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ABSTRACT

Glacial isostatic adjustment (GIA) simulations using earth models that vary viscoelastic
structure with depth alone cannot simultaneously fit geographic trends in the elevation of
marine isotope stage (MIS) Sa relative sea level (RSL) indicators across continental North
America and the Caribbean and yield conflicting estimates of global mean sea level (GMSL).
We present simulations with a GIA model that incorporates three-dimensional (3-D) varia-
tion in North American viscoelastic earth structure constructed by combining high-resolution
seismic tomographic imaging with a new method for mapping this imaging into lateral varia-
tions in lithospheric thickness and mantle viscosity. We pair this earth model with a global
ice history based on updated constraints on ice volume and geometry. The GIA prediction
provides the first simultaneous reconciliation of MIS 5a North American and Caribbean
RSL highstands and strengthens arguments that MIS 5a peak GMSL reached values close
to that of the Last Interglacial. This result highlights the necessity of incorporating realistic

3-D earth structure into GIA predictions with continent-scale RSL data sets.

INTRODUCTION

Reconstructions of peak global mean sea
level (GMSL) during past warm intervals serve
to calibrate ice sheet sensitivity to past climate
and contextualize future change (Dutton et al.,
2015). One method to estimate GMSL is to fit
sea level predictions from numerical glacial iso-
static adjustment (GIA) models to compilations
of relative sea level (RSL) indicator elevations
corrected for tectonics (Lambeck and Chap-
pell, 2001). GIA encompasses gravitational,
rotational, and deformational effects that drive
spatially variable RSL change during glacial-
interglacial cycles (Mitrovica and Milne, 2003).
The representation of the viscoelastic earth in
GIA models is key to accurate predictions of this
variability. GIA studies generally adopt a one-
dimensional (1-D), radially varying earth model,
yet this approach ignores the complex thermo-
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chemical mantle structure inferred from seismic
tomography (Schaeffer and Lebedev, 2014).

Numerically intensive methods incorporat-
ing laterally varying (three-dimensional; 3-D)
earth structure into GIA models (Wu and van
der Wal, 2003; Zhong et al., 2003; Latychev
et al., 2005) underpin studies of the sensitivity
of RSL predictions to earth structure (Auster-
mann et al., 2013; Nield et al., 2018; Powell
et al., 2021), reappraisals of enigmatic infer-
ences of 1-D earth structure based on RSL data
(Kuchar et al., 2019), and efforts to improve
fits to deglacial RSL indicators (Li et al., 2018,
2022; Clark et al., 2019). Here we extend the
temporal scope of 3-D GIA studies to analyze
a comprehensive, continental-scale observa-
tional RSL data set for prior to the Last Glacial
Maximum (LGM). We focus on marine isotope
stage (MIS) 5a at ca. 80 ka, the younger of two
orbital precession—paced warm intervals that
interrupted global cooling out of the Last Inter-
glacial (LIG; Cutler et al., 2003).

No attempt to estimate MIS 5a peak GMSL
with a single 1-D earth model has reconciled
RSL highstand elevations across continental
North America and the Caribbean (Creveling

et al., 2017). While the 1-D GIA analyses of
Potter and Lambeck (2003) and Simms et al.
(2015) reconciled trends in MIS 5a RSL high-
stands from the U.S. Atlantic states to the Carib-
bean and along the U.S. and Mexico Pacific
coast, respectively, Creveling et al. (2017)
demonstrated that these 1-D earth models were
unable to fit RSL data from the opposite North
American coast and postulated that this mis-
fit arises from lateral variation in viscoelastic
earth structure between the active Pacific and
passive Atlantic margins (Burdick et al., 2008).
Using distinct 1-D earth models to best fit RSL
data from these two geographic data sets and
RSL indicators from the far field of LGM ice
sheets, Creveling et al. (2017) inferred that MIS
5a GMSL peaked at —8.5 £ 4.6 mrelative to the
present day; an alternate analysis performed on
a restricted data set with a robust chronology
yielded an estimate of —10.5 &= 5.5 m. These
GMSL predictions differed from the estimates
of —28 m and —15.2 m by Potter and Lambeck
(2003) and Simms et al. (2015), respectively.
Here we present new MIS 5a GIA predictions
using a high-resolution 3-D viscoelastic earth
model (Richards et al., 2020; Hoggard et al.,
2020; Austermann et al., 2021). We demonstrate
that introducing complex earth structure in GIA
models can, for the first time, simultaneously
reconcile continent-scale trends in MIS 5a RSL
elevations spanning the North American Pacific
and Atlantic-Caribbean coasts.

METHODS

We compute spatially variable MIS 5a RSL
change using a finite volume formulation of
GIA that supports 3-D variations in Maxwell
viscoelastic structure (Latychev et al., 2005).
The global numerical grid has 20 x 10° nodes
with a spatial discretization varying from 15 km
at earth’s surface to ~50 km at the core-mantle
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Figure 1. Three-dimensional viscoelastic earth model adopted in glacial isostatic adjustment
calculations, showing geographic variation in lithospheric thickness (A) and logarithm of
volumetric mean upper mantle viscosity relative to the background one-dimensional earth
model (B). Open circles indicate marine isotope stage 5a relative sea level (RSL) indicator
sites (Table S1 [see text footnote 1]). OR—Oregon; CA—California; MX—Mexico; VA—Virginia;
NC, SC—North and South Carolina; GA—Georgia; FL—Florida.

boundary. We computed gravitationally self-
consistent sea level changes using a method that
accurately tracks shoreline migration and RSL
feedbacks from load-induced perturbations to
earth’s rotation (Kendall et al., 2005; Mitrovica
etal., 2005). This requires model inputs for earth
structure and ice geometry.

Following Austermann et al. (2021), our 3-D
earth model adopts lateral variations in mantle
viscosity and elastic lithospheric thickness
derived by Richards et al. (2020) and Hoggard
et al. (2020), who combined shear wave seismic
tomographic models based on the dense USArray
seismic station network across North America
(Schaeffer and Lebedev, 2014) with laboratory
measurements of mantle materials under high
pressure, seismic attenuation measurements,
and constraints on the thermal state of the litho-
sphere and mantle. The model has a global mean
lithospheric thickness of 80 km and spherically
averaged upper and lower mantle viscosities of
5 x 10 Pa-s and 5 x 10?! Pa-s, respectively,
consistent with GIA inferences from Lambeck
et al., (2014) and Lau et al. (2016). We refer to
this as the background 1-D model.

The structure of the 3-D model shows het-
erogeneity across the North American Pacific

and Atlantic-Caribbean coasts (Fig. 1). The
Pacific coast has an elastic lithospheric thick-
ness of 40-50 km (Fig. 1A) and a shallow upper
mantle viscosity of ~10% Pa-s (Fig. 1B; ~5x
lower than the background 1-D value) that
reflects the active margin (James et al., 2000).
Lithospheric thickness along the Atlantic sea-
board is 130-150 km, with a north-to-south
gradient in depth-averaged upper mantle vis-
cosity (relatively constant north of North Caro-
lina, dropping from 7 x 10?° Pa-sto 2.5 x 10%
Pa-s from North Carolina to Florida, and ris-
ing toward Cuba). The average viscosity over
this area is near the background 1-D value of
5 x 10% Pa-s.

We adopt the PC2T ice history across the
last glacial cycle (Pico et al., 2017). Our ver-
sion of PC2T is identical to ICE-6G from the
LGM to present day (ca. 26-0 ka; Peltier et al.,
2015) but differs significantly prior to the LGM
across MISs 3, 5a, and 5c. For PC2T, MIS 5a
GMSL peaks at —13 m, consistent with 1-D
GIA modeling of Creveling et al. (2017). The
ice history from MIS 6 to LGM is adopted from
Austermann et al. (2021).

We fit the 3-D GIA predictions to a com-
pilation of MIS 5a RSL indicators (Table S1

in the Supplemental Material') along the North
American Pacific coast from Newport, Oregon
(44.6°N), to Turtle Bay, Mexico (27.7°N),
and along the North American Atlantic coast
and Caribbean from Virginia Beach, Virginia
(36.8°N) to Barbados (13.1°N). We adopt RSL
highstand elevations as reported in primary
publications and correct these for tectonics fol-
lowing the method of Creveling et al. (2015).
For each site, we combine the MIS Se high-
stand predicted by the 3-D model with a suite of
excess ice melt scenarios (GMSL range 1-7 m;
Dyer et al., 2021) that source melt (1) evenly
across the LIG, (2) only at the start of the LIG,
or (3) at the start of the LIG with later attenu-
ated melt, and estimate the tectonic uplift rate by
subtracting these totals from the observed eleva-
tion. MIS 5a tectonic uplift—corrected highstand
elevations maintain or increase elevation moving
south along the Pacific coast and decrease mark-
edly in elevation moving south from the Atlantic
coast to the Caribbean (Fig. 2).

RESULTS

To illustrate GIA physics, we first consider
a prediction of MIS 5a peak RSL across North
America and the Caribbean using the background
1-D model (Fig. 3B). The peak GMSL of PC2T
(—13 m) was subtracted from the map to isolate
GIA effects. On both coastlines from ~35°N to
45°N, peak values of ~12 m above present sea
level mark the peripheral bulge of the Laurentide
and Cordilleran Ice Sheets, which is predicted in
this simulation at a higher elevation at present
than at MIS 5a (Creveling et al., 2017). Both
coasts show similar north-south trends tapering
to near zero at Baja California (Mexico) and Bar-
bados. Most MIS 5a RSL indicators fall within
or southward of the outer flank of the peripheral
bulge predicted by this 1-D earth model.

The 3-D GIA prediction (Fig. 3A) dif-
fers significantly from the 1-D simulation
(Figs. 3B and 3C). The model’s high viscos-
ity and thicker lithosphere along latitudinal
band ~40°N east of ~100°W (Fig. 1B) raise
the region’s peak GIA signal by ~12-24 m
by slowing the post-LGM subsidence of the
peripheral bulge. This increases the eleva-
tion difference between present day and MIS
5a and steepens the predicted RSL gradient
southward relative to the 1-D prediction. In
contrast, the thinner Pacific coast lithosphere
and the weaker upper mantle of the 3-D model
(Fig. 1) reduce the predicted RSL elevation by
as much as ~9 m by increasing the post-LGM

'Supplemental Material. Table S1: North
American and Caribbean Marine Isotope Stage Sa
and Se sea level indicator data. Figures S1 and S2
on the sensitivity of model predictions to ice margin
geometry and plate boundary thickness. Please visit
https://doi.org/10.1130/GEOL.S.23304176 to access
the supplemental material, and contact editing@
geosociety.org with any questions.
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ting the MIS 5a highstand indicators to the level
obtained in the 3-D GIA simulation. For our
GIA prediction based on the 1-D background
model, fits to observational data are poor along
both coasts (Fig. 2A, gray triangles). While
Atlantic and Caribbean RSL predictions fol-
low the observed southward-decreasing trend in
highstand elevations, the magnitude of this gra-
dient is too small. The 1-D GIA model predicts a
more muted variability in highstand elevations in
northern California compared to that observed.
The x? misfit between all the predicted and
observed Pacific and Atlantic-Caribbean high-
stand elevations are 5.05 and 12.59, respectively.
In contrast, the introduction of lateral variations
in mantle viscosity and lithospheric thickness
reconcile the distinct geographic trends in MIS
5a highstand elevations between the North
American Pacific and Atlantic-Caribbean coasts
(Fig. 2A, blue dots). The steeper north-south
gradient predicted by the 3-D GIA model for
the Atlantic coast provides an excellent match
to the data, with a peak-to-peak amplitude of
~20 m (Fig. 2A) and a X2 misfit of 2.03. This
misfit drops to 1.42 when considering only one
Barbados site (Cave Hill). (The 1-D prediction
misfit increases to 14.39 with only Cave Hill.)
The Pacific coast fit also improves, apart from
several sites in Oregon where the predicted ele-
vation is ~15-20 m higher than observed. The
x?* misfit of the 3-D prediction to the observa-
tions at all Pacific coast sites is 3.46. This mis-

Site no.
Oregon California Mexico Atlantic Coastal Plain fit drops to 0.99 when Oregon highstand data
1. Newport 5. Bruhel Point 18. Punta Banda 21. Virginia Beach, VA

are omitted (The analogous Oregon-omitted x?
for the 1-D prediction is 1.89.) To explore the

19. Punta Cabras
20. Turtle Bay

2. Cape Arago
3. Coquille Point
4. Brookings

6. Point Reyes
7. Santa Cruz
8. San Simeon

22. Moyock, NC
23. Pamlico Sound, NC
24. Charleston, SC

9. Point Buchon

10. Gaviota

11. Santa Rosa Is.
12. San Miguel Is.

13. Palos Verdes Hills
14. San Joaquin Hills
15. San Nicolas Is.
16. Oceanside

17. Point Loma

25. Skidway Is., GA
27. Sand Key, FL

Caribbean

26. Bermuda
28. Bahamas
29. Haiti

30. Barbados

Figure 2. (A) Tectonic uplift—corrected marine isotope stage 5a highstand elevations with
uncertainty (vertical bars) and glacial isostatic adjustment (GIA) predictions for North American
Pacific and Atlantic-Caribbean coastal sites (Table S1 [see text footnote 1]). Predictions are dis-
tinguished by earth model in the GIA simulation: gray triangles, background one-dimensional
(1-D) model; blue dots, three-dimensional (3-D) earth model (Fig. 1). (B) As in A with the 1-D
predictions replaced by two 3-D predictions that remove plate boundaries or decrease (halve)
the plate boundary thickness. a, b, and c labels refer to the relative sea level (RSL) indicator
sub-sites referenced in Table S1. See Figure 1 for a key to U.S. state abbreviations.

subsidence of the peripheral bulge (Figs. 3A
and 3C). This brings the present-day elevation
of the bulge closer to the elevation during MIS
Sa. For example, along the coast from Oregon
to Baja California, the 3-D prediction varies by
~6 m (Fig. 3A). These earth model changes
also increase the shore-perpendicular gradient
in the GIA signal by amplifying the response
to ocean loading.

DISCUSSION

Creveling et al. (2017) demonstrated that
weakening the upper mantle viscosity in 1-D
earth models to ~10% Pa-s shifted the predicted
North American peripheral bulge southward

such that most Pacific coast sites were posi-
tioned on the inner rather than outer flank of
the peripheral bulge, reversing the north-south
highstand elevation gradient predicted using
an upper mantle viscosity of ~5 x 10% Pa-s. In
the 3-D GIA simulation, the mean upper mantle
viscosity below the Pacific coast is ~10% Pa-s,
but the reduced north-south gradient compared
to the 1-D simulation arises from a reduced
elevation difference between MIS 5a and pres-
ent day rather than a change in the peripheral
bulge position.

The large suite of 1-D earth models consid-
ered by Creveling et al. (2017), including the
background 1-D model, was incapable of fit-
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significance of this misfit, we perform a sen-
sitivity study in which we compute highstand
values at locations determined by shifting all
sites 400 km north and 200 km east. The results
(Fig. S1 in the Supplemental Material) indicate
that predictions of highstand elevations at sites
closest to MIS 5a ice cover are sensitive to their
distance to the model ice sheet perimeter. Sites
south of Oregon are significantly less sensi-
tive to the ice perimeter. Shifting the model ice
sheet southwest would perturb the predicted
highstands downward at the Oregon coastal
sites and improve the fit to these observations.
Some of the misfit may also reflect inaccuracy
in the 3-D structure of the model and/or tectonic
uplift—corrected indicator elevations.

We explore the sensitivity of predictions to
changes in the treatment of plate boundaries in
the 3-D GIA model with simulations halving the
width of the plate boundary zone and excluding
plate boundaries (Fig. 2B). The predictions are
insensitive to this reduction in plate boundary
thickness and, except for northern California
sites Bruhel Point, Point Reyes, and Santa Cruz,
to removing the plate boundaries entirely. Figure
S2 shows that this geographically limited sensi-
tivity arises because the three sites are located
within 10 km of the San Andreas fault, a dis-



120°W

110°W 100°W 90°W

50°N

45°N

40°N
35°N
30°N
25°N

20°N
1000 km
——

1N O RSL Indicator Site

! lce Margin

10°N

80°W

Relative Sea Level (m)

%
Y

. \?arbados ‘o

Q 3 -20

50°N

45°N OR

40°N CA

35°N

30°N

MX

25°N

20°N

15°N

10°N

o .,

V, -8
C,
30 Bermuda L4

GA (e]

F
:})\B:ahamas

Z Ny — -
Cuba 2 Haiti

< =T .,

Relative Sea Level (m)

‘?arbados..' o

.
v

I
n
o

50°N

45°N

40°N

35°N

30°N

25°N

20°N

15°N

10°N

Bermuda
o

X?Q\Bahamas

W,
T = &;} =T .,
.'1'

. \?arbados ‘o

S 3 -20

Relative Sea Level (m)

Figure 3. (A, B) Glacial isostatic adjustment prediction of marine isotope stage (MIS) 5a relative
sea level (RSL) computed using the three-dimensional (3-D) (A) and background one-dimen-
sional (1-D) (B) earth models. Both maps have the MIS 5a and present-day difference in global

mean sea level (—13.0 m) removed from the total

| predicted signal. (C) Difference between the

3-D and 1-D predictions (panel A minus panel B). See Figure 1 for key.

tance well within the modeled thickness of the
local lithosphere (Fig. 1A).

We repeated the 1-D background calculation
with a PC2T ice history that modified the ice
volume between MISs 5a and 5c, changing the
MIS 5b (90 ka) GMSL value to —30 m from
—40 m. We found that MIS 5a highstand predic-
tions in Figure 2A (gray triangles) were shifted

Downloaded from http://pubs.geoscienceworld.org/gsa/geology/article-pdf/doi/1
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relatively uniformly upward by ~2 m, suggest-
ing that uncertainty in MIS 5b ice volume maps
into a small yet discernable uncertainty in MIS
5a GMSL.

CONCLUSIONS
GIA modeling incorporating realistic 3-D
viscoelastic earth structure can reconcile com-

plex regional patterns in peak MIS 5a RSL
indicator elevations that could not previously
be reproduced by a single 1-D GIA model. We
emphasize that the fit of the 3-D GIA predic-
tions is not statistically different from the fit
achieved by Creveling et al. (2017) using GIA
simulations based on distinct 1-D earth models
for each coast. This reconciliation builds upon
a new global model of ice history through the
last glaciation (Pico et al., 2017; Creveling
et al., 2017) and improved constraints on 3-D
mantle viscoelastic structure (Richards et al.,
2020; Hoggard et al., 2020; Austermann et al.,
2021) based on high-resolution seismic tomog-
raphy. Model fits are improved for the Atlantic
coastline, yet the misfit of the 3-D predictions
to Oregon highstand observations, a location
with large differences between the 3-D and 1-D
earth structure and sensitive to ice history, moti-
vates a future comprehensive assessment of the
uncertainties inherent in GIA studies (Melini
and Spada, 2019).

The success of the 3-D earth model opens
avenues for future refinement of MIS 5a peak
GMSL. Estimates of MIS 5a peak GMSL based
on 1-D GIA simulations have conflicted, rang-
ing from —28 m when fitting North American
Atlantic-Caribbean data (Potter and Lambeck,
2003) to —15.2 m using North American Pacific
data (Simms et al., 2015). Creveling et al. (2017)
inferred a bound on peak MIS 5a GMSL of
—10.5 = 5.5 m using GIA simulations based
on independent 1-D earth models for the two
regions. Our reconciliation of highstand data
from both coasts using an ice history character-
ized by a peak MIS 5Sa GMSL of —13 m and a
3-D earth model consistent with a broad range
of geophysical data supports the inferences of
Simms et al. (2015) and Creveling et al. (2017)
that net MIS 5a ice volume was closer to an
interglacial state. Similar refinements of peak
GMSL may be possible for other episodes of
ice-age warmth preceding the Holocene epoch,
such as for MIS 5c or the LIG (Kopp et al., 2009;
Dyer et al., 2021) in which Austermann et al.
(2021) detected the impact of lateral variations
in mantle viscosity. Such analyses can yield
refinements in model input such as ice history
and improve quality assessments for sites with
conflicting highstand elevations.
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