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Departures from eustasy in Pliocene
sea-level records

Maureen E. Raymo'**, Jerry X. Mitrovica?’, Michael J. O'Leary?, Robert M. DeConto*
and Paul J. Hearty®

Proxy data suggest that atmospheric CO, levels during the middle of the Pliocene epoch (about 3 Myr ago) were similar to
today, leading to the use of this interval as a potential analogue for future climate change. Estimates for mid-Pliocene sea
levels range from 10 to 40 m above present, and a value of +25 m is often adopted in numerical climate model simulations.
A eustatic change of such magnitude implies the complete deglaciation of the West Antarctic and Greenland ice sheets,
and significant loss of mass in the East Antarctic ice sheet. However, the effects of glacial isostatic adjustments have not
been accounted for in Pliocene sea-level reconstructions. Here we numerically model these effects on Pliocene shoreline
features using a gravitationally self-consistent treatment of post-glacial sea-level change. We find that the predicted modern
elevation of Pliocene shoreline features can deviate significantly from the eustatic signal, even in the absence of subsequent
tectonically-driven movements of the Earth's surface. In our simulations, this non-eustatic sea-level change, at individual
locations, is caused primarily by residual isostatic adjustments associated with late Pleistocene glaciation. We conclude that
a combination of model results and field observations can help to better constrain sea level in the past, and hence lend insight
into the stability of ice sheets under varying climate conditions.

of numerical climate models to assess likely future climate

scenarios' and, to evaluate the performance of such models,
they are often used to ‘hindcast’ documented climate changes of the
past. The mid-Pliocene warm period (MPWP), ~3.3 and 2.9 Myr,
continues to be the target of many such experiments®=. Proxy data
suggest that atmospheric CO, levels at that time were similar to
today (between 350 and 450 ppmv; ref. 6) and that global mean
temperature was elevated by as much as 2-3°C with respect to
modern’. However, whereas reconstructions of temperature and
CO, are largely in agreement between investigators, estimates of
sea level (SL) at that time are so varied as to preclude an accurate
determination of the sensitivity of polar ice sheets to a modest global
warming. This uncertainty is compounded by the fact that the most
sophisticated ice sheet models predict only about 412 m of eustatic
SL rise, primarily from loss of the Greenland Ice Sheet (GIS) and
West Antarctic Ice Sheet (WAIS) under conditions of maximum
orbital forcing and 400 ppmv CO, (ref. 8). This is significantly
lower than the +25 m sea-level boundary condition assumed in
most General Circulation Model (GCM) experiments. Are ice sheet
models inaccurate? Or does the fault lie in interpretation of scant
geologic data that suggest significantly higher ancient sea levels?

The most cited estimates of mid-Pliocene SL are based
on field-mapping of palaeoshoreline deposits (Table 1). Such
palaeoshorelines must be corrected for subsequent movement
owing to local tectonics, any local sediment loading, dynamic
topography owing to mantle convective flow’, and glacial isostatic
adjustment (GIA; ref. 10), where the latter refers to the response
of the Earth to ice volume changes extending from the Pliocene
through the Pleistocene glacial cycles and into the Holocene.

_|_he scientific community relies on the predictive capabilities

Historically, only the first of these corrections has been made,
whereas the third and fourth effects have either been ignored or
assumed to depart negligibly from a simple eustatic SL change.
Here, we show that GIA effects can, in certain geographic locations,
be several times larger than eustatic SL changes associated with
increasing polar ice volume. By mapping the predicted GIA
signal, or ‘fingerprint’ of isostasy, we are able to identify those
locations most likely to provide palaeo-SL estimates close to eustatic
and those where SL proxies will require a substantial elevation
correction for isostatic overprinting. We end with an evaluation of
published shoreline elevations in light of these results.

GIA models and methodology

Our simulations are based on a canonical treatment of post-glacial
SL change'® modified to incorporate time-varying shorelines owing
to local onlap or offlap of water, the growth and melting of
grounded, marine-based ice sheets, the associated migration of
water into or out of these marine settings, and the feedback into SL
of contemporaneous perturbations in the Earth’s rotation vector
(see Supplementary Information; refs 11-13). Our SL software
has been benchmarked against comparably accurate solvers'®'®
as well as applied to the investigation of SL evolution since the
last interglacial'®. Note that we use the geological definition of SL,
namely the difference between the height of the sea surface equipo-
tential and the solid surface (crust). Changes in SL can arise from
perturbations in the height of either of these bounding surfaces.

The SL simulations require a model for the viscoelastic structure
of the Earth. We adopt a 1D, self-gravitating, Maxwell viscoelastic
Earth model with the density and elastic structure prescribed using
the seismically determined model PREM (ref. 17). In addition, we
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Table 1| Sea-level estimates for MPWP and predicted modern elevation of a 14 m eustatic change using two viscosity models.

Study/site Latitude (°) Longitude (°) SL est (m) VM2 (m) LM (m) Indicator (rel. to SL)
Dowsett and Cronin2®

Orangeburg Scarp, NC/SC 3479 N 79.66 W 35* 1.3 26.3 Scarp base (absolute)
Krantz2’

Moore House Formation, VA 37.22N 76.91TW 15-20% 10.6 26.8 Mar. seds. (minimum)
Wardlaw and Quinn28

Enewetak Atoll, Pacific T.50N 162.33 E 20-25* 13.0 121 Mar. seds. (minimum)
Kaufman and Brigham-Grette2®

Nome coastal plain, Alaska 64.55N 165.39 W 60" 13.7 19.1 Scarp base (absolute)
James et al.?°

Roe Plain, W. Australia 3191S 127.04 E ~307 9.3 79 Scarp base (absolute)

*Orangeburg Scarp elevation adjusted by —50 m to correct for post-depositional uplift. Enewetak Atoll estimate adjusted by +112 m to correct for post-depositional subsidence. T Authors discuss possibility

of post-depositional uplift but do not quantify such effects.
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Figure 1| Stack of globally distributed benthic §'®O records?! showing pattern of climate variability over past 5 Myr. The history of geomagnetic field
reversals is shown on the lower x axis and labels G17, K1 and KM3 identify the three mid-Pliocene super-interglacials that fall within the MPWP.

investigate the SL response using two viscosity models; the first
model (VM2) is characterized by an elastic lithosphere of 90 km
thickness and a moderate viscosity increase from ~5 x 10 Pas in
the upper mantle to 2-3 x 10*' Pas near the base of the mantle!®.
The second model (LM), representative of a broad class of viscosity
models favoured by two independent groups'®?’, is characterized
by an elastic lithospheric thickness of 120 km and a larger increase
of viscosity with depth; from an upper mantle value of 5 x 10% Pas
to a lower mantle value of 5 x 10*' Pas.

In addition to an Earth model, an ice load history is needed to
predict the geographic evolution of SL with time, in our case since
the end of the MPWP to present-day. Our load history, similar
(although not identical) to that predicted in the 400 ppmv CO, ice
model experiment described earlier?®, is constructed in the following
fashion. We assume, at 2.95 Myr, and for earlier times, a complete
deglaciation of the WAIS and GIS and that the East Antarctic Ice
Sheet (EAIS) thickness was at present-day values. After 2.95 Myr,
we assume the WAIS and GIS increased rapidly to present-day
thicknesses. From this time, the end of marine isotope stage (MIS)
G17 (Fig. 1), until the peak of the last interglacial (MIS5e), ice
volume is assumed to fluctuate according to a simple scaling of the
LR04 benthic 'O stack and time scale?! (Fig. 1). From MIS5e to
the present-day, we use the ICE-5G history'®, and during earlier
intervals we assume that the geographic variation of the ice cover
for a specific ice volume/§'3O value is the same as the ICE-5G cover
for a similar ice volume. A sensitivity analysis related to the assumed
ice history is discussed below. Note that a value of 12 m is often
cited as the eustatic equivalent SL rise associated with melting of
the polar ice sheets (7 m for the GIS (ref. 22) and 5 m for the WAIS
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(ref. 23)), an estimate that assumes the marine-based sectors of the
grounded WAIS (the depressed holes left behind after the ice melts)
would be filled with meltwater. However, in the experiments below
we show that the predicted Pliocene eustatic equivalent SL change
associated with these two ice sheets differs by 2 m from this value
(it is 14 m). This is because our SL calculation predicts that the
bedrock topography during the mid-Pliocene was higher than in
the present-day West Antarctic region, an area now characterized
by enhanced crustal depression owing to remnant loading effects
from the last glacial cycle.

The GIA fingerprint on Pliocene sea-level markers
Using the above model and assumed ice load history (glaciation of
an initially ice-free GIS and WAIS causing a 14 m eustatic equivalent
SL fall), the SL algorithm'? yields a prediction of the expected
current height of a local marker of SL formed at 2.95Myr, such
as a coral reef, wave cut scarp or beach sequence (Fig. 2a). For
example, along the southeast coast of the US, such a shoreline is
predicted to now lie between 14 and 18 m above present SL and
thus would over-estimate the eustatic SL fall at the end of the
mid-Pliocene. Similarly, a marker of the MPWP highstand would
be only ~3m above SL at Tierra del Fuego, much lower than
the actual eustatic fall. Departures from eustasy are even higher
in previously glaciated regions. From this test we conclude that,
even in the absence of local tectonic effects, the present elevation
of mid-Pliocene highstands would not, in general, be an accurate,
direct measure of past changes in ice volume.

The departure from eustasy is associated with the gravitational,
deformational and rotational perturbations in the Earth system
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Figure 2 | Elevation (m), relative to modern SL, of a shoreline indicator
deposited at 2.95 Myr predicted using the VM2 Earth model. a-c, In the
assumed case of full deglaciation of the WAIS and GIS (a), the contribution
to a from the initial ramp-up in ice volume at 2.95 Myr (b), the contribution
to a from the residual disequilibrium associated with late Pleistocene ice
and ocean loading (c). Frame b is computed as the difference between
frames a and c. Dots represent locations of studies listed in Table 1. The SL
change is plotted globally as the two bounding surfaces of SL, the sea
surface and crustal height, are defined at all points on the surface. The
water load only exists over the oceans, and the signal over land may be
interpreted as the change in SL that would be measured if the site on land
were connected to the ocean by an infinitesimally thin canal®'.

driven by all loading that occurred between the time of the
mid-Pliocene highstand and the present day. To understand the
physical basis for this departure, it is useful to decompose the result
in Fig. 2a into contributions associated with the modelled growth of
the WAIS and GIS at 2.95 Myr (Fig. 2b) and the subsequent ice age
cycles (Fig. 2¢). In the millennia following the initial growth of ice
in Greenland and the West Antarctic, the SL change associated with
the ramp-up in ice volume would have been highly non-eustatic.
However, as the ice and complementary ocean loads relaxed toward
isostatic equilibrium, these departures diminish to decimetres or
less, except in ocean regions close to Greenland and West Antarctica
where the elastic lithosphere of the VM2 model prevents the
Earth from ever reaching a state of perfect compensation, even
after several million years (Fig. 2b). As the eustatic signal (~14 m)
dominates in Fig. 2b, the prediction is relatively insensitive to
both the detailed time history of ice volume changes leading up
to 2.95Myr (see Supplementary Information), as well as to the
adopted profile of mantle viscosity (see below).

Whereas the response to the SL change that occurred during the
MPWP has since relaxed to approximately eustatic, isostatic effects
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Figure 3 | Elevation (m), relative to modern SL, of a shoreline indicator
deposited at 2.95 Myr predicted using the LM Earth model. a-c, In the
assumed case of full deglaciation of the WAIS and GIS (a), the contribution
to a from the initial ramp-up in ice volume at 2.95 Myr (b), the contribution
to a from the residual disequilibrium associated with late Pleistocene ice
and ocean loading (c). Frame b is computed as the difference between
frames a and c. Dots represent locations of studies listed in Table 1.

owing to loading by late Pleistocene ice sheets contribute a strong
overprint to the expected current elavation of MPWP shorelines
(Fig. 2¢). This signal is, by definition, non-eustatic as we assume
in our experiment that ice volume is the same during the initial
post-MISG17 loading and at present (for example, growth of the
WAIS and GIS to modern volumes). (Note that in practice a very
small eustatic signal is associated with a change in the geometry of
the shorelines across the post-MISG17 time window, and therefore,
the size of the ocean basin, an adjustment our model takes into
account.) Furthermore, the amplitude of the signal (Fig. 2c) has
been decreasing since the start of the present interglacial as the Earth
system evolves toward isostatic equilibrium following the last ice age
cycle. The GIA overprint is not small; even outside areas of Pleis-
tocene ice cover the amplitude of the signal can be of the same order
as the eustatic signal that characterizes the assumed ice history.

The physics underlying the signals in Fig. 2¢ is well understood®.
As an example, previously glaciated areas, such as Laurentia and
Fennoscandia, are currently experiencing post-glacial uplift (at rates
of ~1cmyr™"), and they are therefore far below their equilibrium
SL position. Indeed, the predicted residual subsidence owing to the
recent ice load amounts to order ~100 m using the ICE-5G history
and the VM2 viscosity model; thus mid-Pliocene SL markers would
still be many tens of metres below the eustatic level in these regions.
Surrounding these regions of present-day uplift are the so-called
peripheral bulges. These bulges, which include the coasts of North
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Figure 4 | Elevation (m) predictions for the east coast of the US and
Mexico as in Figs 2a and 3a. a,b, Calculated using the VM2 model (a) and
the LM model (b).

America, are presently subsiding (that is, SL is rising) at rates of
several millimetre per year, and they are predicted to lie up to ~12 m
above their equilibrium level in the ICE-5G/VM2 calculation
(Fig. 2¢). Finally, the low amplitude negative signal in the far-field
of the late Pleistocene ice sheets indicates regions that are currently
experiencing sub-millimetre per year SL fall owing to ocean syphon-
ing effects*. In these zones, which include relatively low-latitude re-
gions of the Pacific and Atlantic Oceans, ongoing GIA is dominated
by a migration of water toward the subsiding peripheral bulges. The
falling SL implies that these sites are currently below their equilib-
rium level, by as much as 4m, and thus this residual depression
would act to reduce the net height of mid-Pliocene SL markers from
their eustatic level. Other effects, such as rotational feedback and
continental levering*, are also active in Fig. 2 and influence the
detailed geometry of the signal, although to a lesser degree.

As in SL studies of the late Pleistocene, the signal owing
to residual GIA (Fig.2c) is highly sensitive to the ice history
model used for the most recent deglaciation (see Supplementary
Information) as well as to the adopted mantle viscosity structure. To
explore the second of these sensitivities, we repeat the calculations
using the LM viscosity profile instead of VM2 (Fig. 3). The SL
perturbation owing to the ramp-up in model ice volume at
~3 Myr is very similar for both Earth models (Figs 2b and 3b);
the difference, which is less than 0.20 m in the far field of the GIS
and WAIS, is largely owing to the difference in the initial bedrock
topography retrodicted by the two simulations. However, the higher
viscosity of model LM relative to VM2 leads to a greater level of
residual adjustment in response to the Pleistocene glacial cycles
(compare Figs 3¢ and 2c, note scale change) with the net effect
being a significantly larger perturbation to the present position
of mid-Pliocene shorelines. For example, the peak elevation for
a location off the southeast coast of the US is predicted to be
~42 m using model LM (Fig. 4b) but only ~24 m using model VM2
(Fig. 4a). Along the coastline south of Chesapeake Bay, for example,
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Figure 5 | Elevation (m), relative to modern SL, of a shoreline indicator
deposited at 2.95 Myr, highlighting those regions where palaeoshorelines
would lie within =4 m of the predicted eustatic SL, as in Figs 2a and 3a.
a,b, Calculated using the VM2 model (a), and the LM model (b).

the predicted elevation of a palaeoshoreline consistent with a +14 m
eustatic SL change ranges from 14-18 m for the VM2 run and
24-34 m for the calculation based on model LM.

Implications for Pliocene sea level

We conclude that the present elevation of a fossil coral reef,
geomorphic feature, or beach sequence laid down during a mid-
Pliocene super-interglacial is controlled by two main factors (in
the absence of subsequent tectonic or dynamic topography effects):
(1) an approximately eustatic signal associated with the change in
the baseline ice volume during the climate optimum (that is, before
~3 Myr) relative to today, a signal that is relatively insensitive to
details regarding the assumed Earth model and mantle viscosity;
and (2) a residual adjustment associated with the last glacial cycle
of the ice age that is very sensitive to the adopted mantle viscosity
profile. In regard to factor (1), our modelled ice history assumed a
eustatic fall of ~14 m at the end of the MPWP owing to glaciation of
the WAIS and GIS; but what if the MPWP was in fact characterized
by much higher SL (and much smaller EAIS)? How would this alter
model predictions of where Pliocene shoreline features would be
found today? The main effect on these predictions would be an
increase in the eustatic SL contribution; if the EAIS grew by the
equivalent of 10 m of eustatic SL (to today’s volume) at the end of
the MPWP then, outside the EAIS region, the predictions in Figs 2b
and 3b (and summed predictions in 2a and 3a) would be altered by
the addition of this amount. Similarly, if the WAIS or GIS remained
partially glaciated during the warm extremes of the mid-Pliocene,
perhaps characterized by about half their present-day volume, then
the eustatic signal in Figs 2b and 3b would be reduced by about half
(to ~7 m), and the predicted elevation of mid-Pliocene shorelines
(for example, in Figs 2a or 3a) would similarly decrease.

Thus, a template begins to emerge for targeted collection and
analysis of observational data. In Fig. 5 we plot only those regions
(in Figs 2a and 3a) where an identified palacoshoreline would lie
within +4 m of the predicted eustatic SL value. As expected, these
regions are primarily in the far-field of the late Pleistocene ice cen-
tres. Additionally, we see that along many coastlines palaeoshoreline
features would typically be found a few metres below their actual
eustatic elevation. This is primarily because of the combined effects
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of ocean loading during the last deglaciation, whereby meltwater
entering the ocean causes subsidence of regions offshore of conti-
nents and uplift of the continents, and ocean unloading owing to
the ramp-up ofice volume at the end of the MPWP (see Figs 2 or 3).

The implications of our results for mid-Pliocene ice volume
are highlighted by comparing predicted shoreline elevations (from
two Earth/viscosity models) to available observations (Table 1).
Five studies document a clear sedimentological or geomorphologic
indicator of SL during the MPWP (for example, a feature that
formed within metres of SL); these sites include northwestern
Alaska®, Orangeburg Scarp of North Carolina (corrected for local
uplift*®), Moore House Formation in Virginia®’, Enewetak Atoll in
the Marshall Islands (corrected for subsidence?®), and Roe Plain
in Western Australia®. If one uses model VM2 and compares the
elevation of the field data with the predicted modern elevation
(at that site) of a Pliocene shoreline formed just before a 14 m
eustatic SL fall (Table 1), then the field data that are corrected
for local tectonic and subsidence effects?®*® suggest an additional
eustatic SL fall of 10-25m may have occurred, implying melting
of the EAIS during the MPWP. Alternatively, if one adopts model
LM, then field observations from the Orangeburg Scarp suggest
less of a change in EAIS volume (<10m); and in this case, the
predicted elevation for Enewetak Atoll is also about 10 m below
what field observations suggest, still leaving room for substantial
melting of the EAIS. In addition to ignoring poorly constrained
errors in the uplift corrections, these inferences also assume no
additional dynamic topography effects, which, in the case of the
eastern US seaboard at least, seems unlikely’. In the case of Roe Plain
(8-9 m predicted by both models), the observed >25 m elevation of
palaeoshoreline features is likely caused by post-depositional uplift
owing to dynamic topography*.

The arguments above are intended as illustrations of the pitfalls
and non-uniqueness of conclusions that do not account for
glacioisostasy and its sensitivity to uncertainties in mantle viscosity.
A rigorous analysis would not only require more data but would also
take into account other confounding signals, such as steric effects
and dynamic topography owing to mantle flow®. Ultimately,
much needed constraints on Pliocene SL, and therefore ice volume,
can only be achieved with a large global matrix of palaeoshoreline
data, which does not yet exist, evaluated within the context of
model predictions, or ‘fingerprints’, such as presented here. Indeed,
results described here can be used to target diagnostic regions where
evidence for palaeoshorelines should be sought.
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