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Global sea-level (eustatic) histories generated by backstripping stratigraphy are predicated upon the
lithosphere having a well understood tectonic history. However, sub-plate processes play a role in
governing lithospheric vertical motions with timescales and amplitudes akin to eustasy, which are
difficult to predict. We examine how stratigraphic and geophysical observations combined with simple
isostatic models can be used to disentangle histories of sub-plate support and eustasy. We focus on
the passive margin of Eastern North America, where a generally accepted history of eustasy has been

Keywords: estimated. Negative long wavelength free-air gravity anomalies, residual ocean-age depth estimates, fast

mantle convection upper mantle shear wave velocities, and geodynamic models suggest that Cenozoic evolution of this

subsidence passive margin has been influenced by upper mantle drawdown. We build on existing analyses to

sea level backstrip sixteen wells, which, combined with seismic data, constrain timing and extent of Cenozoic

E“StaSY subsidence. Results indicate up to ~1000 m of water-loaded subsidence between ~20-0 Ma centered
eogene

on the Baltimore Canyon Trough. Seismic data from the trough shows Neogene aggrading clinoforms.
There is little evidence for faulting or stratigraphic growth, which indicates that Neogene lithospheric
strain rates were low. Amplitude and spatial extent of Neogene subsidence are difficult to explain by
glacio-eustasy or glacio-isostatic adjustment. Instead, sub-plate support calculated from conversion of
shear wave velocities to temperature and isostatic calculations indicate that upper mantle drawdown
was responsible for subsidence of the margin. Because mantle convection is vigorous such observations
are expected throughout the stratigraphic archive.

Crown Copyright © 2019 Published by Elsevier B.V. All rights reserved.

New Jersey margin

ing means that estimating eustasy from a single site is generally
challenging (see e.g. Austermann et al., 2017). Given the general
importance of accurately constraining sea-level change we exam-
ine how geological data can be used to disentangle histories of
dynamic support from eustasy. We investigate whether a signal of
sub-plate support can be isolated using stratigraphic and geophys-
ical observations along Eastern North America’s passive margin,
where eustasy has been studied (Fig. 1; e.g. Miller et al., 2005;
Kominz et al., 2016). First, geophysical observations (e.g. gravity,

1. Introduction

It is generally accepted that mantle convection can generate
time-dependent vertical motions of the lithosphere that overlap in
amplitude and timescale with estimates of eustatic (global) sea-
level change (O(10'-102) m, O(10~1-102) Ma; Hager et al., 1989;
Lithgow-Bertelloni and Silver, 1998; Miller et al., 2005; Hartley et
al.,, 2011; Rovere et al.,, 2014; Cloetingh and Haq, 2015; Kominz et
al.,, 2016). Stratigraphy and sub-plate shear wave velocities from

the Mauritanian margin of northern Africa and Australian’s North-
west Shelf, for example, indicate that mantle convective drawdown
can generate hundreds of meters of water-loaded subsidence on
timescales of 1-10 Ma (Czarnota et al,, 2014; Lodhia et al., 2018).
Residual ocean age-depth measurements indicate that dynamic to-
pography has wavelengths of hundreds to thousands of kilometers
and amplitudes of up to 0(10%) m (Hoggard et al., 2017). These ob-
servations and the complex response of sea level to glacial unload-
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tomography, ocean age-depth measurements) are used to assess
present-day flexural, lithospheric and sub-plate support of topog-
raphy along the eastern margin of North America. Secondly, the
stratigraphic archive is used to examine the history of lithospheric
vertical motion.

The stratigraphic record at passive margins can be affected
by a suite of geological processes including the history of rift-
ing and post-rift cooling, eustasy, sub-plate support and the ef-
fects of water-loading and glacial unloading (e.g. McKenzie, 1978;
Le Pichon and Sibuet, 1981; Lambeck and Chappell, 1988; Allen
and Allen, 2005; Kominz et al., 2016; Austermann et al,, 2017;
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Miiller et al., 2018). One approach to circumvent the challenging
task of isolating, for example eustasy, is to backstrip stratigraphy at
margins with a well understood tectonic (e.g. rift and post-rift) his-
tory (e.g. Miller et al., 2003; Kominz et al., 1998, 2016). The eastern
seaboard of North America has been used to do so because its tec-
tonic history is, on the whole, well understood (e.g. Watts and
Ryan, 1976; Steckler and Watts, 1978; Watts and Thorne, 1984).
Biostratigraphic analyses of core and cuttings from wells along
the margin combined with reflection and refraction seismology,
and oceanic magnetic anomalies, show that, following late-Triassic
to early-Jurassic rifting, post-rift subsidence of the margin has
been governed principally by lithospheric cooling (e.g. Steckler and
Watts, 1978; Grow et al., 1988; Miller et al., 2005, 2013; Kominz et
al.,, 2008, 2016; Greene et al., 2017). Fitting of simple cooling mod-
els to backstripped subsidence patterns and inversion for strain
rate histories indicate that the lithosphere beneath the extensively
studied COST B-2 well in the Baltimore Canyon Trough stretched
by a factor, 8 ~ 2 (e.g. Flament et al., 2013). However, stratig-
raphy of the deepest (syn-rift) parts of this margin is sparsely
sampled and this value is debated (see e.g. Watts and Thorne,
1984). Residual subsidence has been interpreted as changes in ac-
commodation space caused by eustasy (e.g. Miller et al., 2005).
Additional mechanisms proposed to generate subsidence along this
margin include a flexural response due to loading, plate reorgani-
zation and epeirogeny generated by dynamic support (Cloetingh
et al., 1990; Pazzaglia and Gardner, 1994; Vanderaveroet, 2000;
Browning et al., 2006; Kominz et al., 2008, 2016). A suite of geody-
namic models predict mantle convective drawdown of the margin
with amplitudes up to 0(10%) m and wavelengths up to 0(10%)
km (e.g. Spasojevi¢ et al., 2008; Miiller et al., 2008; Moucha et
al., 2008; Flament et al., 2013; Steinberger et al., 2019). Some of
these models predict tens to hundreds of meters of Neogene dy-
namic support of the New Jersey margin (e.g. Moucha et al., 2008;
Spasojevic et al., 2008; Flament et al., 2013). However, there is dis-
agreement on the predicted timing, amplitude and wavelength of
support and whether sub-plate processes have generated uplift or
subsidence.

In this study we combine backstripping of sixteen wells along
Eastern North America’s passive margin with seismological and
gravity data and simple isostatic calculations to estimate the tim-
ing, amplitude and wavelength of sub-plate support. We start by
summarizing geophysical observations that constrain present-day
dynamic support.

2. Gravity, ocean age-depth residuals and tomography

Fig. 1b shows free air gravity data extracted from the GRACE
dataset filtered to remove wavelengths < 800 km, which is a guide
to sub-plate support (e.g. McKenzie, 2010; Colli et al., 2016). The
Baltimore Canyon Trough has negative free-air gravity anomalies
of between ~ —30 to 0 mGal (Tapley et al, 2005). In compar-
ison, the Georges Bank and the Southeast Georgia Embayment,
~500 km north and ~1000 km south of the trough, respectively,
have anomalies of ~0 to +10 mGal. Positive free-air anomalies are
centered on the Bermuda Rise and on the Appalachian mountains
(e.g. Courtillot et al., 2003). If a transfer function of 30-50 mGal
km~!, which encompasses the range of admittance values typically
assumed for oceanic and continental dynamic support, is used to
convert long wavelength gravity into a prediction of sub-plate sup-
port it implies that the Baltimore Canyon Trough is drawn down
by ~0.6-1 km today (Crosby et al., 2006). Calculated drawdown
does not extend to the Georges Bank or the Southeast Georgia
Embayment (Fig. 1b). These results are broadly consistent with
some geodynamic predictions of upper mantle convective draw-
down (e.g. Steinberger et al., 2019). Nevertheless, we acknowledge
that using single admittance values to estimate dynamic support is
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Fig. 1. Eastern North America and Atlantic Ocean. (a) Topography and bathymetry
of the Eastern North American passive margin (ETOPO1 dataset). Dotted line indi-
cates extent of seismic data. G = Georges Bank, BCT = Baltimore Canyon Trough, S
= Southeast Georgia Embayment, B = Bermuda Rise. (b) Free air gravity anomalies
from the GRACE dataset, filtered to remove wavelengths <800 km. Diamonds =
wells backstripped in this study. (c) Geoid-corrected residual ocean-age depths in
1° bins (Hoggard et al., 2017). Circles represent measurements with sedimentary
and crustal corrections applied. Up/down pointing triangles = lower/upper lim-
its for which only a sedimentary correction has been applied. Filigree = residual
ocean-age depth estimates from ship track data. (d) Slice through SL2013sv shear
wave tomographic model at 125 km depth (Schaeffer and Lebedev, 2013). Note that
free-air gravity anomalies and residual topography of the Baltimore Canyon Trough
and its surroundings are negative, and the region sits atop fast upper mantle shear
wave velocity anomalies. (For interpretation of the colors in the figure(s), the reader
is referred to the web version of this article.)

debated (see e.g. Colli et al., 2016). Admittance methods indicate
that the elastic thickness of Eastern North America’s continental
lithosphere is 0(10) km (e.g. McKenzie, 2010). Recent spherical
wavelet transformation of gravity and topography indicate that
the elastic thickness of Eastern North America’s passive margin is
~15-40 km, which implies that sub-plate processes could be man-
ifested at Earth’s surface at wavelengths O(100) km (Audet and
Biirgmann, 2011; Audet, 2014).

Residual ocean-age depth measurements can also be used to
estimate sub-plate support (Fig. 1c; Hoggard et al., 2017). Oceanic
lithosphere close to the Baltimore Canyon Trough has a residual
depth of —0.2 to —0.4 km. Highest positive residuals in this region
(almost +1 km) are centered on the Bermuda Rise.

A slice through the SL2013sv shear wave tomography model
at 125 km depth beneath eastern North America and the west-
ern Atlantic Ocean is shown in Fig. 1d (Schaeffer and Lebedev,
2013). Upper mantle velocity anomalies appear to be a few per-
cent faster than the AK135 global model beneath the Baltimore
Canyon Trough. A suite of other recent shear wave tomographic
models also shows fast upper mantle velocity anomalies beneath
the New Jersey margin (Supplementary Material; Ritsema et al.,
2011; Moulik and Ekstrom, 2014; French and Romanowicz, 2014;
Durand et al,, 2017). The SL2013sv model has broadly compara-
ble velocities to the global average beneath the Southeast Georgia
Embayment and the Georges Bank. A long wavelength slow ve-
locity anomaly is centered on the Bermuda Rise. We note that
sub-plate support calculated from gravity and residual ocean-age
depths also broadly correlate with upper mantle velocity anoma-
lies in more recent shear wave tomographic models improved by
data collected during the EarthScope Transportable Array exper-
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iment (Fig. 1; Clouzet et al., 2018). These observations combine
to suggest that the Baltimore Canyon Trough sits on the margins
of upper mantle that is drawing down the lithosphere. Whereas
sub-plate uplift or drawdown of the Georges Bank and Southeast
Georgia Embayment appears to be negligible (Fig. 1).

Many, but not all, geodynamic models of mantle convection
predict dynamic drawdown of most of the margin during the last
~30 Ma (e.g. Forte et al., 2007; Moucha et al., 2008; Spasoje-
vic et al,, 2008; Spasojevi¢ and Gurnis, 2012; Miiller et al., 2018).
These models tend to emphasize the importance of flow at deeper,
mid-mantle, depths associated with Farallon plate subduction in
driving drawdown. Gravity and residual ocean age-depth data, and
more recent tomographic models indicate that support of the mar-
gin might be related to upper mantle structure (e.g. Fig. 1). In
other places (e.g. West Africa, Northwest Australia, Borneo) dy-
namic topography appears to be governed by the thermal (buoy-
ancy) structure of the uppermost convecting mantle (e.g. Czarnota
et al., 2014; Hoggard et al., 2017; McNab et al., 2018; Roberts et
al., 2018; Lodhia et al., 2018).

In order to estimate the history of drawdown of Eastern North
America’s passive margin, first, we calculate the subsidence histo-
ries of sixteen wells from Georges Bank to the Southeast Georgia
Embayment. Secondly, we calculate the contribution of excess up-
per mantle temperature anomalies to surface elevations by con-
verting shear wave velocities to temperature and performing sim-
ple isostatic calculations. Finally, we examine the importance of
these results for eustasy.

3. Wells, backstripping and seismic data

Sixteen wells along the Atlantic continental margin, including
the COST B-2 well, were backstripped to calculate their subsidence
histories (Fig. 2). Thirteen of these wells are located in, or are prox-
imal to, the Baltimore Canyon Trough. The COST G-1 and COST
G-2 wells are located on Georges Bank, and the COST GE-1 well is
in the Southeast Georgia Embayment.

Stratigraphy was backstripped using a one-dimensional model
that assumes Airy isostasy, which is probably appropriate because
this stretched margin has an elastic thickness, T, ~ 15-40 km (e.g.
Watts and Ryan, 1976; Audet, 2014). Age-depth relationships were
determined by biostratigraphic correlation of foraminifera, nan-
nofossils and palynomorphs recorded in published well logs (see
summary in Fig. 3). Palaeowater depths, interpreted from benthic
fauna, were extracted from the well reports (Fig. 3; Supplementary
Information).

Once age-depth relationships were obtained the wells were
backstripped, decompacted and water-loaded to isolate the sig-
nal of tectonic subsidence. Where available, checkshot data was
used to determine initial porosity, ¢,, and compaction wave-
length, A. Calculated porosity-depth curves were compared to
available porosity measurements (e.g. Fig. 4c-d; Supplementary
Material). First, we sought the ¢, and A values that yielded calcu-
lated time-depth pairs with the lowest residual misfit to checkshot
values. Porosity as a function of depth was parameterized using
Athy (1930)’s well-known formulation

$@) =goexp (-2 ). (1)

Velocity, vg, as a function of porosity (and depth), which can be
straightforwardly related to time-depth pairs, was calculated using
Wyllie et al. (1956)’s approach
1 4@ 1-4@
vs(2) TV Vsg ’
Here, vy, represents pore fluid velocity and was assigned a value
of 1.5 kms™!, representative of seawater, and Vsg is the solid grain

(2)
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Fig. 2. Passive margin of eastern North America from Miami to Maine. Labelled gold
diamonds = backstripped wells: a = COST G-1, b = COST G-2, ¢ = Texaco 642-1,
d = IODP 313 M27, e = |IODP 313 M28, f = IODP 313 M29, g = Murphy 106-1, h =
DSDP 612, i = Shell 372-1, j = Shell 586-1, k = Shell 587-1, | = Bethany Beach, m =
Shell 93-1, n = COST B-3, o = COST GE-1. Gold star = COST B-2. Dotted line =
extent of available seismic data; solid black lines = seismic reflection data shown
in Fig. 6 and Supplementary Material.

velocity, assigned a value of 5.5 kms~' to represent a sand-clay
mixture, which is appropriate for wells in the Baltimore Canyon
Trough (see e.g. Kominz et al., 2016). Two-way travel time, T, and
velocity are related such that

T z d
Z
/dt:Z/vs(Z)’ 3)
0 0

and by combining Equations 1 and 2 and substituting into Equa-
tion 3, yields

o s G TR B
sg w Sg

¢, and A were systematically varied to determine the minimum
misfit between observed checkshot data and calculated time-depth
curves (Fig. 4; Supplementary Material). Where checkshot data was
not available, an initial porosity of 0.52 and compaction wave-
length of 3 km were assumed (Steckler and Watts, 1978; Kominz
et al.,, 2016).

Assuming that the solid fraction remains constant during com-
paction, the decompacted thickness of each sedimentary layer is

22 Z4

[[1—¢(Z)]d2= / [1-¢(2)]dz, (5)

Z1 z3=0
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Fig. 3. Chronostratigraphy of the Baltimore Canyon Trough. Lithofacies are synthesized from wells across the Baltimore Canyon Trough. Palaeowater depths were extracted
from well reports, and were interpreted from benthic fauna and environmental settings; gray band = palaeowater depth uncertainty (Smith et al., 1976; Scholle et al., 1977).
Right panel shows first (upward pointing triangle) and last (downward pointing triangle) appearances of common and dominant species in the Baltimore Canyon Trough
used to constrain age of stratigraphy.
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Fig. 4. History of New Jersey subsidence. (a) Eustasy calculated from reduced sub-
sidence history of COST B-2 well, New Jersey margin, from 98.4 to 9.25 Ma and
oxygen isotopes from 9.25 to 0 Ma (Miller et al., 2005). (b) Subsidence at COST B-2
well from stratigraphy described in well reports: black = backstripped burial curve;
red = decompacted subsidence using Watts and Thorne (1984)’s parametrization;
light blue curve = decompacted, water-loaded subsidence calculated using Watts
and Thorne (1984)'s parameters; light blue bars = added paleowater depths and
uncertainties; dark blue curve = water-loaded, decompacted subsidence with com-
paction parameters calculated using time-depth data (see panels c-d). Arrow = on-
set of anomalous Neogene subsidence. (c) Black circles = time-depth measurements
in the COST B-2 well from interval velocities; red curve = best-fitting theoreti-
cal time-depth relationship for compaction parameters indicated by red cross in
panel d. Blue curve = time-depth relationship for initial porosity, ¢, = 0.52, and
compaction wavelength, A =3 km (Watts and Thorne, 1984). (d) Color scale =
misfit between observed and calculated time-depth relationship for COST B-2 well
(panel c). Parameter sweep was performed for range of ¢, and A values. Red cross =
best-fitting values used to generate red curve in panel c. (e) Red curve = best-fitting
porosity-depth relationship calculated from interval velocity data. Colored circles =
measured porosities as a function of depth (Steckler and Watts, 1978; Watts and
Thorne, 1984; van Sickel et al., 2004). Blue curve = porosity as a function of depth
calculated using Watts and Thorne (1984)’s parametrization.

where z; —z1 and z4 — z3 are sedimentary layer thicknesses before
and after compaction, respectively. Substitution with Equation 1
and solving the integral gives

Za =23 — 71+ Po) [exp (—Z%) + exp (—Z%) +1—exp (—%4)]

z4 is solved iteratively for each layer using the Newton-Raphson
method. The resultant decompacted subsidence curves are then
standardized assuming Airy isostasy and a water load, such that

5, = S, (u) 7)
Pa — Pw

where S,, and S; are water and sediment loaded subsidence, re-
spectively. If asthenospheric density, p; = 3200 kgm~—3, average
sediment density, os = 2400 kgm~—3, and water density, py =
1000 kgm~—3, Equation 7 simplifies to 3S, = Ss. Fig. 4d shows

calculated ¢, and A values for the COST B-2 well compared to
porosity-depth data acquired from core and cuttings (Steckler and
Watts, 1978; Watts and Thorne, 1984; van Sickel et al., 2004).
The porosity-depth relationship calculated from check-shot data
broadly matches these independent observations and suggests that
a simple calibrated parameterization of compaction is justified. We
note that shallow wells tend to emphasize subsidence anomalies
since no underlying stratigraphy is included in the decompaction
procedure. An additional source of uncertainty in subsidence histo-
ries is palaeowater depth. Fig. 3 shows a summary of palaeowater
depths in the Baltimore Canyon Trough synthesized from well re-
ports. Our results indicate that Late Jurassic to Recent water depths
have varied between upper bathyal to neritic, which is consistent
with other interpretations (e.g. Kominz et al., 2016).

3.1. Theoretical thermal subsidence

The predictability of passive margin subsidence and its relation-
ship to strain and lithospheric cooling is well known (e.g. McKen-
zie, 1978; White, 1994). It forms the basis for extracting eustasy
from backstripped stratigraphy (e.g. Watts and Ryan, 1976; Miller
et al., 2005; Kominz et al., 2016).

A challenging problem along this margin is that its deep struc-
ture, and therefore the timing of rifting, are poorly understood,
partly because nearly all wells terminate in post-rift stratigraphy
(see e.g. Grow et al., 1983; Watts and Thorne, 1984; Sheridan et
al,, 1993). A guide to the time at which continental stretching (rift-
ing) terminated is the age of oldest abutting oceanic crust. Greene
et al. (2017) suggest that if the source of the Blake Spur Magnetic
Anomaly is oceanic crust it may have formed at ~168.5 Ma, which
gives a basis for assuming rifting terminated before then. How-
ever, there is some debate about the age and origin of the oldest
magnetic isochron offshore eastern North America (see Greene et
al., 2017). Seismic and geophysical data indicate that 0.5-3.7 km
of sedimentary rock sits atop the rifted basement of the Baltimore
Canyon Trough (e.g. Benson and Doyle, 1988). Diagnostic Late Tri-
assic dinoflagellates from the deepest sampled stratigraphy in the
COST G-2 well on Georges Bank correlate with the oldest sedi-
mentary rock preserved in half-graben onshore (e.g. Newark Su-
pergroup), which suggests that the earliest sediment to fill on- and
offshore basins did so contemporaneously (Cousminer, 1983).

Onshore, the Newark supergroup comprises continental clas-
tic and extrusive volcanic rocks preserved within asymmetric
half-grabens that crop out along the coastal plain (e.g. Newark-
Gettysburg, Culpeper, Richmond, Hartford and New York Bight
basins; Manspeizer, 1988). Biostratigraphic analysis of fossil plants,
pollens and spores from these sedimentary rocks indicate that
these graben are Upper Triassic aged (~227 Ma; Cornet and Olsen,
1985). Radiometrically-dated tholeiitic lavas that are interbedded
within lacustrine growth strata provide additional constraints on
the timing of rifting (e.g. Orange Mountain, Aspers, Watchung and
Deerfield basalts). They have U-Pb and “°Ar/3°Ar ages of 201 + 1
Ma, and K-feldspar cements formed from hydrothermal fluids gen-
erated during magamtism have “°Ar/3°Ar ages of 196 £ 1 Ma
(Weems and Olsen, 1997). A complicating factor is that some of
these igneous rocks were later hydrothermally altered, which can
make the calculated ages of these rocks appear younger than their
true ages (Seidemann et al, 1984; Sutter, 1988). Offshore, syn-
rift sedimentary rock is separated from thick post-rift stratigraphy
by a regional angular unconformity, which is observed on two-
dimensional seismic profiles as a strong reflector with onlapping
younger sedimentary packages (see e.g. Grow et al., 1983). Pa-
lynomorphs from the COST G-2 well indicate that this regional
unconformity was generated during Lower Jurassic times (Cous-
miner and Steinkraus, 1988). These observations give a basis for



6 M. Morris et al. / Earth and Planetary Science Letters 530 (2020) 115840

assuming that rifting occurred between ~230-170 Ma (Upper Tri-
assic to Lower Jurassic).

Stratigraphy from the COST B-2 well has been combined with
inferences about the deep structure of the margin to invert syn-rift
to Recent subsidence patterns for strain rate histories, €(t), which
indicate lithospheric stretching factor g = exp(foté(t)dt) ~1.7-2.2
(see e.g. Watts and Thorne, 1984; Jarvis and McKenzie, 1980; Grow
et al, 1988; White, 1994; Kominz et al., 1998; Flament et al,
2013).

An alternative pragmatic approach to dealing with a poorly
constrained syn-rift history is to constrain stretching factors and
rifting histories by comparing root-mean-squared misfit between
observed and theoretical thermal subsidence histories generated by
systematically varying stretching factors and the timing of rifting.
We make use of simple analytical solutions that assume instan-
taneous stretching and relate B, asthenospheric temperature (T),
thermal expansivity («), lithospheric density (o), and infill (e.g.
water; pw), time since rifting (t), and the thermal time constant
of the lithosphere (1 =12/(w%k)) to calculate thermal subsidence
(S¢) histories

t
St =E.r [1 — exp <—;)} where (8)
A pmaT b4
EOZZL and r= Esin <—> (9)
72(0m — pw) T B
We set lithospheric thickness, [ = 125 km, thermal diffusivity,

Kk =10"% m?s~!, pn = 3300 kgm—3, o = 3.28 x 107>/°K, and
T = 1330°C. We systematically varied 1 < 8 <5 and timing of rift-
ing, t,, between 250-170 Ma to calculate the best-fitting values
for the COST B-2 well (Supplementary Material). Stretching fac-
tors and the timing of rifting tradeoff such that 2 < 8 <5 and
170 <t, <200 Ma yield low misfits. These values overlap results
from inverting subsidence patterns, probably because the duration
of rifting was short (i.e. ~15-25 Ma; Jarvis and McKenzie, 1980;
Flament et al., 2013).

Substituting 1.7 < 8 < 2.2 and 170 <t, <200 into Equations 8
and 9 yields total water-loaded thermal subsidence since rifting
of 1876 £ 281 m, which brackets post-rift subsidence recorded by
backstripping of the COST B-2 well (blue curve in Fig. 4). Calcu-
lated Neogene to Recent (23-0 Ma) thermal subsidence is 31 + 13
m. The proximity of the margin to the Appalachian mountains and
thick lithosphere imaged in some shear wave tomographic mod-
els indicates that the lithosphere beneath this margin might have
been thicker before stretching. If, for example, [ = 150 km calcu-
lated Neogene water loaded subsidence is 71 £ 24 m. These values
of calculated Neogene thermal subsidence are nearly an order of
magnitude lower than observed values (~200-1000 m; e.g. Figs. 4
& 5).

Neogene stratigraphy was mapped along the margin using six
two-dimensional seismic reflection lines (Figs. 2 & 6; Supplemen-
tary Information). These lines were chosen because of their prox-
imity to backstripped wells, image fidelity and so that stratigraphy
could be interpreted on dip and strike lines. Seismic stratigraphy
was tied to wells with accurate, biostratigraphically determined,
ages. Age constraints from each well were converted from depth
into two-way travel times using checkshot data and interval veloc-
ities provided in the well reports (Fig. 3).

4. Results

Fig. 4 shows the subsidence profile for the COST B-2 well. This
figure also shows the eustatic curve of Miller et al. (2005), which
was generated by identifying residuals (i.e. non-tectonic subsi-
dence) from backstripped stratigraphy, and correlation with oxygen

isotopic time series (van Sickel et al., 2004). The analyses in this
paper differ from Miller et al. (2005) in that we do not assume
residual subsidence is necessarily generated by eustasy. Cumula-
tive water-loaded subsidence from 188 Ma to the present day is
2.4 km. Most of this subsidence can be attributed to post-rift ther-
mal sag (e.g. Equations 8 & 9). The most significant departure from
predicted post-rift subsidence is between 20-11 Ma when an ad-
ditional ~ 200-500 m of water-loaded subsidence is observed.
Flament et al. (2013) also observed an increase in Neogene sub-
sidence rates, which they show could be attributed to increased
lithospheric strain (i.e. stretching) centered at ~16 Ma or mantle
convective drawdown (e.g. their Figs. 6 & 7). Fig. 5 shows subsi-
dence profiles for all wells in this study. Anomalous water-loaded
Neogene subsidence, with rates of up to ~50 mMa~! between
~20-0 Ma, is observed for most wells in the Baltimore Canyon
Trough and for the Bethany Beach well onshore. The sparsely pop-
ulated subsidence curves shown in Figs. 5i-k are a result of scant
post-Cretaceous stratigraphic information. These wells have high
residual post-Cretaceous subsidence, which is broadly comparable
to that recorded in the more completely sampled wells. However,
the sparsity of reported Cenozoic stratigraphy means that Neogene
subsidence rates are not well constrained and they are excluded
from subsequent analyses. The age of stratigraphy sampled during
IODP Expedition 313 ages is determined by Sr isotopic chemistry
and has a resolution of +0.25-0.5 Ma (Kominz et al., 2016). Back-
stripping of these wells shows that subsidence rates increased be-
tween 20 and 13 Ma (Fig. 5e-g; Kominz et al., 2016). In contrast,
wells located on Georges Bank and the Southeast Georgia Embay-
ment have <1 km of post-Santonian stratigraphy and almost no
residual Neogene water-loaded subsidence (Fig. 5a, b, o).

Seismic data and biostratigraphic correlations indicate that Neo-
gene to Recent stratigraphy is up to ~1 s thick (two-way time;
~1 km) in the Baltimore Canyon Trough (Figs. 4c & 6). Strike line
A-148, which intersects the trough, shows that Miocene to Recent
stratigraphy is almost uniformly planar and > 1 s thick offshore
New Jersey (Supplementary Information). In contrast seismic lines
MMG16 and LMG81 on Georges Bank show that post-Santonian
(< 84 Ma) stratigraphy is < 1 s thick. Well COST GE-1 on the bank
indicates that its Miocene to Recent stratigraphy is < 100 m thick.
Post-Jurassic stratigraphy of Georges Bank has a shallow gradient
in strike and dip directions (Supplementary Information). In con-
trast, dip lines from the Baltimore Canyon Trough show >100 km
of Miocene-Recent progradation and ~0.25 s (~250 m) of aggra-
dation (Fig. 6; Supplementary Information). These clinoforms pro-
grade from close to the shoreline and are best developed in the
northern part of the Baltimore Canyon Trough. Rapid increases
in accommodation space offshore was coeval with increased sedi-
mentary flux from onshore (e.g. Poag and Sevon, 1989).

5. Discussion

Up to ~1000 m of Neogene to Recent (~20-0 Ma) water-
loaded subsidence is recorded by backstripped wells centered on
the Baltimore Canyon Trough. Seismic strike line A-148, which
intersects the trough, shows that accumulation of Neogene sed-
imentary rock is up to ~1 s (~1 km) along at least ~200 km
of the margin offshore New Jersey (Supplementary Informa-
tion). Miocene clinoforms, mapped on seismic dip lines, pro-
graded >100 km away from the coastline and then aggraded,
which indicates an increase in Neogene accommodation space
(see e.g., seismic lines DS11, LMB10; Greenlee et al., 1988; Posa-
mentier et al., 1988; Poag and Sevon, 1989; Greenlee et al.,
1992). Neogene clastic sedimentary rock was probably gener-
ated as a consequence of Miocene uplift and enhanced ero-
sion of the Appalachian mountains (cf. Poag and Sevon, 1989;
Monteverde et al., 2008; Roberts et al., 2012). In contrast, seismic
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Fig. 5. History of passive margin subsidence. (a-o0) Subsidence curves for wells on the Eastern North American passive margin (see Fig. 2 for location). Wavy red curves
represent unconformities. Annotation is same as for Fig. 4b. Black/red/light blue curves = burial/decompacted/water-loaded subsidence curves. Blue rectangles = water-loaded
(tectonic) subsidence curves with added paleowater depth uncertainties. Black triangles = onset of Neogene Period. Dashed lines = best-fitting thermal subsidence history
calculated assuming instantaneous rifting. Best-fitting thermal subsidence curves are shown for wells with accurately matched pre-Neogene stratigraphy. Note that expected
Neogene thermal subsidence is O(10) m.

mapping and backstripped stratigraphy on the Georges Bank and gene subsidence in the Baltimore Canyon Trough (up to ~1000 m)
the Southeast Georgia Embayment shows that Neogene subsidence also precludes glacio-eustasy as the mechanism for increased ac-
and sedimentation rates were much lower. These observations commodation space along this margin. In the following section,
imply that the relatively rapid Neogene to Recent subsidence ob- we examine whether observed subsidence patterns could have
served in the Baltimore Canyon Trough is a local, rather than global been generated by flexure, lithospheric strain or sub-plate sup-
(e.g. eustatic), phenomenon. The amplitude of water-loaded Neo- port.
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5.1. Arole for plate flexure or extension?

Subsidence of the Baltimore Canyon Trough has been previ-
ously attributed to a flexural response to loading (Pazzaglia and
Gardner, 1994; Kominz et al., 1998; Vanderaveroet, 2000; Kominz
et al., 2008; Miller et al., 2013). We use a simple flexural model
to examine whether loading could have generated the observed
water-loaded subsidence patterns in the trough and its surround-
ings. Our flexural model assumes that the lithosphere deflects as
a semi-infinite plate in response to an end load. Maximum deflec-
tion, w, = Vo3 /4D, where the flexural parameter, «, and flexural
rigidity, D, are given by

1

[ 4D j|3
d=|—"""-— R
g(Pm — pw)

(e.g. Turcotte and Schubert, 2002). Gravitational acceleration, g =
9.8 ms~2, mantle density, o, = 3300 kgm~3, water density, py, =
1000 kgm*3, Youngs Modulus, E = 70 GPa, and Poisson’s ratio
o = 0.25. The most obvious nearby large load is the Appalachian
mountains. We estimate the width of foreland basins for a range

ET?

T 1201 -2y (10)

of elastic thicknesses by calculating the position of forebulges, xj,
relative to the eastern edge of the Appalachian mountains using
Xp = 3moa /4 (Turcotte and Schubert, 2002). Fig. 8 shows the dis-
tance to the forebulge from the eastern edge of the mountains for
elastic thicknesses of 20-40 km (cf. Watts and Ryan, 1976; Pazza-
glia and Gardner, 1994; McKenzie, 2010; Audet, 2014). These tests
indicate that loading by the Appalachian mountains did not gen-
erate the observed Neogene subsidence. To produce a forebulge to
the east of the Baltimore Canyon Trough requires an elastic thick-
ness of 2100 km, which is much higher than that estimated from
the admittance between gravity and topography along the margin
(~15-40 km; Watts and Ryan, 1976; McKenzie, 2010; Audet and
Biirgmann, 2011; Audet, 2014).

Another way to generate relatively rapid Neogene subsidence
could be increasing lithospheric strain rates (stretching). Inversion
of the subsidence history of the COST B-2 well indicates that
Neogene strain rates of up to ~5 Ga~! are required to gener-
ate observed subsidence patterns (Flament et al., 2013). However,
seismic lines in the Baltimore Canyon Trough do not show ob-
vious faulting, or Neogene stratigraphic growth, which precludes
lithospheric extension as an important mechanism for generating
subsidence at this time. An obvious next step is to investigate the
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Fig. 7. Tectonic subsidence. (a) Colored diamonds = cumulative water-loaded subsidence calculated by backstripping wells along Eastern North America’s passive margin
(Figs. 2 & 5). (b) Maximum calculated Neogene water-loaded subsidence. Note that wells without biostratigraphically constrained Neogene ages are not included in this
synthesis (e.g. COST G-1, Shell 372-1). Highest Neogene subsidence is centered on the Baltimore Canyon Trough.
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Fig. 8. Flexural analysis. (a) Color scale = elastic thicknesses, T, from Audet (2014)’s
spherical wavelet analysis of gravity and topography. o = measurements on east-
ern seaboard used to generate histogram shown in panel (b). Blue circle encom-
passes Baltimore Canyon Trough (BCT). (b) Histogram of T, estimates from eastern
seaboard (white bars) and Baltimore Canyon Trough (blue). Note T, of ~15-40 km
centered on Baltimore Canyon Trough. (c) Solid curve = eastern margin of the Ap-
palachian mountains. Dashed curves show calculated distances to forebulge crests,
which equal 128 and 216 km for elastic thicknesses T, =20 and 40 km, respec-
tively. Note that all wells in this study (diamonds/star) sit outboard of the calculated
forebulge positions.

role sub-lithospheric support might play in generating lithospheric
subsidence.

5.2. Sub-plate support

Several geodynamic models predict post-Cretaceous dynamic
topography along the east coast of North America (e.g. Moucha et
al., 2008; Spasojevit et al., 2008; Flament et al., 2013; Liu, 2015).
Most of these models use broadly similar techniques to convert
seismic tomographic models into predictions of mantle flow. Many
predict dynamic support of the margin at wavelengths in excess
of 1000 km. Moucha et al. (2008) calculated dynamic uplift of
100-200 m over the past 30 Ma. In contrast, Spasojevi¢ et al.
(2008) estimated 100-200 m of dynamic drawdown over the same
period and Miiller et al. (2008) propose subsidence of 105-385 m
since 70 Ma. Flament et al. (2013)’s model predicts 580 m of sub-
sidence since 80 Ma, and ~30 m since 15 Ma, whilst Rowley et al.
(2013) estimate uplift of +10-20 m since 3 Ma. Dynamic uplift or
subsidence along this margin is usually attributed to subduction of
the cold, dense, relict Farallon slab, which is generally though to
reside in the lower mantle (=670 km depth; see e.g. Rowley et al.,
2013; Liu, 2015).

Instead, we suggest that long wavelength free-air gravity
anomalies, residuals ocean age-depth measurements, upper mantle
shear wave tomography, and the stratigraphic and subsidence his-
tory of the margin suggest that Neogene dynamic drawdown was
centered on the Baltimore Canyon Trough and extended not more
than ~500 km away from it (e.g. Figs. 1 & 7). These observations
suggest that the shallow upper mantle might be playing an impor-
tant role in generating dynamic support of the margin (e.g. Fig. 1;
Colli et al.,, 2016; Hoggard et al., 2017; Lodhia et al.,, 2018; Roberts
et al., 2018).

Our approach to investigating the role the upper mantle plays
in supporting topography along the margin has three parts.
First, Schaeffer and Lebedev (2013)'s shear wave velocity model
(8L2013sv) is converted to absolute velocities using their modified
version of AK135 (Fig. 9a-d). Secondly, absolute velocities are con-
verted into temperature using the empirical approach of Priestley
and McKenzie (2006) (Fig. 9e-i). We note that their methodol-
ogy was developed using their own tomography so applying their
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Fig. 9. Sub-plate drawdown of Eastern North America’s passive margin. (a-d) Slices through SL2013sv tomographic model, converted into absolute velocity using AK135
reference velocity model (Schaeffer and Lebedev, 2013). (e-h) Temperatures calculated using parameterization of Priestley and McKenzie (2006), see panel (i). (j) Average
temperature between 125-200 km. (k) Calculated isostatic support from average excess (positive or negative) temperature anomalies between 125-200 km depth (see body
text). White curve = transect shown in Fig. 10; white diamonds/star = wells backstripped in this study (Fig. 2). (1) Color scale = spherical harmonic model of dynamic
topography up to degree | =30 (Hoggard et al., 2017). Circles/downward pointing triangles = accurate/upper estimates of residual ocean-age depths (Hoggard et al., 2017).
Colored diamonds and star show Neogene water loaded subsidence from wells in this study (same color scale as calculated support; see Figs. 2 & 5).

parametrization to a different model (e.g. SL2013sv) might be
problematic. We therefore also calculated temperatures using the
mineral physics parametrization of Goes et al. (2012) with anelas-
tic velocity correction (see e.g. Lodhia et al., 2018). Finally, these
temperatures are used to perform a simple calculation to estimate
isostatic support from upper mantle thermal anomalies. Calculated
subsidence (or uplift) U, is a function of temperature dependent
density such that

haT
=—, (11)
1—aT,

where h is thickness of the anomalously hot or cool layer, « is
thermal expansivity, T is average excess temperature, T, is back-
ground temperature, which we set to 1333 £ 30°C (e.g. Rudge et
al., 2008). The calculated topographic support from average ex-
cess thermal anomalies between 125-200 km depth is shown in
Figs. 9k and 10a for a background temperature of 1330°C. The
transect in Fig. 10 includes the Southeast Georgia Embayment, the
Baltimore Canyon Trough and Georges Bank, and is shown along-
side bathymetry and shear wave velocity anomalies. Maximum
calculated subsidence along this transect is ~1000 m centered on
the Baltimore Canyon Trough. The pattern of sub-plate positive and
negative support calculated by converting shear wave models into
temperature is broadly consistent with the pattern of dynamic sup-
port estimated from ocean-age depth residuals, and with Neogene
water-loaded subsidence of wells along the margin (Fig. 91; Hog-
gard et al,, 2017; see also Steinberger et al., 2019).

5.3. Implications for eustasy

Eustatic sea level estimates are often calculated at supposedly
tectonically stable passive margins (e.g. Vail et al., 1977; Miller et
al., 2005). It is now generally accepted that dynamic topography
can generate lithospheric vertical motions on space and time scales
that overlap with estimates of eustasy (e.g. Hager et al., 1989; Hog-
gard et al., 2017). Most efforts to quantify the effect of sub-plate
support for estimates of eustasy have focused on results obtained
by geodynamic models of mantle convection (e.g. Moucha et al.,
2008; Kominz et al., 2016; Austermann et al., 2017). Instead, we
show how geophysical and stratigraphic observations (e.g. gravity,
seismic, backstripped wells) can be combined with tomographic
models and simple isostatic calculations to constrain wavelengths
and amplitudes of dynamic support at passive margins. Our results
indicate that a cool upper mantle has drawn down a ~1000 km
long stretch of Eastern North America’s passive margin by up to
~1000 m (in water-loaded space). Drawdown of the margin during
the last ~23 Ma has been centered close to the Baltimore Canyon
Trough. We note that the wavelength of calculated drawdown is
smaller than many geodynamic predictions. The cause of this dis-
crepancy is probably partly because most geodynamic models do
not include the shallow upper mantle in their calculations of man-
tle flow.

Given that the mantle has a Rayleigh number of ~ 105-108,
the vertical motions of passive margins are expected to be affected
by dynamic uplift and drawdown on a range of spatial and tem-
poral scales. Some of these scales are akin to long term sea level
changes, complicating the interpretation of sea level curves derived
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Fig. 10. Upper mantle drawdown of Eastern North America’s passive margin. (a)
Gray band = upper mantle topographic support calculated along the transect shown
in panel (c). Calculation was performed by converting the shear wave model of
Schaeffer and Lebedev (2013) into temperature using the parameterization of Priest-
ley and McKenzie (2006; PMO06) and Goes et al. (2012; G12), and a simple isostatic
calculation (see body text; Fig. 9). Diamonds and star = Neogene water-loaded sub-
sidence calculated by backstripping wells along the margin. Note that wells with
scant Cenozoic stratigraphic records or no paleowater depth information were omit-
ted from this plot. Star = COST B-2 well; gray diamond = onshore Bethany Beach
well. Error bars = paleo-water depth uncertainties. (b) Topographic/bathymetric
profile from ETOPO1 dataset. Gray band = extremal values within 200 km wide
swath. (c) Location of transect (solid line) and wells backstripped in this study (di-
amonds/star; see Figs. 2 & 9). (d) Vertical slice through the SL2013sv tomographic
model of Schaeffer and Lebedev (2013) along the dog-leg transect. Dashed/dotted
lines = position of calculated 1330°C isotherm (i.e. base of the plate) calculated
using PM06/G12 parameterization.

from ‘stable’ continental margins (0(10'-10%) m, 0(10~'-10%)
Ma).

6. Conclusions

Backstripping of sixteen wells along the Atlantic margin of
North America shows that Neogene water-loaded subsidence was
up to ~1000 m in the Baltimore Canyon Trough. This subsidence
history cannot be readily explained by post-rift thermal subsi-
dence, post-rift stretching or flexure. In contrast, Neogene subsi-
dence from Georges Bank and the Southeast Georgia Embayment
can be explained by post-rift lithospheric cooling. Seismic lines
in the Baltimore Canyon Trough and Georges Bank show thick
(~1 km) and thin (<200 m) Neogene sequences, respectively.
Progradational and aggradational Neogene clinoforms in the Bal-
timore Canyon Trough reflect rapid generation of accommodation
space and subsequent filling between ~ 20-0 Ma. The amplitude of
subsidence and its spatial localization rules out eustasy as the sole
contributor to the generation of accommodation space. Correlation
with free-air gravity anomalies and shear wave tomography veloci-
ties indicate that temperature variations in the uppermost convect-
ing mantle generated sufficient density anomalies to drawdown
the New Jersey margin. The patterns of dynamic subsidence shown
in this study are similar to observations of ocean age-depth mea-
surements, and suggest that the Baltimore Canyon Trough has been
drawn down by up to ~1000 m since ~20 Ma. Given the convec-
tive vigour of the mantle, such observations are expected through-
out the stratigraphic record. Upper mantle convection appears to

play an important role in generating accommodation space along
passive margins, which may incorrectly have been interpreted as a
signal of eustasy in the past.
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