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te Pleistocene sea-level record based on sequence stratigraphy from the New Jersey
margin and compared it with published records from fossil uplifted coral reefs in New Guinea, Barbados, and
Araki Island, as well as a composite sea-level estimate from scaling of Red Sea isotopic values. Radiocarbon
dates, amino acid racemization data, and superposition constrain the ages of large (20–80m) sea-level falls from
New Jersey that correlate with Marine Isotope Chrons (MIC) 2, 3b, 4, 5b, and 6 (the past 130 kyr). The sea-level
records for MIC 1, 2, 4, 5e, and 6 are similar to those reported from New Guinea, Barbados, Araki, and the Red
Sea; some differences exist among records for MIC 3. Our record consistently provides the shallowest sea level
estimates for MIC3 (∼25–60 m below present); it agrees most closely with the New Guinea record of
Chappell (2002; ∼35–70 m), but contrasts with deeper estimates provided by Araki (∼85–95 m) and the Red
Sea (50–90 m). Comparison of eustatic estimates with benthic foraminiferal δ18O records shows that the deep
sea cooled ∼2.5 °C between MIC 5e and 5d (∼120–110 ka) and that near freezing conditions persisted until
Termination 1a (14–15 ka). Sea-level variations between MIC 5b and 2 (ca. 90–20 ka) follow a well-accepted
0.1‰/10 m linear variation predicted by ice-growth effects on foraminiferal δ18O values. The pattern of deep-sea
cooling follows a previously established hysteresis loop between two stable modes of operation. Cold, near
freezing deep-water conditions characterize most of the past 130 kyr punctuated only by two warm intervals
(the Holocene/MIC 1 and MIC 5e). We link these variations to changes in Northern Component Water (NCW).

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Large changes in northern hemisphere ice sheets (NHIS, the “ice
ages”) during the past 2.6 myr have caused large and rapid changes in
sea level (Shackleton and Opdyke, 1973), particularly during the
Brunhes chron (past 780 kyr) when the 100-kyr Milankovitch-scale
terminations resulted in over 100 m sea-level rises in less than 10 kyr
(Broecker et al., 1968; Fairbanks, 1989). Two such terminations (1 and 2
of Broecker et al.,1968; ca.10–18 and 130–135 ka, respectively) occurred
during the past 130 kyr (the late Pleistocene), in addition to several
smaller precessional- (19/23 kyr) and obliquity- (∼41 kyr) scale changes
(e.g., Shackleton, 2000; Waelbroeck et al., 2002).

Oxygen isotopic records of marine carbonates reflect ice-growth
and decay events as increases (e.g., MIC1 2, 3b, 4, 5b, 5d, and 6) and
ographers for decades, the term
-rock units (Hedberg, 1976). The
chron in time and to maintain
e Isotopic Chron (MIC).
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decreases (e.g., MIC 1, 3a, 3c, 5a, 5c, and 5e) but also reflect changes in
seawater temperature and local δ18Oseawater variations in surface
waters. Untangling the effects of global compositional changes in δ18O
(global δ18Oseawater, the ice-volume effect) from deep-sea or upper
ocean water temperature changes has been the holy grail of
Pleistocene paleoceanography. Mg/Ca provides one independent
means of evaluating temperature effects, though this method has its
limitations also (e.g., Rosenthal et al., 1997). Sea level varies as a
function of ice-volume changes; thus, if global sea-level changes are
known, this places constraints on the temperature and ice-volume
components of the δ18O record (e.g., Chappell and Shackleton, 1986;
Cutler et al., 2003; Waelbroeck et al., 2002).

One complicating factor to understanding δ18Oseawater variations
has been that the history of sea-level change has been poorly known.
For example, prior to the work of Fairbanks (1989), the position of sea-
level at the last glacial maximum (LGM, ∼20 ka) was not known
within a factor of two and could have been anywhere between 80 and
150 m below present (Milliman and Emery, 1968). Fairbanks (1989)
established that sea level at the LGM was 120 m below present by
drilling and radiometrically dating corals (Acropora palmata) offshore
of Barbados. The Barbados estimates for the past 20 kyr have been
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confirmed in the uplifted Huon terraces of New Guinea (Cutler et al.,
2003), in Tahiti (Bard et al., 1996), the Sunda shelf (southeast Asia;
Hanebuth et al., 2000), and Bonepart Gulf (northwest Australia;
Yokoyama et al., 2001)(see summary in Lambeck and Chappell, 2001);
sea-level changes in these regions were similar, though details of the
Termination 1 rise, in particular the exact timing and amplitude of the
Termination 1a rise (14–15 ka), still require verification.

Studies of the uplifted fossil reefs in Barbados (Mesollela et al., 1969;
Matthews, 1973; Fairbanks and Matthews, 1978), Haiti (Dodge et al.,
1983), and New Guinea (Bloom et al., 1974; Chappell and Shackleton,
1986; Chappell et al., 1996; Chappell, 2002; Cutler et al., 2003) have
provided calibrations for late Pleistocene sea-level changes from MIC 2
to 6 (150–20 ka). Studies of uplifted fossil reefs from Araki atoll (Urmos,
1985) and Barbados (Peltier and Fairbanks, 2006) have provided
estimates for MIC 3 sea level. Detailed sea-level records have been
recently derived and used to deconvolve the effects of temperature from
the δ18O record (Cutler et al., 2003; Waelbroeck et al., 2002). However,
all of these regions used in sea-level reconstructions are experiencing
uplift and the assumption of constant uplift rates over a 100+ kyr
introduces a source of error of up to ±15 m. For example, Peltier (1998)
showed that the late Pleistocene uplift rate assumed for the Huon
peninsula (1.9mm/yr) is too high for the Holocene (0.65mm/yr). Siddall
et al. (2003) provided a different estimate of eustatic changes by using
Red Sea δ18O values as a proxy for salinity changes caused by sea-level
changes; this record is dependent on the models for salinity variations
and needs verification. Sea-level records from tectonically quiescent
regions such as the New Jersey margin spanning the last 150 kyr are
valuable to constrain eustatic history.

Studies in New Jersey of the Holocene (Miller et al., this volume)
and upper Pleistocene (Ashley et al., 1991) have provided a record of
sea-level change back to the LGM. The Pleistocene section on this
passive continental margin is thin and spotty due to low sediment
accommodation space during an interval of rapid eustatic change.
Therefore, a continuous late Pleistocene record cannot be obtained at
one location. By using seismic stratigraphy to map upper Pleistocene
sequences across the New Jersey continental shelf, Sheridan et al.
(2000) pieced together a history of late Pleistocene sea-level change.
Fig. 1. Seismic stratigraphic cross section of the Late Pleistocene off Barnegat Inlet, New Jerse
vibracores 12,17,18 from Uptegrove (2003), and vibracores 4903,4904,4905 from Knebel et a
using seismic correlations. Numbers 1/2, 3a, 3b, 3c, 4, 5, 5e, 5b, and 6 refer to correlations to m
the reader is referred to the web version of this article.)
Although the physical stratigraphy is well constrained (Fig. 1), their
age control was limited. Here, we take advantage of new dates
(Table 1) for seismic sequences mapped by Sheridan et al. (2000) and
illustrated on Fig. 1 and use them to derive a sea-level curve for the
late Pleistocene of New Jersey. We compare this record with sea-level
estimates from New Guinea, Barbados, and Red Sea and with the deep-
sea δ18O record (Fig. 2).

2. High-resolution seismic data, New Jersey continental shelf

High-resolution seismic reflection profiles (∼1–1.5 m resolution)
across the New Jersey continental shelf provide a record of upper
Pleistocene unconformity-bounded units (sequences) (Ashley et al.,
1991; Carey et al., 1998; Sheridan et al., 2000, and references therein).
Sheridan et al. (2000) compiled a composite seismic profile from
Barnegat Inlet, NJ to the continental slope that showed seven seismic
units (1/2, 3a, 3b, 3c, 4a, 4c, and 5) above a prominent reflector
assigned to MIC 6 or older (Fig. 1). Dates for the seven units (Table 1)
are derived from: 1) core samples (vibracore and coreholes) from the
New Jersey shelf for lower stands of sea level that are preserved from
near the modern beach (e.g., major interstadials) to the outer
continental shelf; and 2) subaerial outcrops in New Jersey for MIC5e
for the highest stand of sea level (Knebel et al., 1979; Wellner et al.,
1993; Carey et al., 1998; Sheridan et al., 2000; McHugh and Olson,
2002; Uptegrove, 2003). Only superposition or broad amino acid
racemization ages were available for dating MIC 3b, 3c, and 4. The
Holocene sea-level (MIC1) record for New Jersey is from Miller et al.
(this volume). All of our dates have been calibrated to calendar ages
(Table 1) using CALIB 5.0.1 (Stuiver et al., 2005).

Unit 1/2 consists of lower transgressive and overlying highstand
deposits. The transgression has been 14C dated near the modern
shoreline as ∼4–8 ka and younger (Table 1; Fig. 1; Psuty, 1986; Miller et
al., this volume). Unit 1/2 overlies a major subaerial erosional surface
(R2 of Ashley et al., 1991) associated with the LGM. Lowstand deposits
immediately above the LGM unconformity have been 14C dated in shelf
cores as 8–18 ka (Table 1); 14C dates below the unconformity are 21 to
35 ka (Table 1; Knebel et al., 1979; Uptegrove, 2003).
y (modified after Sheridan et. al., 2000). AMCOR sites 6011,6020,6010 are located, as are
l. (1979), all core data referred to in Table 1. Vibracores are projected to the cross section
arine isotope chrons. (For interpretation of the references to color in this figure legend,



Table 1

Location Time interval Reference Age control Age, ka Elevation, m Age error Vertical error

NJ Holocene data from Miller et al. (this volume)
NJ shelf termination 1 Duncan et al. (2001) 14C age of 12300 in core Core 26/27 of 12,300 +/-450

recalbrated to calendar years before present
14.4 -78.0 0.5 3.0

NJ shelf LGM Dillon and Oldale (1978) 14C dates of ∼21 ka on various cores calibrated to
calendar years before present

21.0 -120.0 ? 5.0

NJ shelf 3a Knebel et al. (1979) 14C dates (28-36 ka; 35 ka best estimate) in vibracores
4902, -03, -04, -05

35.0 -30.0 7.0 5.0

NJ shelf 3b Uptegrove (2003) Superposition below 3a, above 3c 45.0 -60.0 10.0 5.0
NJ AMCOR 6020 3c Sheridan et al. (2000) Amino acid racemization (AAR) zone; 14Cdates (N40 ka)

in vibracores 12a, 17
55.0 -20.0 10.0 5.0

NJ AMCOR 6020 4 Sheridan et al. (2000) Superposition below 3c, above 5 in AMCOR 6020 70.0 -75.0 10.0 5.0
NJ Barnegat Inlet 5b Uptegrove (2003) Superposition below 3c shoreline, above stage 6 unconformity 90.0 -20.0 10.0 5.0
NJ outcrops 5e Sheridan et al. (2000);

Uptegrove (2003)
AAR zone in AMCOR 6020; AAR zone in vibracores
12b, 13, 18; 14C dates N40 ka

125.0 6.0 5.0 5.0

NJ shelf 6 Sheridan et al. (2000) Below MIS 5 in AMCOR 6020; correlation of R reflector
to nannofossil zones in ODP 903, 1073, and AMCOR 6010

130.0 -120.0 20.0 5.0
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We date two sea-level highstands during MIC 3 using 14C and amino
acid racemization. High-resolution seismic stratigraphy from the
incised valley of the ancestral Hudson River preserves two highstand
Fig. 2. Comparison of our sea-level record from mid-Atlantic U.S. margin (solid red circles)
circles connected by lines (Chappell and Shackleton, 1986) dark blue circles connected by lin
triangles, Cutler et al., 2003), the Araki record of Urmos (1985; gray circles), the Red Sea recor
(Carnegie Ridge) core V19-30 (Shackleton and Pisias, 1985; black line). Gray curve at bottom s
the difference between Cibicidoides benthic foraminiferal δ13C records from northern North A
sites were put onto a common age model by correlating δ18O to V19-30 using the age mod
dataset to 1-kyr intervals, differencing, and then smoothing the difference curve with a 7-poi
the reader is referred to the web version of this article.)
systems tracts at 30 m and 20 m below modern sea level. Radiocarbon
ages of 21–35 ka on the former (Knebel et al., 1979) suggest correlation
with MIC 3a. Superposition, amino acid racemization, and radiocarbon
with Huon New Guinea terraces (blue filled circles, Cutler et al., 2003),light blue filled
es in MIC3, Chappell, 2002), Barbados (Green +, Fairbanks, 1989; Bard et al., 1990; green
d of Siddall et al. (2003; pink circles), and benthic foraminiferal δ18O record from Pacific
hows variations in insolation for June at 65°N latitude. 0 is modern sea level. NCW–SC is
tlantic Site 981 (Raymo et al., 2004) and Cape Basin 1089 (Hodell et al., 2003). The two
el of Shackleton (2000). The difference curve was obtained by interpolating each δ13C
nt (6 kyr) boxcar filter. (For interpretation of the references to color in this figure legend,



96 J.D. Wright et al. / Global and Planetary Change 66 (2009) 93–99
dates on vibracores that yield ages older than 40 ka (Uptegrove, 2003)
suggest correlation of the −20 m highstand with MIC 3c (Table 1). An
intervening lowstand baymouth shoal is correlated with MIC 3b based
on superposition with MIC 3a above and 3c below.

The age of deposits correlated to MIC 4 is moderately well
constrained by superposition (Table 1) (Sheridan et al., 2000;
Uptegrove, 2003), whereas ages of MIC 5b are constrained by amino
acid racemization, and MIC 5e deposits are constrained by U–Th and
amino acid racemization ages. Lowstand systems tracts are correlated
with MIC 4 based on superposition in the AMCOR 6020 corehole
between dated sediments of MIC 3c and 5 age (Sheridan et al., 2000;
Table 1). Highstand deposits recovered in vibracores on the inner shelf
have been dated by amino acid racemization as ∼100 ka (Uptegrove,
2003), suggesting correlation to MIC 5c, though these are not used in
our sea level curve because their paleodepths are not well con-
strained. Unit 5e can be traced on seismic profiles to the outcropping
Cape May Formation in New Jersey where it is dated as equivalent to
MIC 5e based on amino acid racemization (Sheridan et al., 2000) and
U/Th dates from elsewhere on the Atlantic margin (Szabo, 1985)
(Table 1). MIC 6 is observed in seismic profiles as a erosional surface
truncating sloping beds, interpreted as a subaerial unconformity; it is
poorly dated by superposition, with MIC 5 sediments above and
correlation to nannofossil biostratigraphy at Sites 903, 1073, and
AMCOR 6010 indicative of younger than MIC 8 (Sheridan et al., 2000).

We combine the age and depth estimates given above (Table 1) to
form a composite sea-level estimate for New Jersey (Fig.1). In general,
sea-level studies of New Jersey have focused on documenting
changes on the myr scale (e.g., Miller et al., 1998) because
sedimentation and accommodation rates are generally too low to
record Milankovitch-scale (104–105 yr) changes. The Pleistocene on
the continental shelf is thin and spotty, though slope sites record very
thick Pleistocene sequences (e.g., McHugh andOlson, 2002). The trick
has been to get sufficient seismic coverage to link these disjunct
Pleistocene shelf sequences, many of which are restricted to incised
valleys, with the chronologic control on the outer shelf to slope.
Sheridan et al. (2000) and this paper (Fig. 1) provide seismic control
necessary to link together these sea-level variations. We show that
the Milankovitch-scale sea-level cycles dated in carbonate terraces
are also present on the New Jersey shelf. Six cycles of varying
amplitude span MIC 6 to 2 having a ∼20 kyr cyclicity, with a seventh
cycle beginning at the base of Termination 1 (Fig. 1). Limitations in
stratigraphic and seismic resolution prevent identification of higher-
frequency events.

The New Jersey sea-level curve reflects eustasy, geoidal, and local
tectonic effects. Long-term subsidence on this margin is thermoflex-
ural with a maximum of rate ∼10 m/myr at the shelf edge (Steckler,
1981) and can be largely neglected in studying Pleistocene sequences.
The main other subsidence effect is flexural response to Pleistocene
sediment loading on the continental slope and rise and Glacial
Isostatic Adjustment (GIA) to the loading and unloading of the
Laurentide ice sheet (Peltier, 1998). Near-field effects of the ice loading
and unloading are experienced north of Barnegat Inlet, NJ; the
sections examined here experienced the same far-field effects that are
the similar from Barnegat Inlet through the Carolinas (Peltier, 1998). It
is more difficult to evaluate the far-field effects on the 10 to 100 kyr
scale which can be as high as 1.4 mm/yr in the modern (Peltier, 1998).
We estimate flexural loading subsidence for the New Jersey shelf as
∼5 m at MIC 4. By assuming that the ∼15 m of sediments between
MIC2 and MIC6 subaerial erosion surfaces at the edge of the shelf
(Fig. 1) is a measure of the subsidence of the MIC6 land surface, then
the younger MIC4 land surface in the middle of the shelf has subsided
less than ∼5 m. Older MIC 5 elevations are near the basement hinge
zone and show little or no subsidence. MIC 3 shorelines are also close
to the basement hinge, with minimal subsidence. Thus, the correc-
tions for subsidence, including loading effects, included in our peak
and trough estimates are minimal.
Potter and Lambeck (2003) argued that the U.S. margin was
strongly imprinted by far field effects (glacio-hydro-isostasy or GIA).
They modeled a gradient of up to 20 m from the Barbados to the U.S.
margin for the difference between the position of sea level during
MIC5e and 5a. This difference is attributed to differential GIA to the
loading of the Laurentide ice sheet in MIC6 (Potter and Lambeck,
2003).

To evaluate the global component of sea level in our New Jersey
curve, we compare our composite sea-level estimate with sea-level
records from New Guinea, Barbados, Araki, and the Red Sea (Fig. 2).
The sea-level records for MIC 1, 2, 4, 5e, and 6 are reasonably similar
amongst the five records (Fig. 2). Age uncertainties preclude a
definitive comparison with what we have tentatively identified as
MIC 5b. However, large differences exist among records for MIC 3. This
lack of agreement could be attributed to one of the following
uncertainties: 1) isostatic response to far field ice loading and
unloading effects in New Jersey; 2) uplift histories of the New Guinea
terraces and Araki atoll; and 3) models for scaling δ18O-salinity
variations in the Red Sea to sea level.

Large differences amongst records in MIC 3 cannot be reconciled.
In MIC 3, the New Jersey margin agrees well with the New Guinea
record of Chappell (2002), with differences attributable to age errors
in the New Jersey margin record. However, the Red Sea, Araki, and
New Guinea records of Cutler et al. (2003) are 10–30 m deeper during
MIC 3. It is difficult to determine a eustatic estimate from these curves.
Whether differences among curves are real is problematic because of
errors in each. Sea levels determined from the uplifted areas of New
Guinea and Araki are calculated assuming constant linear uplift rates
since MIC 5e, which have been shown to be incorrect (Peltier, 1998) as
noted above. The Red Sea record of Siddall et al. (2003) is based not on
direct measurement of sea level but on an oxygen isotopic proxy for
salinity changes caused by sea-level changes; it is thus difficult to
evaluate the sources of error which is estimated as ±12 m. The
aforementioned geoidal effects could have caused differences among
the sea-level records on the order of 20–30 m. Thus, errors of up to
±15 m occur in the various data sets older that MIC2, so differences of
20–30m are difficult to evaluate. It is remarkable given these potential
uncertainties that the records between the New Jersey margin and
New Guinea (Chappell, 2002) agree well (Fig. 2).

3. Sea level and oxygen isotope comparison

We compare sea-level fluctuations from the New Jersey margin,
Barbados, New Guinea, Araki, and the Red Sea with the piston core
V19-30 (Carnegie Ridge, eastern Pacific) benthic foraminiferal δ18O
record [Uvigerina peregrina] (Shackleton and Pisias, 1985; Fig. 2). The
δ18O curve (Fig. 2) is scaled to elevation using the δ18O-sea level
relationship of 0.1‰/10m (Fairbanks andMatthews,1978) to show the
expected glacioeustatic component of the δ18O record. The δ18O and
sea-level records were aligned at the 20 kyr (LGM) level. The
amplitudes of variation in the New Jersey margin and New Guinea
(Chappell, 2002) sea-level record agree with the scaled benthic
foraminiferal δ18O record from MIC 2 through 5b. The δ18O and sea-
level records depart in MIC 5e and 1 (Fig. 2), arguing for a large
temperature component in MIC 1 and 5 and minimal in 2–5b.
However, comparison with the Araki, Red Sea, and the New Guinea
record of Cutler et al. (2003) suggest that there may have been a
significant temperature component in MIC 3.

We use the New Jerseymargin and NewGuinea sea-level estimates
(Chappell, 2002) to evaluate the contribution of temperature versus
ice volume on the deep-sea benthic foraminiferal δ18O record. The
total glacial–interglacial range measured in the benthic foraminiferal
δ18O record from MIC 6 to 5e and MIC 2 to 1 is 1.8‰; this is 0.6–0.8‰
higher than the 1.2‰ (Broecker, 1986) or 1.0 ‰ (Schrag et al., 1996;
Shackleton, 2000) range predicted for ice-volume change. This
difference between the measured and predicted benthic foraminiferal
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18O ranges indicates that there was a ∼2.5 °C temperature change in
addition to the ice volume component over these glacial–interglacial
cycles. This warming in deep-water temperature suggests a switch to
a new deep-water mode at these times.

Various studies have plotted late Pleistocene benthic foraminiferal
δ18O values versus sea level (Chappell and Shackleton, 1986; Chappell
et al., 1996, Chappell, 2002; Waelbroeck et al., 2002; Cutler et al.,
2003) as we have here (Fig. 3). Previous studies have argued that the
deep sea alternated between cold versus warm modes. Cutler et al.
(2003) and Waelbroeck et al. (2002) recognized that warm (similar to
today) deep-sea conditions were associated with MIC 5 and Holocene
MIC 1 versus near freezing conditions throughout most of the last
130 kyr. However, these previous studies did not recognize that these
warm intervals represented a distinctly different mode of climate
operation.
Fig. 3. New Jersey Margin (this study) and New Guinea (after Chappell, 2002) sea-level
estimates (depth m) derived from Fig. 1 versus δ18O values from V19-30 (a). Barbados,
Araki, Red Sea and Cutler et al. (2003) sea level estimates for New Guinea versus δ18O
values from V19-30 (b). The lines in each graph have a slope of 100 m/1‰ (inverse of
0.11‰/10 m). The lines are anchored on the MIC 1/5e and MIC 2/6 points to show end
member climate states. MIC = Marine Isotopic Chron.
We illustrate that deep-sea temperatures switched between two
stable states of operations, one a cold mode that dominated late
Pleistocene climate and the other a warm mode that only occurred
during peak periods in northern hemisphere insolation during MIC 5
and 1. For each of the marine isotope chrons (Table 1; Fig. 2), sea level
was plotted against the corresponding δ18O value from V19-30 to
illustrate the warm and cold modes. The New Jersey Margin and New
Guinea data (Fig. 3a) were separated from the Cutler et al. (2003) New
Guinea, Araki, and Red Sea data in another (Fig. 3b). The NJmargin and
New Guinea data indicate that the warm modes were short-lived
(∼10 kyr) and were stable only during peaks in northern hemisphere
insolation (Figs. 2, 3a). We note that the pattern of the glacial–
interglacial climate change follows a hysteresis loop. The shift from
the warm to cold mode followed MIC 5e and was associated with the
largest decrease in northern hemisphere insolation of the past 150 kyr.
Once this shift occurred, the climate system remained in the cold
mode until the next termination.

In contrast to our preferred interpretation, if deeper MIC 3 sea levels
from Barbados, Araki Island and the Red Sea are correct (Fig. 3b), then a
significant deep-water warming (∼1 to 2 °C) is required at this time
(Fig. 3b). Waelbroeck et al. (2002) also argued that there was little to no
warming in the deep Pacific during MIC3, though they similarly used
New Guinea sea levels to constrain ice volume (e.g., Fig. 3a). Our NCW
record (Fig. 2) independently suggests little change in deep water
during MIC 3, which is consistent with minimal temperature change. If
true, then this would argue that the shallower MIC 3 sea level estimates
from New Guinea and New Jersey are more accurate. However,
independent estimates of temperature change in the deep Pacific and/
or additional sea-level data are needed to resolve the differences within
MIC 3.

4. Discussion

The greatest mystery in middle–late Pleistocene δ18O records
(i.e., the Brunhes Chron, past 780 kyr) is the strong eccentricity signal
because it is not predicted by direct insolation effects (e.g., Imbrie
et al., 1993; Shackleton, 2000). It is clear from Shackleton (2000),
Cutler et al. (2003), and this study (Fig. 1) that much of the δ18O
changes on the 100 kyr scale are due to the large warming during
terminations that causes the sea-level and δ18O records to diverge
during the peak warmth of the MIC 1/Holocene and MIC 5e. The
MIC 5e departure was short-lived (∼10 kyr, which is b1/2 precessional
cycle). Imbrie et al. (1992, 1993) noted that climate is linearly related
to insolation forcing on the precessional and obliquity scales, but
suggested that climate responds non-linearly to forcing on the 100-
kyr eccentricity scale due to feedbacks either in the cryospheric or
carbon cycles. Shackleton (2000) attributed the strong eccentricity
component of the 100 kyr cycle to atmospheric pCO2 changes. Imbrie
et al. (1993), Shackleton (2000) and Cramer et al. (2003) suggested
that the carbon cycle is the primary factor influencing temperatures in
deep-water source regions and that eccentricity cyclicity evident in
carbon-cycle proxy records imply that precessional forcing is the
primary orbital component influencing atmospheric pCO2. As Shack-
leton (2000) first suggested, Cutler et al. (2003) and this study show
that the amplitude of deep-sea temperature change during preces-
sional cycles is generally very small to non-existent. However, during
eccentricity maxima, when precessional effects are at maximum, the
system is propelled into a warm state. Our hysteresis curve implies
that the climate system as reflected in deep ocean temperatures is not
only jolted out of glacial states, but appears to be jolted back into them
in concert with the largest changes in insolation (Fig. 2).

Deep-water changes are implicated in the abrupt warming and
cooling associated with peak interglacials (MIC 5e and 1). Northern
Component Water (NCW) originating in the Nordic seas is a source of
heat to the deep sea (see summary in Imbrie et al., 1993). The
difference between NCW and Southern Ocean δ13C records provides a
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proxy for NCW intensity (Oppo and Fairbanks, 1997). The most
significant features in the difference record (Fig. 2) are the low values
recorded during MIC 5e and 1. This is interpreted to reflect a strong
North Atlantic contribution to the Southern Ocean. In MIC 3a, 3c, 5a,
and 5c, which represent interglacials with respect to ice volume, the
conveyor contribution to the Antarctic wasmuch lower relative to MIC
1 and 5e. Thus, the geochemical data indicates that the conveyor is
responsible for the temperature anomalies in the deep-sea δ18O
record during MIC 5e and the Holocene.

5. Conclusions

Though fossil sunshine of coral reefs (including uplifted terraces)
is considered the gold standard for reconstructing late Pleistocene
sea-level changes, we show that a siliciclastic margin such as New
Jersey canprovide reasonable limits on sea level over the past 130 kyr.
Our New Jersey sea level record agrees well with coral records for
most of the past 130 kyr with the exception of MIC3 when all records
show considerable differences. Though our record for this interval is
the shallowest, it does compare well with the New Guinea coral
record of Chappell (2002), but differs most for those in Araki Island
and limited data from Barbados. Following previous studies, we show
that the deep sea alternated between a warm and cold mode on
100 kyr short eccentricity scale, with likely little change on
precessional or obliquity scales. We link these two modes to changes
in NCW.
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