7 sequence boundary,
the increase captured at the base of E7 correlates with a ca. 44 Ma global δ18O
increase. The δ18O decrease in sequence E7 and the increase across the E9-E10
sequence boundary appear amplified relative to deep-sea records and may
reflect effects of water depth or freshwater input, supported by foraminiferal
and sedimentological evidence (discussed below). Therefore, δ18O variations
observed at Bass River generally mimic global records; coupled with Mg/Ca,
they provide a first-order correlation of sequence boundaries and δ18Osw (we
discuss complications due to water depth and freshwater input below).
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TABLE 1. FLUCTUATIONS IN δ18O and δ18Osw (SEAWATER), CORRESPONDING CHANGES IN SEA LEVEL (SL), AND Mg/Ca-DERIVED TEMPERATURE RECONSTRUCTIONS ARE
SHOWN ACROSS SEQUENCE BOUNDARIES AT BASS RIVER (NEW JERSEY COASTAL PLAIN, USA) AND ARE COMPARED TO THE WORK OF BROWNING ET AL. (1996)
Sequence
boundary

Hiatus age
(Ma)

Δδ18Obf (‰)
Browning et
al. (1996)

ΔSL (m)
Browning et
al. (1996)

Δδ18Obf (‰)
this study

Comment

ΔSL (m)
0.11‰/10 m
66% ice

ΔSL (m)
0.10‰/10 m
33% ice

ΔMg/Ca
temperature
(°C)

Δδ18Osw (‰)
this study

ΔSL (m)
0.10‰/10 m

ΔSL (m)
0.13‰/10 m

E9-E10
E8-E9
E7-E8
E7 base
E6-E7

37.3
40.5–37.6
42.9–41.0
ca. 41
45.8–43.9

–
0.3
0.25
–
0.3

–
27
23
–
27

0.5
−0.4
1.2
0.6
−0.3

30
−24
72
36
−18

17
−13
40
20
−10

–
–
–
+0.5
+0.6

–
–
–
0.7
−0.2

–
–
–
73
−15

–
–
–
56
−12

E5-E6

48.3–46.3

0.2

18

0.3

18

10

+0.3 to +0.8

0.4

44

34

E4-E5
E3-E4
E2-E3

49.0–48.4
49.9–49.5
53.4–52.6

–
–
–

–
–
–

0.5
–
0.7

Bf increase across SB 0.4‰–0.6‰
Bf decrease across SB, increase above and below
Increase across SB; accentuated by local effects
Bf and pf increase immediately above SB
Bf and pf decrease across SB; 0.4‰–0.9‰ increase
immediately above
2 m.y. hiatus; bf and pf 0.2‰ increase at SB; bf and
pf ~0.4%‰ increase immediately above
Bf and pf increase across SB 0.4‰–0.6‰
Insufficient data
Bf average increase across SB

30
–
42

17
–
23

−2.5 to −5.2
–
+0.6

−0.1
–
0.9

0
–
85

0
–
65

Notes: We calculate changes in sea level from δ18O using: (1) the late Pleistocene calibration of 0.11‰/10 m with 67% due to ice and 33% due to temperature (Fairbanks, 1989); and (2) the Late Cretaceous and Campanian–
Maastrichtian calibration of 0.10‰/10 m using 25%–33% ice volume and 66%–75% temperature (Miller et al., 2005a). δ18Osw sea level and Mg/Ca-derived temperature reconstructions are shown across specific sequence boundaries and the corresponding ΔSL. The low-end-member estimates from Winnick and Caves (2015) using 0.13‰/10 m are also shown. Dashes indicate where no increase or decrease in δ18O is observed. The time scale of Gradstein et al. (2012) is used throughout. SB—sequence boundary; bf—benthic foraminiferal; pf—planktonic foraminiferal.

Though we provide estimates of changes in δ18Osw (Fig. 12), the δ18Osw–
sea level calibration is uncertain. The Pleistocene δ18O–sea level calibration
(0.11‰/10 m, with 67% due to ice and 33% due to temperature; Fairbanks and
Mathews, 1978; Fairbanks, 1989) is most likely not applicable for the warmer
temperatures of the Eocene (Miller et al., 2005b). Therefore, we compare sealevel changes using the Pleistocene calibration and the Oligocene calibration
of 0.10‰/10 m (Pekar et al., 2002). We also include sea-level approximations
using Late Cretaceous and Campanian–Maastrichtian estimates of 25%–33% ice
volume and 66%–75% temperature (Miller et al., 2005a). The low-end-member
estimates from Winnick and Caves (2015) using 0.13‰/10 m are also shown in
Table 1. These changes in sea level due to ice-volume variations are not true
eustatic estimates though, because we did not take into account the processes
that change ocean-basin volume, such as tectonoeustasy and crustal shortening (Miller et al., 2005a). Our estimates of sea-level lowerings are minima
due to hiatuses and the absence of lowstand deposits in our section of Bass
River, where the amount of lowering is unconstrained, possibly as the result
of exposure and/or downward slope transport.
Our δ18O-based estimates for sea-level fall due to changes in ice volume
show a wide range (Table 1), though our best estimate is ~20–25 m with a
likely upper limit of 40 m (Table 1). In general, our sea-level changes are in
agreement with Browning et al. (1996) when using the Oligocene calibration of
0.10‰/10 m, although we observe δ18O increases across sequence boundaries
E2-E3, E4-E5, and E9-10, and Browning et al. (1996) did not. Although the E7-E8
hiatus is ~2 m.y., representing a considerable gap in time in preserved section,
we do observe a significant shift from biofacies B to shallower biofacies A and
a major drop in percent planktonics and preserved ostracods. This significant
environmental change that impacted both the surface and bottom waters at
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ca. 41 Ma may be the localized effects of the MECO event. In addition, much of
the large δ18O increase across the E7-E8 boundary (1.2‰) is likely attributable
to regional cooling. The δ18O increase across the E2-E3 sequence boundary
is large (0.7‰), with ~40 and 20 m sea-level falls estimated using the Pleistocene and Cretaceous calibrations, respectively (Table 1), though we favor the
lower estimate using a larger temperature component than in the Pleistocene.
We also present Mg/Ca-derived temperature and δ18Osw reconstructions
across three sequence boundaries (Table 1). This approach yields very
high ice-volume growth (sea-level falls as large as 85 m; Table 1). However,
δ18O-Mg/Ca–based eustatic estimates have large uncertainties on individual
peaks (±15–25 m; Miller et al., 2012), which may explain these high amplitudes.
We conclude that the amplitudes of sea-level falls in the Eocene are still poorly
known, but are likely on the order of 20–25 m, and are lower than icehouse falls
of the Oligocene and younger (~50–60 m; Miller et al., 2005a, 2005b).
Bass River sequences are compared to previously studied New Jersey
onshore boreholes of Browning et al. (1996) and to the sea-level curves of
Haq et al. (1987), Miller et al. (2005a), and Kominz et al. (2008) (Fig. 14). Sites
ACGS#4, Island Beach, and Atlantic City are recalibrated to the time scale of
Gradstein et al. (2012) using updated age-depth plots for each site (Figs. S3–S5
[footnote 1]). Paleodepth estimates from our study are compared to those of
these previously studied New Jersey sites and arranged along a depth gradient.
The eustatic record of Haq et al. (1987) digitized and reproduced by Miller et al.
(2005a), and backstripped sea level records of Miller et al. (2005a) and Kominz
et al. (2008), are also shown, updated to the Gradstein et al. (2012) time scale.
With the possible exception of sequence E9, which is poorly dated at Bass
River, the sites show coeval hiatuses, indicating that the attendant unconformities were associated with regional base-level lowerings. Based on foraminiferal
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biofacies, Bass River paleodepths are comparable to those of previously studied New Jersey boreholes, with paleodepths being the greatest in the lower
Eocene and decreasing upsection. Although the Bass River, ACGS#4, and Island Beach sites essentially are located along a similar basin gradient (Fig. 1),
deviations in paleobathymetry recorded among these sites within certain
sequences can be attributed to differences in sediment supply along a strike
line during these time periods. For example, we suggest that paleodepths in
sequences E6–E7 were 35–60 m shallower than in the older study of Browning
et al. (1996). Furthermore, no one site preserves the entire Eocene record, with
hiatus durations varying among sites. Therefore, the discrepancies in paleobathymetry (specifically at sequences E6 and E7) may also result at least in part
from the varying sequence duration recorded at each site (i.e., sequences do
not necessarily perfectly overlap), and not all sequences record a basal TST
or MFS. An unresolvable contact that may represent a sequence boundary at
ca. 51 Ma (Miller et al., 1998b) could explain the location of the MFS at Bass
River (as indicated by a peak in C. eocaenus) and differences in paleobathymetry between Bass River and sites from previous studies within sequence E3.
Compared to these previously analyzed boreholes, our study more closely
reflects the backstripped sea-level curves, confirming the accuracy of our record. Bass River paleobathymetry estimates are in line with the backstripped
sea-level curves (especially Kominz et al., 2008) at sequences E4, E5, and
E7–E10. Slight disagreements occur within sequences E3 and E6. This may
be attributed to the inclusion of estimated lowstands in the sea-level records
of Miller et al. (2005a) and Kominz et al. (2008). Similarities between the New
Jersey records (boreholes and backstripped sea-level curves) and the Haq et
al. (1987) eustatic record suggest that early Eocene sequence boundaries are
global (i.e., unconformities correspond with eustatic sea-level falls), although
the amplitudes of the Haq et al. (1987) global sea-level events are too high by
a factor of ~2–2.5 (Pekar et al., 2002; Miller et al., 2005a, 2011; John et al., 2011).
These New Jersey sequences are marked with unconformities, with no one site
providing a complete picture of sea-level history. Although significant gaps
due to long middle Eocene hiatuses still exist, integrating Bass River with previously studied boreholes and eustatic estimates shows that million-year-scale
sea-level falls likely caused widespread erosion across the paleoshelf (Fig. 14).
A 25–40 m sea-level fall would have only partially exposed the paleoshelf
to subaerial erosion. Assuming gradients of 1:500–1:1000 observed in two-dimensional backstripping (Steckler et al., 1999) and the modern shelf would
predict only exposure of 25–80 km of this wide (>>100 km) paleoshelf. There
is little evidence for subaerial exposure at Bass River. However, a rapid (>>25
m/m.y.) glacioeustatic fall would have caused hiatuses across the paleoshelf
due to submarine erosion and bypass. The extent of erosion and bypass would
likely be related in part to the amplitude and rate of sea-level falls, with the
longer middle Eocene hiatuses reflecting more severe sea-level falls.
The decrease in δ18O from corehole depth 274–270 m (900–885 ft) in the
upper part of sequence E7 is antithetical to other global records (Fig. 13) and
highlights uncertainties in stable isotopic studies on shelf sections due to two
effects, increases in river input and changes in water depth. The decrease in δ18O
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could also have been due to influence of riverine waters, which have a lower
δ18O signature because of Raleigh fractionation associated with evaporation
and/or precipitation. An increase in freshwater input via rivers during sea-level
falls can decrease the local δ18O values of the ocean water, though this effect is
generally restricted to the inner shelf (<30 m) even in high-input environments
such as the modern Amazon (Geyer et al., 1996), and the presence of abundant
planktonic foraminifera argue against a low-salinity (i.e., lower than mean ocean
by 1‰–2‰) surface water plume. Nevertheless, the input of isotopically light
waters into the surface waters and bottom through sediment-laden freshwater
can result in a low-salinity bottom layer that potentially explains the ~1‰ local
δ18O changes from sequence E7 to sequence E8 (Fig. 12), analogous to influences of meltwater in the Pleistocene Gulf of Mexico (e.g., Levanter et al., 1982).
Freshwater input would have resulted in stratification associated with low δ13C
values, abundant infaunal S. alabamensis, and bioturbated clays observed in
the upper section of sequence E7. We note that this anomaly appears to be the
only major change potentially attributable to riverine change, because other
δ18O variations faithfully mimic global δ18O changes (Fig. 13).
Benthic and planktonic foraminifera record a substantial increase in δ18O
(0.81‰–1.4‰) across the E2-E3 sequence boundary at ca. 52 Ma (Figs. 12, 13).
No change in BWT is observed, providing evidence of glacioeustasy in the
early Eocene. This increase in δ18O at Bass River corresponds with a ~65 m
fall in sea level documented in the backstripped sea-level curves of Kominz et
al. (2008). Importantly, all of the change in sea level occurs during the E2-E3
hiatus at Bass River. Although detailed micropaleontological studies were not
analyzed for this section, quantitative foraminiferal abundances on the samples bracketing the E2-E3 boundary at Bass River show a similar shallowing
(see Table S1 [footnote 1]). Specifically, the abundance of Trifarina wilcoxensis
(a component of biofacies H of Browning et al. [1997a] and indication of paleodepths of 185 ± 25 m) decreases from 79% to 3% across the E2-E3 boundary.
Cibicidoides micrus, C. pseudoungerianus, and C. eocaenus (components of
our biofacies D and indication of paleodepths of 125 ± 25 m) begin to dominate
in the base of sequence E3. Therefore, we show a major (60 ± 25 m) decrease
in water depth coupled with an increase in δ18O across the E2-E3 sequence
boundary during the early Eocene. This startling conclusion is derived from
and supported by both regional water-depth studies and geochemical proxies,
and indicates significant ice growth even in the “greenhouse” early Eocene.
Temperature reconstructions from both planktonic and benthic foraminifera show cooling across the E4-E5 sequence boundary (Fig. 12). Although
there is a species offset between the benthic and planktonic foraminifera, the
magnitude of cooling is similar. The slightly greater cooling illustrated by
planktonic species indicates greater temperature changes in surface waters
than at the seafloor.
Our BWT and SST reconstructions are comparable to a TEX86H temperature record from low-latitude Atlantic sites in the Eocene by Inglis et al. (2015)
(Fig. S6 [footnote 1]). We demonstrate that our SST record at Bass River is
similar to absolute temperatures measured by TEX86H, most importantly at
South Dover Bridge, an Atlantic Coastal Plain site similar to Bass River. This

Fung et al. | Sequence stratigraphy, micropaleontology, and foraminiferal geochemistry, New Jersey paleoshelf

26

Fung_ges01652  1st pages / 26 of 31

Research Paper

further validates our Mg/Ca BWT-SST reconstructions and interpretation for
a decrease in temperature associated with a sequence boundary ca. 49 Ma.
Cooling continues into the upper E4 sequence, paired with an increase
in δ18Osw and a decrease in water depth across the E5-E6 sequence boundary.
An increase in δ18Osw and decrease in water depth continues within sequence
E6, although we do not observe a change in temperature. This decoupling of
temperature and δ18Osw could be the result of mid-latitude temperatures remaining constant as ice volume increased or the input of freshwater via rivers
increased. A thin sequence E5, with absence of lowstand deposits, causes some
ambiguity in the data presented (decreases in temperature across the E4-E5
sequence boundary [approximately the early Eocene–middle Eocene boundary] coupled with decreases in δ18Osw). Although sequence E5 records only a
brief interval of deposition and the E5-E6 hiatus is relatively long, the overall
change in temperature and water depth from the top of sequence E4 to the
base of E6 shows a 3.5–4.7 °C cooling and a fall in sea level of 25–50 m starting
at 49 Ma. Further sampling may resolve some of the variability, although even
the largest of samples did not contain sufficient specimens for single-species
analysis and/or additional geochemical analyses. The report of IRD near Antarctica at ca. 49 Ma (Birkenmajer, 1988) further supports our interpretation of
glacial growth and decay across the early Eocene–middle Eocene boundary.
The fall in sea level across the E2-E3 sequence boundary at ca. 52 Ma and
cooling recorded across the E4-E5 sequence boundary at ca. 49 Ma occur
during some of the shortest hiatuses in our studied interval, providing a firm
link of sequence boundaries and δ18O changes. In this paper, we propose that
glacioeustatic changes occurred in the early Eocene, a time period previously
believed to have been largely ice free. These interpretations are supported by
micropaleontological paleobathymetry, stable-isotope analyses, and Mg/Ca
temperature reconstructions. We show that even in these relatively warm
climates, changes in sea level due to glacioeustasy likely existed. Limitations
to our study arise from: (1) the shallow location of the onshore sequences
on the continental shelf, restricting sediment preservation to times of higher
sea level; and (2) the low resolution around sequence boundaries and relatively long hiatuses recorded in these New Jersey boreholes. To address these
limitations, we present supporting geochemical evidence that indicates the
growth and decay of small ice sheets during a cooling trend beginning in the
early Eocene (at ca. 52 Ma). This cooling trend continued into the late Eocene,
leading into the EOT and initiation of continental-sized Antarctic ice sheets.

CONCLUSIONS
Eight previously defined lower Eocene to lower upper Eocene sequences
are resolved at Bass River using benthic foraminiferal assemblages, planktonic
foraminiferal abundances, ostracod generic diversity, and lithologic changes.
Four discrete benthic foraminiferal biofacies, delineated by factor analysis,
represent paleo–water depths that allow for the interpretation of systems
tracts within many of the sequences. Sequences at Bass River are dominated
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by thin basal deepening-upward TSTs overlain by shallowing-upward HSTs;
LSTs have not been detected. The greatest water depths are found in lower
Eocene sequence E3 (Manasquan Formation), which also correspond with the
greatest planktonic foraminiferal abundance in the section. Shallowest water
depths are obtained in late middle Eocene to late Eocene sequences E8–E10
(upper Shark River Formation) and are reflected in a significant biofacies shift,
decrease in planktonic foraminiferal abundance, decrease in number of ostracods, and decrease in ostracod diversity.
The δ18O and δ13C are analyzed from six benthic foraminifera species (of
the genera Cibicidoides and Alabamina) and two planktonic genera (Acarinina
and Subbotina) to gain information on paleoceanographic change during this
time period and provide a stable-isotope record from a benthic foraminiferal
genus that has not been previously used. The overall decrease in δ13C includes
intervals of negative isotope excursions, which could be the result of global
productivity increases. Species offsets due to microhabitat preferences could
indicate an infaunal preference for the genus Alabamina during the Eocene.
An overall increase in δ18O following the EECO agrees with the global signal
and the associated cooling trend.
A low-resolution study of temperature and δ18Osw reconstructions from benthic and planktonic foraminiferal Mg/Ca and δ18O studies show a fall in sea level
in the early Eocene at ca. 52 Ma and a ~4 °C cooling in the late early Eocene
(ca. 49 Ma). We provide evidence that small increases in δ18O values across five
of the eight sequence boundaries (E2-E3, E4-E5, E5-E6, E7-E8, and E9-E10) are
consistent with sea-level falls associated with the growth and decay of small
ice sheets during a time period previously believed to have been ice free. Overall, the Bass River middle Eocene Shark River Formation record is relatively
incomplete with long hiatuses (during a period of global cooling), compared
to the lower Eocene Manasquan Formation and upper Eocene Absecon Inlet
Formation, which record relatively continuous sedimentation with shorter hiatuses. A less-complete middle Eocene section also occurs in the Gulf Coast of
the United States and in northwest Europe (Miller et al., 2005b) and may reflect
a global response of margin sedimentation to higher-amplitude glacial sea-level
fluctuations than in the early Eocene. The shallow setting of Bass River may
have been influenced by freshwater input, though in general the amplitude and
patterns of δ18O changes are similar to those of deep-sea records (apart from
the upper section of sequence E7), indicating minimal overprinting. Despite
the difficulties associated with using New Jersey shelf sequence boundaries to
understand the glacial influences on sea level (i.e., long hiatuses, potential for
freshwater input), we demonstrate a clear need for future studies focused on
glacial interactions in the early to middle Eocene. Both our regional water-depth
studies and geochemical proxies suggest significant ice growth not only in
the middle Eocene “doubthouse”, but also in the early Eocene “greenhouse”.
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