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ABSTRACT OF THE DISSERTATION
New insights on the evolution of the US Mid-Atlantic
continental margin from sequence stratigraphy, statistics,
and forward modeling: Implications for carbon
sequestration and sea-level studies
I have used the strata of the US mid-Atlantic margin, sequence stratigraphy, and
numerical modeling to assess: 1) the geologic and economic feasibility of carbon capture
and sequestration in Cretaceous strata offshore New Jersey and Maryland; and 2) the
effects of mantle dynamic topography (MDT) on Cenozoic stratigraphy of the US midAtlantic margin. Early to mid-Cretaceous shifts in sedimentation attributable to baselevel variations generated subsurface reservoir units and overlying seals in the offshore
New Jersey and Maryland that I have identified using integrated sequence stratigraphic
methods. In particular, the strata just offshore Maryland can likely be used to store large
volumes of supercritical carbon dioxide. Applying a sink-source matching model that
matches carbon captured from electricity-generating power plants in the region with a
geological storage reservoir indicates that storage in these offshore reservoirs would be
marginally (~$10 per ton) more expensive than storing the emissions geologically
onshore.
Statistically modeling the discrepancies in estimates of global mean geocentric
sea-level change (GMGSL) derived from US mid-Atlantic margin core data and
independent estimates indicates that MDT likely generated up to 60 m of Cenozoic
relative vertical land motion in given locations on the US mid-Atlantic margin. The
modeled effect can be characterized as a pulse of relative uplift onshore New Jersey from
50 to 20 Ma that is also observed offshore from ~35-3 Ma, but net subsidence likely

iii

occurred since 55 Ma. These observations suggest that the subducted Farallon slab
generated both a long-term subsidence effect and shorter-wavelength mantle anomalies
associated with the more recent relative uplift of the Mid-Atlantic margin. Applying a
forward stratigraphic model to reconstruct the sedimentation of the US mid-Atlantic
margin for the past 23 Myr supports the assessment that a phase of relative MDT-driven
uplift occurred offshore New Jersey during this time. The forward model parameterizes
thermal subsidence, lithospheric flexure, compaction, sediment transport, sea-level, and
sediment-supply variations. We optimize the parameters to produce the greatest
probability that they are the true values considering the fit of the model output to
stratigraphic data and parameter priors. Invoking between 0 and ~105 m of MDT-driven
uplift produces the greatest posterior probabilities. This result is compatible with the
statistical modeling that suggests estimates of GMGSL from core data collected offshore
New Jersey is ~30 m too high.
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COST B-2 and Shell 272-1 wells (Sikora and Olsson, 1991) are plotted and identified
with blue lines and text on the y-axes. The biostratigraphy is compiled from technnical
reports associated with each well (Table 2.3). The biofacies indicate a deepening
paleodepth within Logan Canyon 2 from COST B-2 to Shell 272-1. Paleodepth of
biofacies: 1) biofacies 3: of 60-130 m; 2) biofacies 4ac: 130-600 m; and 3) biofacies 5:
overlaps and replaces 4ac: 130-600 m (Sikora and Olsson, 1991). The log depths are
plotted in feet below Kelly Bushing (ftbKB) and a metric scale is provided for reference.
........................................................................................................................................... 62
Figure 2.5. Seismic correlation between the Shell 272-1 and Shell 273-1 wells, located
on the OCS offshore Southern New Jersey, using the a-207 and a-142 seismic profile
lines of the B-01-75-AT seismic survey. The biostratigraphic picks within the wells are
used to assign preliminary ages to the mapped seismic packages. A fault surface is
mapped in light blue, near the intersection of lines a-207 and a-142. .............................. 63
Figure 2.6. Seismic correlation between the Shell 272-1 and Mobil 17-2 wells, located on
the OCS offshore Southern New Jersey, using the a-207, a-136, a-183, and a-150 seismic
profile lines from the B-01-75-AT seismic survey. The biostratigraphic picks within the
wells are used to assign preliminary ages to the mapped seismic packages. .................... 64
Figure 2.7. Seismic correlation between the Shell 272-1 and Tenneco 495-1 wells,
located on the OCS offshore Southern New Jersey, using the a-217, a-132, and a-207
seismic profile lines from the B-01-75-AT seismic survey. The biostratigraphic picks
within the wells are used to assign preliminary ages to the mapped seismic packages.... 65
Figure 2.8. Correlation of Cretaceous seismic surfaces along-strike on the OCS utilizing
seismic line ma-005 from survey B-16-76-AT. This line connects the northern subarea
(offshore from southern New Jersey) and seismic survey B-01-75-AT with the southern
subarea (offshore Maryland) and the rest of seismic survey B-16-76-AT. The stratal
character of the reflections transition from chaotic to parallel and subparallel upwards
through the section. ........................................................................................................... 66
Figure 2.9. Seismic stratigraphic interpretation of Cretaceous strata using seismic profile
ma-004, a dip line that originates ~20 km downdip from Ocean City, MD and extends SE
to the continental rise. The seismic surfaces were correlated to the northern subarea using
line ma-005. ...................................................................................................................... 67
Figure 2.10. Correlation of the Potomac Formation/Group and Waste Gate sequences
from a well log cross-section comprised of the three deep stratgraphic test wells on the
Maryland Coastal Plain, interpreted by Miller et al. (2017), to the Ma-004 seismic section
(Figure 2.9) converted from TWTT to depth using a splice of the GDUSNAM (Klitgord
et al., 1994) and the TD function of Mountain (2011) (in the upper 1s of sediments). The
onshore Potomac and Waste Gate sequences (Miller et al., 2017) are projected onto the
seismic line through extrapolation of a spatial linear regression through the sequence
picks in each of the wells across the transect. The resulting correlation matches the

xiii

Potomac and Waste Gate sequence boundary surfaces with the Cretaceous seismic
sequences interpreted herein. ............................................................................................ 68
Figure 2.11. Uninterpreted and interpreted seismic profiles and Wheeler diagram for
mid-Cretaceous depositional sequences identified on line ma-004 (Figure 2.9).
Sediments bound by the reflections marked with blue lines are assigned to the LST, with
green lines to the TST, with yellow lines to the HST. The red lines are sequence
boundaries. ........................................................................................................................ 69
Figure 2.12. Uninterpreted and interpreted seismic profiles and Wheeler diagram for
mid-Cretaceous depositional sequences identified on line ma-006, which is 10 km south
of ma-004. Sediments bound by the reflections marked with blue lines are assigned to the
LST, with green lines to the TST, and with yellow lines to the HST. The red lines are
sequence boundaries. ........................................................................................................ 70
Figure 2.13. Isopach and contour maps of the uppermost Late Cretaceous (A), midCretaceous (B), and lowermost Lower Cretaceous (C) intervals in the SBCT. These maps
were created from the depth-converted seismic stratigraphic surfaces interpreted herein
and coeval depositional sequences correlated between 19 wells on the Mid–Atlantic
coastal plain (Miller et al., 2017). The arrows indicate likely sediment source regions and
pathways of sediment transport. ....................................................................................... 71
Figure 2.14. Comparison of GTS2012 Cretaceous sequences (Hardenbol et al., 1998),
coastal onlap (Haq, 2014), and paleodepths in the BCT (Poag, 1985b, Olsson et al., 1988)
to the spatial and temporal positions of seismic reflections internal to the sequences
defined on line ma-004 through the creation of the Wheeler diagram (Figure 2.11). To
assign the seismic reflections a temporal value, the sequence boundary reflections were
given a likely age according to the biostratigraphic constraints, and the internal
reflections were then plotted in time by interpolating their position between the bounding
surfaces. The onshore sequences are plotted according to Miller et al. (2004). Prominent
Cretaceous Ocean Anoxic Events that are observed in more than one ocean basin (Katz et
al., 2005) were plotted to demonstrate potential temporal correlation to flooding events in
the BCT. All records were adjusted to GTS 2012. ........................................................... 72
Figure 3.15. Distribution large fossil fuel burning power plants, defined as plants that
generate greater than 0.4 Mt of per-annum CO2 emissions, in the northeastern and
midwestern United States. .............................................................................................. 108
Figure 3.16. Distribution of geological storage for supercritical CO2 in the northeastern
United States. The colored DEM grid shows the distribution of saline storage resources,
wherease the red dots indicate locations of depleted oil and gas fields that are suitable for
CO2 sequestration............................................................................................................ 109
Figure 3.17. A) Grid portraying spatial variability of saline, geological CO2 storage
space in the northeastern United States. B) Tons of CO2 that could be stored at any given
location in the United States, with an isoline drawn for locations where geological storage
space is equal to the 30-year emissions of “Plant 114”, which is located in western New

xiv

York. C) Image portraying the aforementioned isoline and a plotted line connecting the
plant location (green dot) with the nearest storage location (red dot). ........................... 110
Figure 3.18. A) Estimations of cost for capture, transport, and storage of all CO2
emissions generated by coal and natural gas fired power plants into depleted oil and gas
fields, or onshore or offshore saline reservoirs. The average values are bracketed by one
standard deviation for each categroy. B) The total cost of for each source-sink pair
generated within a Monte Carlo implementation of our source-sink matching model of
regionally applied CCS. The Monte Carlo scheme samples from distributions of costs for
each of the CCS components. The total cost for each source-sink pair are plotted against
the total amount of CO2 stored within each model run, assuming the least expensive
emissions are stored first. A LOESS regression of these data represents the likely cost of
CCS with respect to the total volume of CO2 stored. C) Fractions of the volume of CO2
stored within each storage resource type, and the faction of those volumes that originate
from coal or natural gas fired plants, within four bins of volume stored. Average total
costs for each bin are listed in addition to high/low total cost values that bracket 95% of
the data. D) The fraction of total volume stored in a given geological storage resource
type plotted against the cost of storage assigned within that iteration of the Monte Carlo
simulation. As storage costs decrease for a given resource type, the likely faction of the
total volume stored within that reservoir type increase. ................................................. 111
Figure 3.19. The spatial distribution of CO2 emissions sources and corresponding
geological storage locations of the 138 largest electricity generating power plants in the
northeastern United States. A set of gray lines connect emissions sources with the
geological storage locations that are likely candidates to store a given plants emissions
within our source-sink matching model. The markers on the map are color coded to
indicate the emissions source types and geological storage types. ................................. 112
Figure 3.20. A) Cost of capture, transport, and storage of CO2 emissions organized by
state, with with the total cost spatially assigned to the location of the CO2 emissions
source. B) Cost of capture, transport, and storage of CO2 emissions organized by state,
with the total cost spatially assigned to the location of the geological storage site. ....... 113
Figure 3.21. Replication of Figure 3.17, that shows A) estimations of cost for capture,
transport, and storage of all CO2 emissions for all emissions and storage resource types,
B) the total cost of CCS for each source-sink pair generated within a Monte Carlo
implementation of our source-sink matching model of regionally applied CCS, C)
fractions of the volume of CO2 stored within each storage resource type, and that
originated from each emissions source type, within four bins of volume stored, and D) the
fraction of total volume stored in a given geological storage resource plotted against the
cost of storage within that reservoir type for our source-sink matching model with with
the added condition that each geological storage site must be spaced 50 km from adjacent
sites and that the injection rate for injection sites does exceed 5 Mt/year. Brine production
doubles the maximum allowable inection rate................................................................ 114

xv

Figure 3.22. Replication of Figure 3.18 that shows the spatial distribution of CO2
emissions sources and corresponding geological storage locations of the 138 largest
electricity generating power plants in the northeastern United States for a model run that
reuqired each storage site to be spaced 50 km from adjacent sites and that the injection
rate at each site does not exceed 5 Mt/year. Brine production doubles the maximum
allowable inection rate. ................................................................................................... 115
Figure 3.23. Replication of Figure 3.19 that shows per-state cost of capture, transport,
and storage assigned to the locations of the emissions sources (A) and the geological
storage sites (B), for a model run that reuqired each storage site to be spaced 50 km from
adjacent sites and that the injection rate at each site does not exceed 5 Mt/year. Brine
production doubles the maximum allowable inection rate. ............................................ 116
Figure 3.24. Replication of Figure 3.17 that shows the total cost of CCS for each sourcesink pair generated within a Monte Carlo implementation of our source-sink matching
model of regionally applied CCS that restricted geological storage to offshore sites. ... 117
Figure 3.25. A) Replication of Figure 3.18 that shows the spatial distribution of CO2
emissions sources and corresponding geological storage locations for a model run that
restricted geological storage to offshore sites. B) Replication of Figure 3.19, that shows
per-state cost of capture, transport, and storage assigned to the locations of the emissions
sources for a model run that restricted geological storage to offshore sites. .................. 118
SMFigure 3.26. Distributions of cost for capture and storage components of CCS,
generated to represent the probability of a given cost for each component considering the
high, low, and representative costs reported by Rubin et al. (2015). .............................. 119
SMFigure 3.27. Replication of Figure 3.17, allowing depleted oil and gas fields to be
utilized by multiple emissions sources within the modeling analysis. Like Figure 7, the
image shows A) estimations of cost for capture, transport, and storage of all CO2
emissions for all emissions and storage resource types, B) the total cost of CCS for each
source-sink pair generated within a Monte Carlo implementation of our source-sink
matching model of regionally applied CCS, C) fractions of the volume of CO2 stored
within each storage resource type, and that originated from each emissions source type,
within four bins of volume stored, and D) the fraction of total volume stored in a given
geological storage resource plotted against the cost of storage within that reservoir type
for our source-sink matching model with with the added condition that each geological
storage site must be spaced 50 km from adjacent sites and that the injection rate for
injection sites does exceed 5 Mt/year. Brine production doubles the maximum allowable
inection rate..................................................................................................................... 120
SMFigure 3.28. Replication of Figure 3.17, only allowing for storage in onshore and
offshore saline reservoirs. Like Figure 7, the image shows A) estimations of cost for
capture, transport, and storage of all CO2 emissions for all emissions and storage resource
types, B) the total cost of CCS for each source-sink pair generated within a Monte Carlo
implementation of our source-sink matching model of regionally applied CCS, C)
fractions of the volume of CO2 stored within each storage resource type, and that

xvi

originated from each emissions source type, within four bins of volume stored, and D) the
fraction of total volume stored in a given geological storage resource plotted against the
cost of storage within that reservoir type for our source-sink matching model with with
the added condition that each geological storage site must be spaced 50 km from adjacent
sites and that the injection rate for injection sites does exceed 5 Mt/year. Brine production
doubles the maximum allowable inection rate................................................................ 121
Figure 4.29. Map showing the core data used to derive estimates of sea level from
backstripping across the Mid-Atlantic margin (Kominz et al., 2016b, Miller et al., 2005,
Kominz et al., 2008, Browning et al., 2006). The backstripping results have been divided
into three geographical locations comprised of: 1) the onshore New Jersey sites; 2) the
offshore New Jersey sites; and 3) a single southern site at Bethany Beach, DE. ........... 152
Figure 4.30. Estimates of 𝐺𝑀𝐺𝑆𝐿 and 𝑟𝑆𝐿 change and their component variations
derived from statistical analyses. Panels A-D show the estimates of 𝐵𝑆𝐿 recorded by
δ18O-Mg/Ca proxy and 𝑟𝑆𝐿 from backstripping studies of core sites on the Mid-Atlantic
margin (panel A and panel B), as well as the decomposition of those estimates to isolate
the long term trends associated with them (panel C) and the difference between the
regionally grouped 𝑟𝑆𝐿 estimates and 𝐵𝑆𝐿 within the static ocean basin model (panel D).
Panels E-F show estimates of 𝐺𝑀𝐺𝑆𝐿 and 𝑟𝑆𝐿 variations (panel E and panel F) that
incorporate estimates of OBVSL (panel G). Panel H shows the difference between longterm components of 𝑟𝑆𝐿 and 𝐺𝑀𝐺𝑆𝐿 within the growing ocean basin model............... 153
Figure 4.31. Estimates of dynamic topography at 60 Ma (panel A), 30 Ma (panel B),
and at present (panel C) extracted from fitting a sine curve of constant form moving at a
constant rate in a constant direction to the statistically-derived, spatially-segregated
backstripping residuals of the Mid-Atlantic margin. The red, purple, and blue dots in the
images represent the centered locations of the onshore New Jersey cores, the offshore
New Jersey cores, and the Bethany Beach core, respectively. D) Plot of the best fit
modeled topography through time to the corresponding backstripping residuals at each
location. The results are plotted with the uncertainties for both the backstripping residuals
(1σ [dark shading] and 2σ [light shading]) and the model output (2σ [dashed line]). .... 154
Figure 5.32 Map of seismic, core, and well log data that have been used to define the
Cretaceous to Quaternary stratigraphy of the US mid-Atlantic continental margin.
Modified after Schmelz et al. (2020). ............................................................................. 199
Figure 5.33. The minimum of the negative of the natural log of posterior probability for
the 50 best model runs for each of the tested MDT scenarios plotted against the number
of model runs applied. The models run with no MDT and a relatively small amount of
MDT that can be characterized by offshore uplift ultimately fit the data better than the
models run with a large amount of MDT-driven subsidence expressed across the margin.
......................................................................................................................................... 200
Figure 5.34. Stratigraphic model output fit to sequence stratigraphic surfaces observed
on seismic profile OC629. The black lines represent output surfaces at ages that bound
the hiatuses of stratigraphic sequences, and the red lines correspond to the stratigraphic

xvii

surfaces interpreted on seismic data and converted to depth. The five panels (A-E) show
the best fit output of the stratigraphic model to the data for the tested MDT scenarios. The
model output stratigraphy with MDT-driven uplift, via estimates from Moucha et al.
(2008) and Schmelz et al. (2021), are shown in Panel A and Panel B, respectively. The
model output with no MDT effect applied is shown in Panel C. Panel D and Panel E
show the best fit output of the stratigraphic model applied with subsidence extracted from
the “s20rts” and the “ngrand” MDT models of Müller et al. (2008). ............................. 201
Figure 5.35. Total thermal (red line) and flexural (blue line) subsidence required to fit the
stratigraphic model with ~105 m of MDT (purple line) driven uplift (Panel A), ~60 m of
uplift offshore NJ (Panel B), no MDT effect (Panel C), ~80 m of MDT-driven
subsidence across the margin (Panel D), and ~125 m of MDT-driven subsidence (Panel
E)..................................................................................................................................... 202
SI Figure 5.36. Scaled diagram of relationships between mechanisms of local/regional
and global sea-level change. Modified after Gregory et al. 2019. See Table 5.1. ......... 203
SI Figure 5.37. Sequence stratigraphic interpretations of strata deposited over the past 33
Myr using MCS line 529, collected as a part of the OC270 cruise (Mountain, 2015), and
cores from IODP Exp. 313 (Mountain et al., 2010)........................................................ 204
SI Figure 5.38. Age and depth indicated by Strontium isotopic data at the three Exp. 313
core sites (Panels A-C). These data compare favorably with the estimated age and
estimated depth of interpreted seismic surfaces at the location of those three core sites. In
addition to well-defined constraints on the age of the sediments, the Exp. 313 cores
provide constraints on paleodepths along the modeled transect over the past 23 Myr
(Panels D-F). .................................................................................................................. 205
SI Figure 5.39. Panel A) Depth converted seismic surfaces plotted in space relative to
the origin point of our modeled stratigraphic transect. Panel B) Decompacted
sedimentation rate through time that is represented as a mass of sediment preserved
between bounding surfaces, which are the sequence boundaries delineated on the OC270
(Mountain, 2015) seismic data and specifically line OC629. The blue line shows linear
interpolation of the rate using the bounding surfaces and the hiatuses assigned to them as
timelines. The orange line is moving average with a 500 kyr search window of the rate
through time, this smoothing corresponds to the sampling interval of the sediment supply
parameters used to fit the model. .................................................................................... 206
SI Figure 5.40. BSL (Panel A; Miller et al., 2020) and OBVSL (Panel B; Wright et al.,
2020) data used to create an estimate of GMGSL change (Panel C) over the past 25 Myr.
This estimate and its uncertainty serve as a prior for GMGSL, or ‘eustatic’ sea-level,
change applied within the model. ................................................................................... 207
SI Figure 5.41. Topographical variation generated within four estimates of MDT along
the transect used to fit the stratigraphic model to stratigraphic data. The estimates of
MDT are taken from Moucha et al. (2008), Schmelz et al. (2021), and two from Muller et
al. (2008). The estimates of MDT from Moucha et al. (2008) and Muller et al. (2008) are

xviii

based on mantle flow simulations, whereas Schmelz et al. (2021) estimates the effect of
MDT using backstripping records on the US mid-Atlantic margin. The Moucha et al.
(2008) and Schmelz et al. (2021) estimates predict relative uplift since 23 Ma. Moucha et
al. (2008) predicts ~105 m of uplift in this time for the area offshore New Jersey, and the
trend defined within Moucha et al. (2008; their Figure 3b) is applied uniformly across the
margin. Schmelz et al. (2021) predict a maximum of 65 m of uplift since 23 Ma, but the
effect of MDT is spatially variable with the greatest uplift spanning the area from the
modern shoreline to about 100 km offshore. Both Muller et al. (2008) estimates predict
subsidence over this time and space. The two Muller et al. (2008) differ in their
estimation of mantle heterogeneity. The “s20rts” model predicts a maximum of 79 m of
subsidence since 23 Ma, compared to a maximum of 132 m for the “ngrand”. These
estimates are spatially variable, but there are only small spatial variations along the
transect we apply the stratigraphic model to................................................................... 208
SI Figure 5.42. Relationship between the upper bounding depth of a package of
sediment, the thickness of the isopach, and the sedimentary mass for the percent porosity
curve defined by: 59.51 ∗ 𝑒 − 𝑑𝑒𝑝𝑡ℎ ∗ 1833 − 1. This relationship is mapped and
interpolated to quickly calculate new sedimentary depths through the sediment column as
new sediment mass is deposited onto the sediment surface. .......................................... 209
SI Figure 5.43. Average output model water depths compared to paleodepth
measurements made by Katz et al. (2013) at M27 (red), M28 (blue), and M29 (purple) for
the 50 best fit stratigraphic model runs for each of the tested MDT pathways. These
averaged model output water depths at these sites are plotted for the model applied with ~
100 m of MDT driven uplift (Column A), ~ 60 m of uplift (Column B), no MDT
(Column C), ~80 m of MDT driven subsidence (Column D), and ~125 m of MDT
driven subsidence (Column E). ...................................................................................... 210
SI Figure 5.44. GMGSL variations and sediment supply required to fit the stratigraphic
model with ~105 m of MDT-driven uplift (Column A), ~60 m of uplift offshore NJ
(Column B), no MDT effect (Column C), ~80 m of MDT-driven subsidence across the
margin (Column D), and ~125 m of MDT-driven subsidence (Column E). ................. 211
SI Figure 5.45. The output of the stratigraphic model applied with ~105 m of MDTdriven uplift (Row A), ~60 m of uplift offshore NJ (Row B), no MDT effect (Row C),
~80 m of MDT-driven subsidence across the margin (Row D), and ~125 m of MDTdriven subsidence (Row E) plotted in age and depth at core sites M27, M28, and M29.
The modeled surfaces are plotted alongside: 1) the Sr87 age data collected at core sites
M27, M28, and M29; and 2) the depth converted seismic surfaces that represent the
sequence boundaries identified and dated using integrated sequence stratigraphic methods
at the locations of those sites. ......................................................................................... 212

xix

LIST OF TABLES
Table 2.1. Correlation of the variety of names used to identify the Cretaceous strata in the BCT.
....................................................................................................................................................... 73
Table 2.2. Seismic surveys used to map the Cretaceous strata of the SBCT, collected for
exploration purposes and made available to the public within the National Archive of Marine
Seismic Surveys (Triezenberg et al., 2016). ................................................................................. 74
Table 2.3. Locations of the wells in the SBCT used for this study, geophysical logs available for
each site, and citations for the biostratigaphy. The Maryland Esso 1, Ohio Oil Hammond, and
Mobil Bethards wells were drilled in the 1940’s on the eastern Maryland Coastal Plain. The
Mobil 17-2, Shell 272-1, Shell 273-1, and Tenneco 495-1 wells were drilled in 1978 and 1979 on
the OCS offshore southern New Jersey. ....................................................................................... 75
Table 3.4. Cost of capture (2018 $ per ton CO2)........................................................................ 122
Table 3.5. Cost of transport (2018 $ per ton CO2 per 250 km). ................................................. 123
Table 3.6. Cost of storage (2018 $ per ton CO2). ....................................................................... 124
Table S4.7. Hyperparameter distributions for the Bayesian hierarchical model of the δ18OMg/Ca, OBVSL, and NJ backstripped sea-level records fit with Gaussian process priors in both
the static ocean basin and growing ocean basin statistical models. ............................................ 155
Table S4.8. Distributions of parameter values that characterize the dampened sinusoidal function
used to spatially and temporally model the observed offsets in sea level at backstripping sites.156
Table 5.9 ..................................................................................................................................... 213
Table 5.10. The spatial extent of and duration of the hiatuses interpreted for seismic surfaces
observed on line OC629.............................................................................................................. 214
Table 5.11. Prior estimates of parameter values that characterize the flexural and thermal
subsidence and the geometric equilibrium profile used to fit the numerical stratigraphic model to
the seismic stratigraphic data. ..................................................................................................... 215
Table 5.12. Prior estimates of parameter values that characterize GMGSL change (m) at each
timestep. ...................................................................................................................................... 216
Table 5.13. Prior estimates of parameter values that characterize the sediment supplied (tons per
100 kyr) to the margin at each timestep. ..................................................................................... 217
Table 5.14. The natural logarithm of the maximum posterior probability for each of the three
individual model optimizations for the five MDT model scenarios. .......................................... 218
Table 5.15. Posterior estimates of flexural and thermal subsidence parameter values used to fit
the numerical stratigraphic model to the seismic stratigraphic data. .......................................... 219
Table 5.16. Posterior estimates of parameter values that characterize the geometric equilibrium
profile through time that were used to fit the numerical stratigraphic model to the seismic
stratigraphic data. ........................................................................................................................ 220

1

CHAPTER 1: Introduction
1.1 OVERVIEW OF DISSERTATION
The US mid-Atlantic margin has thick, well-studied and well-sampled sections of
Miocene and Cretaceous strata (Figure 1.1). These strata were deposited within a
relatively stable tectonic setting and provide an idealized natural laboratory for the study
of sequence stratigraphy. Within my graduate research, I have used these strata and
sequence stratigraphic methods as the foundation for studies aimed at evaluating: 1) the
geologic and economic feasibility of carbon capture and sequestration in the deeply
buried and porous Cretaceous strata offshore New Jersey and Maryland; and 2) the
implications of variations in relative sea-level recorded by the stratigraphy of the US
mid-Atlantic margin for estimating global mean geocentric sea level (GMGSL)
considering the previously unaccounted for effects of mantle dynamic topography
(MDT). I assessed the geologic and economic feasibility of carbon capture and
sequestration in the deeply buried and porous Cretaceous strata offshore New Jersey and
Maryland in Chapters 2 and 3. In the fourth and fifth chapters, I applied statistical and
stratigraphic modeling methods to address scientific questions about interrelated
variations in relative sea level derived from the stratigraphic record and subsidence
caused by mantle dynamic topography.
My work comprising Chapter 2 was completed within the Mid-Atlantic U.S.
Offshore Carbon Storage Resource Assessment Project (MAOCSRAP), I identified of
stratigraphic sequences on the basis of seismic character using newly-released, industrycollected seismic data canvassing the Baltimore Canyon trough and then integrated my
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interpretations with log and biostratigraphic data collected at wells drilled within the
study area. These interpretations tied pre-existing onshore and offshore stratigraphic
frameworks by making physical stratigraphic correlations. Using these connections, I was
able to assess Early to mid-Cretaceous shifts in sedimentation attributable to base-level
variations through time using biostratigraphic age control from both onshore and offshore
well data. Viewed in conjunction with paleoenvironmental interpretations, isopachs and
structural contours that I produced suggests the subsurface offshore Maryland likely
contains significant liquified carbon dioxide storage potential. Carbon storage resource
estimates were quantified, in part, using the data we generated within the larger
MAOCSRAP. Chapter 2 has been published in AAPG Bulletin.
Subsequently, in conjunction with Prof. G. Hochman of the Department of
Agriculture, Food & Resource Economics here at Rutgers, I used those offshore carbon
storage resource estimates along with onshore estimates compiled by the Midwest
Regional Carbon Sequestration Partnership to assess which storage resources could be
utilized if carbon capture and storage technologies were adopted at a large scale in the
Northeast and Midwest United States. I did this by applying a source-sink matching
model to store all CO2 emissions produced from electricity-generating power plants in the
region. Given the likelihood of a cost penalty associated with offshore storage and the
large storage volumes available within onshore formations within this region, we found it
likely that most of the regional emissions would best be stored onshore. However, if there
are additional costs associated with the onshore storage resources, or they are otherwise
unsuitable, it is likely that the offshore option could be used for an additional $10 per ton.
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This work comprises Chapter 3 herein and has been published in the Journal of the Royal
Society Interface Focus.
In Chapter 4, I assessed the influence of MDT on estimates of Cenozoic GMGSL. I
did this by statistically modeling the relationship between backstripped sea-level
estimates from three discrete locations across the Mid- Atlantic margin and components
of GMGSL. I decomposed the statistical model to isolate regional components that are
correlated at timescales over 107 years and are likely to be generated by variations in
MDT. The spatiotemporal signal associated with these components is characterized by: 1)
a wavelength on the order of hundreds to thousands of km; 2) a rate of motion that is
similar to the Cenozoic average rate of horizontal motion for North American plate; and
3) a direction of motion that is generally opposite to the Cenozoic direction of motion for
the North American plate. This sinusoid produces a pulse of relative uplift onshore New
Jersey from 50 to 20 Ma that is also observed offshore from ~35-3 Ma. Our statistical
model accounting for sea-level change driven by changes in the volume of the ocean
basins (OBVSL; Table 5.9) indicates that ~40 m of tectonically driven GMGSL fall likely
occurred since 55 Ma that coincided with net Cenozoic subsidence on the US midAtlantic margin. These observations suggest that the subducted Farallon slab generated
both a long-term subsidence effect and shorter-wavelength mantle anomalies associated
with the more recent relative uplift of the Mid-Atlantic margin. We conclude there is
strong evidence for Cenozoic MDT influences on this margin. Chapter 4 is published in
Geophysical Research Letters.
Finally, in Chapter 5 I developed a forward stratigraphic model that aims to
optimize its parameters to reproduce the Miocene to present stratigraphic sequences
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observed across the US mid-Atlantic margin offshore New Jersey. The model
functionally parameterizes thermal subsidence, lithospheric flexure, compaction,
sediment transport, sea-level, and sediment-supply variations. Integrating the
parameterized representations of these processes (see SI 5.6.2) produces a relatively
realistic representation of deltaic stratal architectures through time. Through optimizing
the parameters that control the expression of the individual processes to match
observations of the Miocene to present stratigraphy offshore New Jersey, the model
generates information about the tectonics and paleoenvironmental conditions that
contributed to the development of these strata. I am particularly interested in reconciling
estimates of global sea level, estimates of paleodepths offshore New Jersey, the history of
vertical land motion on the US mid-Atlantic margin, and the development of the
stratigraphic architectures observed offshore New Jersey. This work has been carried out
using backstripping. Previous studies of these same strata, also based on backstripping,
have produced sea-level curves that share a signal with the δ18Obenthic-Mg/Ca sea-level
proxy that is driven by ice-volume changes, albeit with an offset (Miller et al., 2020a,
Schmelz et al., 2021). There are also documented regional differences between
backstripping sites (e.g., Kominz et al., 2016a, Schmelz et al., 2021, Browning et al.,
2006) that are likely generated from a source of non-thermal subsidence that is not
accounted for by backstripping. Anomalous mantle flow through geological time (i.e.,
MDT) beneath this margin’s topography has been proposed on the basis of tomographic
studies. This effect has only been uncovered recently and can plausibly account for the
differences. In chapter 5 I apply the forward stratigraphic model that I developed within a
Bayesian optimization framework to explore how well invoking MDT better reconciles
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prior knowledge of sea level, paleodepths, the depositional system, and the stratigraphic
architectures offshore New Jersey. I specifically test five distinct MDT scenarios
including: 1) ~105 m of MDT-driven uplift since 23 Ma (Moucha et al., 2008); 2) ~60 m
of MDT uplift within 100 km of the modern NJ shoreline in the last 23 Ma (Schmelz et
al., 2021); 3) no MDT activity; 4) ~80 m of MDT-driven subsidence since 23 Ma
("s20rts" model; Müller et al., 2008); or 5) ~125 m of MDT-driven subsidence since 23
Ma ("ngrand" model; Müller et al., 2008). The models run with ~105 m of MDT-driven
uplift and ‘no MDT’ best fit the data. The model run with ~60 m of MDT-driven uplift
concentrated offshore also realistically reproduced the strata, albeit with a slightly lesser
posterior probability estimate. The two models run with ~80 and ~130 m of MDT-driven
subsidence over the past 23 Myr produced too much accommodation in the onshore and
nearshore portions of the modeled cross-section transect. This produced stratal
geometries and isopach thicknesses in these locations that do not match the stratigraphic
data. The model scenarios that called for 0-125 m of MDT driven uplift in the last 23 Myr
produce a better fit of the observed stratigraphy to the forward stratigraphic model that
attempts to quantify and parameterize the full range of influences on the geologic history
of this margin.
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1.2 FIGURES

Figure 1.1. Stratigraphic cross-section of the Baltimore Canyon Trough (see Table 2.1 for additional information about the labeled
formations). The section depicts much of the tectonostratigraphic evolution of the mid-Atlantic continental margin and highlights the
geological formations that are potential carbon storage reservoirs. The Lower to mid-Cretaceous Waste Gate, Potomac, and Logan
Canyon Formations are particularly promising carbon storage reservoirs (Hansen, 1982; Sugarman et al., 2011; Miller et al., 2017;
Miller et al., 2018; Schmelz et al., 2019). The Jurassic and Cenozoic sedimentary rocks are too deeply buried (diminishing porosity
and permeability) and too shallowly buried (insufficient pressure for supercritical storage) for consideration, respectively. The
nearshore to onshore Waste Gate and Potomac Formation strata appear to be favorable targets considering their high bulk sand content
and thickness (Miller et al., 2017), but there are risks associated with updip confinement and connectivity of the channel sands. The
offshore sandstones of the Logan Canyon Formation that were deposited in estuarine, delta front, and prodelta paleoenvironments are
“world class” reservoir targets (Miller et al., 2018). Although the nature of their position offshore likely comes at both a higher cost
(Rubin et al., 2015), there are formation pressure management incentives to storing CO2 offshore (Schrag, 2009) in addition to
cultural, political, and economic advantages to implementing industrial activity away from major population centers (Schmelz et al.,
2020a).
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ABSTRACT
We evaluate Cretaceous depositional sequences on ~4,400 km (~2,700 mi.) of
newly released multichannel seismic profiles and five wells on the continental shelf in the
Southern Baltimore Canyon Trough and tie the data to three wells drilled onshore in the
Maryland Coastal Plain. Seismic geometries coupled with facies and biostratigraphy from
the wells are used to delineate mid-Cretaceous (Aptian to Turonian) depositional
sequences and paleogeography. Beneath these sequences, 400 to 1,000 m (1,300 to 3,300
ft) of Lower Cretaceous sediments underlie the modern shelf. They thicken along strike
to the SW, implying a southern sediment source. Aptian to Cenomanian sediments were
deposited in shelf to nearshore settings. A landward movement of the depocenter and a
shift towards facies indicative of deeper paleodepths marks a 107-year mid-Cretaceous
transgression, within which we identify 5 sequences. A composite maximum flooding
surface (MFS) within the uppermost of these retrogradational units is associated with the
Cenomanian-Turonian boundary and OAE 2. Shingled, lower Turonian seismic
reflections prograde across the outer shelf downlapping onto the composite MFS and are
truncated by a mid-Turonian sequence boundary. The Upper Cretaceous section thickens
seaward and along strike to the NE, implying a northern source and little Late Cretaceous
accommodation beneath the modern shelf. Mid-Cretaceous sediments offshore Maryland
are likely sand-prone considering their proximity to the correlative fluvial facies of the
onshore Potomac Group. These potential reservoir sands are capped by regional
confining units/seals generated by 107-year GMSL flooding events and are excellent
targets for supercritical carbon storage.
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2.1 INTRODUCTION
Geometries observed on seismic reflection profiles allow objective recognition of
genetically related strata bound by unconformities and their apparent correlative surfaces
(Mitchum et al., 1977b). Integrating reflection seismic data with well logs, cuttings, and
core samples (including biostratigraphy and other chronological control) can significantly
improve temporal resolution and paleoenvironmental interpretations (Van Wagoner et al.,
1990). Depositional sequences may be objectively recognized in seismic, well log,
cutting, and core data and do not need to be uniquely tied to sea-level curves (Miller et
al., 2018a, Neal and Abreu, 2009).
Sequence stratigraphy provides a tool to place paleoenvironmental reconstructions
and basin evolution into a local and regional context through mapping depositional
environments and evaluating their trajectories through space and time due to changes in
subsidence, global mean sea level (GMSL), and sediment supply. Further, sequence
stratigraphy allows reconstruction of the stratigraphic record from its geomorphological
origins, and provides the most reliable way of examining strata for the purpose of basin
scale correlation and lithological prediction for the distribution of reservoirs and seals
(Posamentier and James, 1993).
The geologic record on the Mid-Atlantic margin off the coast of New Jersey has
been intensely studied, providing a “natural laboratory” for understanding passive-margin
evolution and sea-level change (e.g., Poag, 1985b, Miller et al., 2005, Sheridan and
Grow, 1988, Poag and Sevon, 1989, Miller et al., 1998a, Mountain et al., 2010). The
1970-1980’s saw exploration for hydrocarbon reservoirs in the thick (2-16 km [6,600 to
52,500 ft]) post-rift (upper Lower Jurassic and younger) sediments of the Baltimore

9

Canyon Trough (BCT) (e.g., Grow and Sheridan, 1988, summary in Poag, 1985b).
Recently, efforts have focused on the Quaternary stratigraphy, as part of the
STRATFORM initiative (Nittrouer et al., 2009), and the Miocene with drilling by the
Integrated Ocean Drilling Program (IODP) Expedition 313 on the NJ shallow shelf (e.g.,
Mountain et al., 2010, Miller et al., 2013a, Miller et al., 2013b). Early studies looked at
the offshore Cretaceous as part of studies related to hydrocarbon exploration that
delineated Cretaceous reservoir sands (e.g., Libby-French, 1984, Poag, 1985b, Prather,
1991). Later studies on the onshore Cretaceous coastal plain used a sequence
stratigraphic approach (Olsson et al., 1988, Kulpecz et al., 2008). With increased interest
in supercritical carbon storage, recent studies have begun to evaluate the offshore
Cretaceous of the Mid-Atlantic margin focusing on the northern Baltimore Canyon
Trough (NBCT) and the adjacent coastal plain (Miller et al., 2018a, Miller et al., 2017)
because it contains numerous industry wells and thick reservoir sands.
The mid-Cretaceous (Aptian to Cenomanian) section within the offshore southern
Baltimore Canyon Trough (SBCT; ~38-39°N; offshore northern Virginia, Maryland,
Delaware, and southern NJ; Figure 2.2) has been sparingly studied (e.g., Klitgord et al.,
1994, Prather, 1991) due to a paucity of wells and a previously sparse database of low
quality (by modern standards) MCS profiles collected by the Unites States Geological
Survey (USGS) in the 1970’s. As a result, there are several outstanding questions
regarding the spatial variability and general continuity of Cretaceous sedimentation
across the basin. In particular, the sediments comprising the continental shelf, slope, and
rise off the coast of Maryland have been given little attention aside from the
aforementioned regional correlation of Klitgord et al. (1994) that characterized the entire
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sedimentary section from basement to seafloor from Virginia to Canada using the USGS
MCS profiles. Moreover, the knowledge of the stratigraphy from onshore rotary wells
(Hansen, 1982, Doyle, 1982, Andreasen et al., 2015, Miller et al., 2017) was not
considered in the seismic interpretations and, by extension, depositional sequences have
not been correlated from the coastal plain to the continental shelf. These data from the
onshore coastal plain provide an important constraint on any seismic stratigraphic
interpretation of the continental shelf off the coasts of Maryland to southern New Jersey.
For this region, the nearest offshore wells are the OCS wells off the coast of New Jersey
over 100 km (62 mi.) to the north and Shell 93-1 that is located on the rise in over 2 km
(6,600 ft) of water (Figure 2.2) - on a margin where shelf to slope facies are difficult to
correlate (Poag, 1985a, Mountain and Tucholke, 1985).
With the recent release of hundreds of thousands of km of industry seismic data
covering the BCT (Triezenberg et al., 2016), it is now possible to examine the
sedimentation history of this margin in greater detail. The seismic profiles not only
provide data for interpretation of the Cretaceous sedimentary structure within the SBCT,
but also the opportunity to integrate information from the extensive literature and
industry wells of the NBCT and the mid-Atlantic Coastal Plain. To address the
opportunity for new insight on the larger scale evolution of sedimentation on this margin,
this work examines fluvial-deltaic sedimentary sequences within Cretaceous strata of the
SBCT. We rely primarily on a dense grid of marine MCS reflection profiles integrated
with biostratigraphical and geophysical data from drill sites on the mid-Atlantic coastal
plain, outer continental shelf, and continental slope (Figure 2.2). Integrated sequence
stratigraphic methods are used to map the depositional sequences of the continental shelf
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from southern New Jersey to Maryland. We identify depositional sequences off the coast
of Maryland that correlate to depositional sequences present on the Maryland Coastal
Plain (Miller et al., 2017) and to the NBCT (Miller et al., 2018a), generating basin scale
sequence stratigraphic maps.
The basin-scale depositional sequences we interpret have implications for the
identification of variations in depositional environments through space and time. Because
the cyclicity of shallow marine siliciclastic environments at a passive margin is a function
of GMSL change, subsidence within the basin, and sediment supply to the margin (e.g.,
Reynolds et al., 1991), a regional sequence stratigraphic framework provides insight into
how these factors have contributed to the development and preservation of the
sedimentary architectures of the SBCT, both from sedimentological and
tectonostratigraphic perspectives. The improved constraints on sedimentary architecture
provide predictability not only for hydrocarbon reserves, but also for supercritical storage
of carbon dioxide.

2.2 BACKGROUND
The BCT, an offshore basin containing as much as 16 km (52,500 ft) of Middle Jurassic
to Holocene strata (Grow and Sheridan, 1988), is bounded to the west by the basement
hinge zone (approximated by the 5 km [16,400 ft] basement contour; Figure 2.2).
Accretion of Paleozoic terranes and subsequent uplift was followed by Late Triassic to
earliest Jurassic rifting and extensional separation of the North American and African
plates (Klitgord et al., 1988, Withjack et al., 1998, Seton et al., 2012). The remnant heat
from the extension and rifting phase resulted in a subsequent period of thermal
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subsidence (i.e., McKenzie, 1978) and flexural sedimentary loading on an elastic
lithospheric plate (Steckler and Watts, 1978, Watts et al., 1982, Klitgord et al., 1988).
The rift phase (ca. 230-198 Ma in this region; Schlische et al., 2003, Withjack et al.,
1998) was characterized by faulting, minor folding, and Late Triassic to Early Jurassic
synrift sedimentary deposition that occurred in two sets of elongate northeast trending
half-graben basins, one landward and one seaward of the basement “hinge zone” (Fig. 1;
Manspeizer and Cousminer, 1988). Sedimentation was punctuated by the ~201.6-200.5
Ma Central Atlantic Magmatic Province (CAMP; Blackburn et al., 2013) prior to the
formation of the Post Rift Unconformity (PRU) horizon that separates syn- and post-rift
sediments across the entire margin (Withjack et al., 1998). The PRU has an estimated age
of ~175 Ma that is poorly constrained by assuming a constant seafloor spreading rate and
extrapolating a regression of ages from magnetic lineations on oceanic crust landward
(Klitgord and Schouten, 1986), though the PRU is diachronous across its extent (Klitgord
et al., 1988).
The uppermost Jurassic and Cretaceous sedimentation within the BCT, the focus
of this paper, began approximately 50 Ma after CAMP. The presence of post-rift Lower
Jurassic strata is uncertain (cf., Manspeizer and Cousminer, 1988, Klitgord et al., 1988),
and due to the location of deep-penetration wells, there are few samples of Middle to
lower Upper Jurassic strata. An initial post-rift period of evaporite precipitation in the
embryo of the present day Atlantic Ocean was followed by a carbonate shelf regime with
a fringing progradational reef that was subsequently buried in the mid-Cretaceous by
siliciclastic deposition (Jansa, 1981). For the majority of the BCT, the reef was buried in
the Barremian when sediments overtopped the reef structure and were deposited on top of

13

the Neocomian (Hauterivian, Valanginian, and Berriasian) deep sea reflector β identified
beneath the modern continental rise (Mountain and Tucholke, 1985). The carbonate
platform was generally progradational (Poag and Valentine, 1988), with continentally
sourced siliciclastics locally interfingering with the Upper Jurassic and Lower Cretaceous
carbonates (Poag, 1985b). Proximally, the subsurface Neocomian sediments of the New
Jersey Coastal Plain record the fluvial deposition of the Waste Gate Formation in
Maryland and southern New Jersey (Hansen, 1982, Doyle, 1982, Miller et al., 2017).
Under the modern shelf, the heterolithic Valanginian to Barremian interval contains
facies equivalent to the Missisauga Formation of the Scotian shelf (Libby-French, 1984).
The siliciclastic sediments that eventually buried the carbonate platform are coarser than
the finer mid- to Upper Cretaceous sediments they were buried by (Poag and Valentine,
1988), the upward fining succession reflects an increase in base-level that began in the
mid-Cretaceous. These transitions, including the death of the great barrier reef, reflect the
structural evolution of the margin within a changing global climate (Jansa, 1981, Poag,
1985b).
The mid-Cretaceous sandstones of the BCT, described as the lithological
equivalent to the Logan Canyon (LC) Formation of the Scotian shelf (Poag, 1985b,
Libby-French, 1984), were deposited following the mixed siliciclastic-carbonates of the
Barremian to Neocomian Missisauga Formation equivalent (Libby-French, 1984, Poag,
1985b). The sandstones were originally partitioned into an upper and lower Logan
Canyon Sandstone by Libby-French (1984). These two sands were thought to be
separated by a fine-grained unit called the Sable Shale. Closer examination of the
lithological transitions and biostratigraphy in the NBCT led Miller et al. (2018a) to
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conclude that the Logan Canyon was actually comprised of three distinct depositional
sequences, the LC3 (oldest), LC2, and LC1 (youngest), each possessing: 1) lower
regressive, lowstand systems tract (LST) interbedded silts and sands; 2) transgressive
systems tract (TST) silts; and 3) upper regressive, highstand systems tract (HST) sands
(Table 2.1). The revised stratigraphic packaging presents a more detailed portrayal of the
sand prone units in the regressive LST and HSTs and offers a predictive framework for
reservoir sand and confining shale prone capstone units associated with the major
flooding surfaces. These three depositional sequences are best observed in the NBCT on
a well log transect between the Great Stone Dome and the outer continental shelf (OCS;
Miller et al., 2018). In this location, they were apparently deposited within estuarine,
delta front, and prodelta paleoenvironments (Miller et al., 2018) that follow a first-order
deepening upsection. These offshore sands are coeval with the predominantly
terrestrial/non-marine Potomac Formation sequences of the mid-Atlantic coastal plain
(Table 2.1; Miller et al., 2004, Browning et al., 2008, Miller et al., 2017, Miller et al.,
2018a).
The Upper Cretaceous of the BCT is characterized by a number of transgressiveregressive cycles that have been subdivided into depositional sequences on the MidAtlantic Coastal Plain, where sedimentation was predominantly deltaic, with some
terrestrial and non-deltaic marine sedimentation during major sea-level lowstands and
highstands, respectively (Miller et al., 2004, Browning et al., 2008). Offshore, the section
is largely comprised of the shaly Dawson Canyon equivalent (Table 2.1; Libby-French,
1984). A single regionally persistent sandstone unit, the Middle Sandstone, was identified
by Libby-French (1984) that ranges from Coniacian to Campanian in age – according to
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biostratigraphic reports associated with wells drilled on the outer continental shelf (Seker,
2012). It may be coeval with any of several onshore sand units, from the Coniacian
Magothy to the Campanian Mount Laurel Formation of the New Jersey Coastal Plain.
The highest Late Cretaceous global sea levels occur close to the Cenomanian/Turonian
boundary (Miller et al., 2005, Haq, 2014), producing the prodelta and shelfal sediments
of the onshore Raritan and Bass River Formations (Browning et al., 2008) that caps the
underlying, sand-prone fluvial sediments of the Potomac Formation. This onshore
interval of Raritan and Bass River Formation shales corresponds to the Dawson Canyon
Formation offshore, similarly capping the deltaic sands of the Logan Canyon sequences
identified by Miller et al. (2018a). Additionally, Maastrichtian strata are deposited during
a second long-term rise in sea-level that ultimately culminates with a regional sea-level
peak in the Eocene (Miller et al., 2005). The strata deposited during this base level
increase also comprise a major confining unit both onshore (the Composite Confining
Unit of Zapecza, 1989) and offshore (Table 2.1).
2.3 METHODS
2.3.1 Overview
We evaluate sediments of the southern BCT using seismic profiles and well data
(sequence stratigraphy, biostratigraphy, geophysical logs, and velocity surveys) to
document the spatiotemporal variations of Cretaceous strata. Seismic stratigraphic
principles (Mitchum et al., 1977b) were applied to subdivide the sediments into relatively
conformable stratigraphic packages. The well data provided chronological constraints
using biostratigraphy for these seismic surfaces. Integrating the two data sources allowed
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for the extrapolation of chronological information available at the drill sites across the
more extensive seismic grid.
Specifically, we integrated the biostratigraphy and well-log correlations with a
sequence stratigraphic framework established for the NBCT (Miller et al., 2018a) to build
a chronological framework of the SBCT. Gamma ray logs were used for correlation to
the Logan Canyon sequences identified by Miller et al. (2018a) and provided lithological
information to supplement the seismic stratigraphy. Velocity surveys facilitated the
integration of the wells with the seismic profiles. Moreover, information from onshore
wells, including deep wells on the Maryland Coastal Plain, were juxtaposed with the
seismic interpretation. Similar to the offshore wells, the onshore wells provided
chronological constraints through biostratigraphy (Doyle, 1982, Anderson, 1948) and
previous sequence stratigraphic analyses (Miller et al., 2017) that were calibrated to the
Geological Time Scale 2012 (GTS2012; Gradstein et al., 2012).
Once the sequence stratigraphy was defined, structural contour maps, isopach
maps, and Wheeler (age-distance) diagrams were constructed from the seismic data to
evaluate the movement of sedimentary depocenters through the Cretaceous. The
stratigraphic architectures within the depositional sequences allowed for assessment of
lithological variations through this interval.
2.3.2 Seismic stratigraphy
2.3.2.1 Seismic data
The seismic data used were collected for hydrocarbon exploration purposes
within the BCT by several exploration companies from 1975 to 1982. They were recently
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released as a part of the National Archive of Marine Seismic Surveys (NAMSS)
packaged by Triezenberg et al. (2016). Two groups of surveys from this database were
used, consisting of 36 to 240 fold multichannel seismic (MCS) reflection profiles (Table
2.2). These data included 19,000 km (7,300 mi.2) of trackline that cover approximately
62,000 km2 (24,000 mi.2) of the margin, from which we used ~4,400 km (2,700 mi.)
spanning 12,000 km2 (4,600 mi.2). The data were provided in standard SEG-Y singletrace common mid-point format and imported onto a workstation running IHS
Kingdom® software. Processing applied to most surveys (and some lines within
individual surveys) included standard filtering, spiking deconvolution, velocity analysis,
NMO, stacking, and migration.
The NAMSS seismic data have a peak frequency of ~14 Hz at all depths, whereas
the spectral density in the 20-40 Hz bandwidth decreases with depth. Within the interval
of interest for this study, the calculated seismic resolution (defined by a quarter of a
wavelength and calculated from peak frequency and interval velocity from check-shot
data) ranges from 30 m (100 ft) at the top to 70 m (230 ft) in the deeper portion of the
section (~3,000 m [9,800 ft]).

2.3.2.2 Mapping seismic stratigraphic surfaces
The seismic sections were mapped to subdivide the record into depositional
sequences according to procedures described originally by Mitchum et al. (1977b) and
Mitchum and Vail (1977). These procedures emphasize the primary importance of
concordant and discordant relationships, expressed by reflector terminations: downlap,
onlap, toplap, or erosional truncation (e.g., Mitchum et al., 1977b, Vail, 1987, Catuneanu,
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2006, Neal and Abreu, 2009, Abreu et al., 2010, Miller et al., 2018a). Reflector
terminations objectively delineate significant regional unconformities that result from
erosion or non-deposition and bound the relatively conformable, genetically-related units
that comprise depositional sequences (Mitchum et al., 1977b). A secondary interpretation
characterizes packages of strata as prograding or retrograding, typically utilizing the
clinoform rollover – the change in gradient that partitions the topset and the foreset - as a
geomorphological benchmark. The newly released data allow imaging of mid Cretaceous
clinoforms in the SBCT for the first time. Prograding strata are assigned within the upper
regressive HST or lower regressive LST, whereas transgressive surfaces are placed
within the TST. Assigning stratal packages within the depositional system/systems tract
framework and identifying their stratigraphically significant bounding surfaces (Brown
and Fisher, 1977, Posamentier et al., 1988, Abreu et al., 2010) has implications for
predicting depositional environments and lithological characteristics within a depositional
sequence (Mitchum et al., 1977a, Mitchum and Vail, 1977, Sangree and Widmier, 1977,
Posamentier and James, 1993).
Following the procedure of Vail (1987), Abreu et al. (2010), we:
1) identified reflection terminations by type: onlap, downlap, toplap, or truncation;
2) identified stratal configurations as progradational, retrogradational, or aggradational; and
3) mapped stratigraphically significant bounding surfaces
4) assigned biostratigraphic ages; and
5) inferred depositional environment and lithology based on all the above

2.3.2.3 Well stratigraphy and integration with seismic data
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We used data from 5 of 32 shelf exploration wells drilled off the mid-Atlantic
coast from 1978 to 1984, in addition to 3 wells (Maryland Esso 1, Mobil Bethards, and
Ohio Oil Hammond) drilled onshore on the Maryland Coastal Plain (Table 2.3). We used
three types of data from these wells: 1) biostratigraphy to provide chronological
constraints; 2) geophysical logs to interpret transitions in lithologies and depositional
environments and to generate synthetic seismograms to make well-seismic ties; and 3)
velocity surveys to export the biostratigraphic and lithological data to the seismic section
and test accuracy of the regional time-depth conversion.
Biostratigraphic data were obtained from technical reports and paleontological
summaries produced by the, since dissolved, U.S. Department of the Interior Minerals
Management Service (MMS), or other published work (e.g., Anderson, 1948, Poag,
1985b, Doyle, 1982). The sources of biostratigraphic picks are provided in Table 2.3.
The gamma ray (GR) well log was used as the preferred lithological indicator, but
the spontaneous potential (SP) log was used if GR was not available. The SP log was
used to represent lithology in the Maryland Coastal Plain wells. Sonic logs (DT) and bulk
density (RHOB) were available for each of the OCS wells used herein. The velocity
surveys were primarily used to convert log measurements and biostratigraphic picks
referenced to depth to TWTT (two-way travel time).

2.3.2.4 Regional time-depth conversion for integration of onshore drill site data with
seismic sections and creation of isopach maps
The conversion of TWTT to depth is required to generate structural contours and
isopach maps in meters. We initially used the velocity-depth grids generated by Klitgord
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et al. (1994), as described in the supplementary material. We supplemented their database
to incorporate a more detailed time-depth profile for the upper second (TWTT) of
sediments generated by Mountain and Monteverde (2012) based on seismic data acquired
from the R/V Oceanus expedition OC270 and well data from International Ocean
Discovery Program (IODP) Exp. 313. The accuracy of the conversion of the seismic data
(TWTT) to depth was checked against values obtained from OCS well velocity surveys at
the well locations (check-shot surveys and velocity logs).

2.3.3 Study area
The northern half of the study area is off the coast of southern New Jersey
(Figure 2.2), containing the B-01-75-AT (survey nomenclature from NAMSS;
Triezenberg et al., 2016) seismic survey and the offshore wells used for chronological
control. The southern portion of the study area contains the B-16-76-AT seismic survey,
with control provided by deep stratigraphic test wells on the Maryland Coastal Plain.
We projected the depth registered chronological control from the wells in the
northern portion of the study area onto the B-01-75-AT seismic grid. Stratigraphic
horizons were then interpreted across this grid to establish a seismic stratigraphic
framework. Lines from the B-16-76-AT data that intersected the B-01-75-AT grid were
used to correlate seismic data from the northern to the southern subareas. Seismic
stratigraphy in the southern subarea was correlated to the Maryland wells onshore by
extrapolating the dips of onshore sequence boundaries (i.e., Miller et al., 2017) seaward.
This required a projection of ~20 km (~12 mi.) from the most seaward well to the most
landward traces of the seismic sections.
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In the area offshore southern New Jersey, well-seismic ties to survey B-01-75-AT
were made at the Mobil 17-2, Shell 272-1, Shell 273-1, and Tenneco 495-1 OCS
exploration wells (Figure 2.4). The data from these sites were projected onto the nearest
seismic profiles from B-01-75-AT using the correlations of acoustic travel time to depths
established with check-shot surveys at each of these wells. Projected onto the seismic
data, the MMS biostratigraphic interpretations and geophysical log data facilitated
correlations among Shell 272-1, Shell 273-1, Mobil 17-2, and Tenneco 495-1, guided by
the seismic profiles that connect the wells (Figure 2.5, Figure 2.6, and Figure 2.7). The
seismic sections were interpreted using stratal terminations to identify the significant
seismic surfaces. Biostratigraphic age assignments that bound or fall within these
sedimentary packages provide preliminary chronological control. In all, 7 distinct
horizons and stratal packages were mapped, within 10 biostratigraphic datum levels.
To the south, two shelf parallel seismic lines, ma-005 (Figure 2.8) and ma-007 of
survey B-16-76-AT tie seven dip lines to the northern B-01-75-AT grid (Figure 2.2). Dip
line ma-004 (Figure 2.9) originates approximately 20 km (12 mi.) seaward of Ocean
City, MD and was projected onshore (Figure 2.10). Dip lines ma-004 and ma-006 were
used to generate Wheeler diagrams (Figure 2.11 and Figure 2.12) to evaluate changes in
Cretaceous depocenters on the Maryland shelf. Finally, we combined the stratigraphic
interpretations on the northern B-01-75-AT and southern B-16-76-AT seismic grids with
sequence stratigraphic interpretations made on the coastal plain (Miller et al., 2017) to
generate basin scale sequence stratigraphic maps.

2.4 RESULTS
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2.4.1 Upper Jurassic and lowermost Lower Cretaceous (Tithonian/Berriasian to
Barremian)
Two distinct reflections, LK2 and LK1, were traced throughout the northern
subarea with varying confidence. These surfaces bound the LK2 sedimentary package
(named for its basal reflection; Table 2.1). The LK2 reflection corresponds with the top
of the Jurassic strata and the LK1 reflection (Miller et al., 2018a) falls beneath a
Barremian biostratigraphic marker in the offshore wells and an unconformity in the
seismic data in the NBCT and is a likely mid-Barremian hiatus (Miller et al., 2018a). This
interval between the Barremian unconformity (LK1) and the ~Jurassic/Cretaceous
boundary (LK2) is generally 600 to 1,000 m (2,000 to 3,300 ft) thick on the shelf (Figure
2.13). The LK1 reflection lies below 1.75 s of TWTT (~1,750 m [5,750 ft] depth below
MSL). The underlying LK2 to LK1 interval is comprised of shallow-water heterolithic
siliciclastics of the Missisauga Formation equivalent, overlying the similarly heterolithic
Upper Jurassic Mic-Mac Formation (Poag, 1985b). As a result, the Jurassic/Cretaceous
boundary occurs within heterolithic strata within Shell 272-1 and Shell 273-1 (Figure
2.5) and Mobil 17-2 (Figure 2.6), exemplified by a serrated GR log expression. The
upper bounding surface (LK1) is the basal surface to the LC3 sequence of Miller et al.
(2018a) and is more prominent and traceable than the underlying LK2 reflection.
The LK2 reflection is associated with the top Tithonian biomarker in the OCS
wells. Due to the discontinuous nature of the LK2 reflection and reflections contained
within this sequence, the identification of this surface relied heavily on re-registering the
correlations at each well. Coherently stacked internal reflections representing systems
tracts are difficult to identify. On the outer shelf, the LK2 package is also highly faulted,
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which obscures the genetic basis for terminating reflections (i.e., terminations may be due
to displaced strata rather than by erosion or non-deposition). A best effort was made to
loop correlate LK2 around the seismic grid, though, tracings of this deepest stratigraphic
surface have the greatest uncertainty of all those prepared in this study.
The Missisauga Formation (Libby-French, 1984), which comprises the 107 year
scale LK2 sequence between LK2 and LK1 (Table 2.1), is likely tidal/estuarine to fluvial
coastal plain deposits. The offshore LK2 sequence correlates to the Waste Gate
Formation onshore based on biostratigraphic age estimates (Doyle, 1982) and our
correlations (Figure 2.10). At Tenneco 495-1 (Figure 2.7), the Lower Cretaceous
interval is no longer overlain by shale, but rather by an interval of low GR values
interpreted to be carbonate - potentially correlative to the Aptian “blanketlike facies”
identified by Edson (1987a) in Shell 586-1 that consists of limestone and sporadic
interbedded shale deposited on a carbonate platform. Poag (1985b) correlated the
Missisauga in COST B-2 and COST B-3 to the Potomac I sequence at Island Beach.
However, based on correlations to onshore Maryland (Figure 2.10; Miller et al., 2017),
we favor correlation of the Missisauga to the onshore Waste Gate Formation. Offshore
New Jersey this package is influenced by the “Gemini” fault system (Poag, 1987).
Like the northern subarea, it is difficult to trace the lowest stratigraphic horizons
around the B-16-76-AT seismic grid offshore Maryland in the southern subarea. The
horizon attributed to the Jurassic/Cretaceous boundary (LK2) is particularly challenging
to trace across the 100 km (62 mi.) ma-005 seismic line (Figure 2.8). The likely
heterolithic character of the strata and low vertical resolution (>50 m [160 ft]) of the
seismic data contributes to the chaotic reflections in this interval. On the dip lines, these
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strata produce similarly chaotic reflections, with few clearly terminating reflections
(Figure 2.9). The LK1 reflection, at the top of the Missisauga Formation and the base of
the LC3 sequence, is easier to trace because it, and the reflections above it, are more
continuous.
Having traced these horizons around the B-16-76-AT grid offshore Maryland, we
correlated the Lower Cretaceous reflections to the wells located onshore Maryland. The
Jurassic/Cretaceous boundary identified in the cross-section of onshore wells (Miller et
al., 2017) was projected onto the depth converted ma-004 profile (Figure 2.10). The
projection of this basal Cretaceous surface seaward results in a correlation with LK2 that
is within ~200 m (650 ft) of the seismic reflection (at approximately 2,400 to 2,600 m
[7,900 to 8,500 ft] below MSL; Figure 2.10). Projecting the top of the Waste Gate
Formation, which has a pre-zone I Early Cretaceous palynological age (Doyle, 1982),
identified in the well cross-section offshore correlates very well with the LK1 reflection.
Therefore, the “blocky” log pattern typical of fluvial sands and interbedded varicolored
shales that characterize the onshore Waste Gate Formation (Hansen, 1982; Andreasen et
al., 2015; Miller et al., 2017) transition down dip to the heterolithic shallow water
siliciclastics of the Missisauga Formation in the offshore.
The Lower Cretaceous sequences are thicker in the southern subarea than they are
in the northern subarea, both onshore and on the continental shelf (Figure 2.13). The
onshore Waste Gate sequence is about 500 m (1,600 ft) thick at the modern day shoreline
on the Maryland Coastal Plain, and thins along strike to the northeast, apparently
pinching out south of the Island Beach well in New Jersey (Miller et al., 2017). The LK2
strata that correlate with the Waste Gate Formation similarly thickens (>1 km [3,300 ft])
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to the southeast (basinward) and to the southwest (along strike) on the continental shelf
(Figure 2.13).

2.4.2 Middle Cretaceous (Aptian to Lower Cenomanian)
This interval is bound by the LK1 and MK1 seismic sequence boundaries and is
comprised of the LC3 (equivalent to the LK1 seismic sequence), LC2 (equivalent to the
MK3 seismic sequence), and LC1 (equivalent to the MK2 seismic sequence) sequences
(Table 2.1) identified to the north of the study area by Miller et al. (2018a). The GR logs
and biostratigraphy from the Shell 272-1, Shell 273-1, and Mobil 17-2 wells allow for the
direct correlation to the stratigraphic sequences of Miller et al. (2018a) via COST B-2
(Figure 2.4). Projecting the well log correlations onto the seismic data, the three Logan
Canyon sequences (LC3, LC2, and LC1) on the well logs correlate with identified
seismic surfaces (MK3, MK2, and MK1, respectively). This correlation is supported by
seismic tracing between COST B-2 (where these sequences were originally identified by
Miller et al. (2018a)) and Mobil 17-2 (Baldwin et al., 2017) and by biostratigraphic
constraints. The entire interval between the LK1 and MK1 reflections in the northern
subarea, is between 400 and 800 m (1,300 to 2,600 ft) thick on the OCS, where it thins
from north to south. The uppermost MK1 surface is between 1,000 and 2,250 m (3,300
and 7,380 ft) below MSL. The mid-Cretaceous interval is thicker in the middle shelf,
whereas the Lower Cretaceous strata thickens significantly offshore towards the shelf
edge and slope.
The base of the LC3 sequence is reflection LK1, the middle Barremian seismic
sequence boundary (Miller et al., 2018), and the top of the Missisauga Formation. The
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package of strata above this surface is largely undifferentiated shale at Shell 272-1 and
Shell 273-1 (Figure 2.4 and Figure 2.5); the GR log within this interval records only
minor variations and the benthic foraminiferal biofacies of Sikora and Olsson (1991)
indicates paleodepths of 130 to over 200 m (430 to over 650 ft). The base of the LC2
sequence within the Shell 272-1/273-1 wells occurs within this deep-water facies that
comprises nearly the entirety of the LC2 and LC3 sequences. A conservative
approximation of the basal LC2 boundary relies on the biostratigraphic pick for the top of
(or within the) Aptian in the Shell 272-1 and Shell 273-1 wells (Figure 2.4). Seismic
correlation of MK3, the seismic LC2 equivalent of Miller et al. (2018a), between COST
B2 and Mobil 17-2 (Figure 2.4; Baldwin et al., 2017) supports this correlation within the
limitations of seismic resolution. The biofacies transition between coeval LC2 sediments
in COST B-2 and Shell 272-1 (Figure 2.3; Sikora and Olsson, 1991) indicates a
deepening to the south towards the SBCT. Libby-French (1981), Libby-French (1984)
identified a composite shale that comprises the majority of the LC2 and LC3 sequences
as a single unit (i.e., the purple shading in Figure 2.4), assigning it as the equivalent to
the Scotian Shelf Naskapi Formation, and correlating it to a shale of predominantly
Barremian age (Scholle, 1977a) (compared to the Aptian and Albian age of the sediments
in Shell 272-1). In contrast, we correlate this interval of shale to the two individual
depositional sequences that become sandy to the north on the GSD (Miller et al., 2018a),
based on: 1) biostratigraphic constraints provided by both well reports and re-evaluation
by Miller et al. (2018a); and 2) a depositional model of a deltaic unit transitioning from
sand to shale, consistent with increasing paleodepths at COST B-2 and Shell 272-1
(Sikora and Olsson, 1991).

27

The base of the LC1 sequence can be correlated from COST B-2 to the southern
wells (Figure 2.4). It is marked by the top of an approximately 50 m-thick (160 ft)
progradational unit comprised of three condensed, coarsening upward parasequences.
Both this study and Libby-French (1984) correlate the boundary at the top of our LC2 to
the same approximate surface in the COST B-2 well, i.e., the upper Logan Canyon
sandstone in Libby-French (1984). Moreover, the “top Albian” marker lies just above the
identified sandstones in multiple wells, providing additional support for this boundary as
the base of LC1. Seismically, the base of the LC1 sequence is marked by the MK2
seismic sequence boundary (Figure 2.4 and Figure 2.5).
The MK1 seismic sequence (equivalent to the LC1 log sequence) in the southern
wells, can be correlated to the MK1 seismic sequence boundary identified by Miller et al.
(2018a) on the GSD and OCS (their SOM Fig 1). GR logs at the Shell 272-1, Shell 273-1,
and Mobil 17-2 wells show a distinctive bell shaped pattern that overlies the top of the
LC1 sequence and coincides with a Cenomanian biomarker (Figure 2.4). This surface
produces a high amplitude reflection in the seismic data (MK1) that can be loop
correlated through the study area. The LC1 is a thin interval within this subarea (~75 to
150 m [250 to 490 ft] thick), and the bounding upper surface (MK1) is characterized by
downlap.
Further south, offshore Maryland, strata coeval with the Logan Canyon sequences
of the NBCT (Table 1; Miller et al., 2018a) have more continuous, curvilinear to
parallel/subparallel internal reflections than in the NBCT. This is particularly evident on
the dip line ma-004 (Figure 2.9), where clinoforms can be seen in the strata coeval with
the LC3 sequence (bound by the LK1 and MK3 reflections). We interpret this as
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reflecting closer proximity to deltaic sources compared to offshore New Jersey. The
Logan Canyon depositional sequences on this portion of the shelf appear to contain
onlapping transgressive strata that thin landward below vertical seismic resolution
(Figure 2.11 and Figure 2.12). This creates composite maximum flooding surface (MFS)
and sequence boundary reflections. Upsection, thick regressive HSTs prograde over the
thin TSTs and MFSs.
Three prominent transgressive-regressive packages (i.e., above reflections MK3,
MK2.1, and MK2) can be identified on the seismic data in the strata bounded by
reflections MK3 and MK1 (Figure 2.11 and Figure 2.12). These packages appear to be
three distinct seismic sequences on the Maryland continental shelf. The interval between
MK3 and MK1 thickens from north to south alongshelf (Figure 2.8 and Figure 2.13),
and the internal reflections transition upsection from curvilinear clinoforms to planar and
subplanar reflection geometries. The 3 sequences are coeval with the LC1 and the LC2
sequences on the GSD, with the intervening MK2.1 pinching out to the north limiting its
identified spatial extent to the shelf offshore Maryland.
The Potomac I, Potomac II, and Potomac III sequences identified in the onshore
wells (Miller et al., 2017) correlate to the LK1, MK3-MK2.1, and MK2 sequences in the
offshore, respectively (Table 2.1 and Figure 2.10). The top of the Potomac I sequence
projects seaward to the top of the LK1 sequence. Moreover, the geometric projection of
the top of the Potomac III seaward correlates with the top of the MK1 sequence
boundary, which is likely mid-Cenomanian. The Potomac III base projects seaward to
MK2.
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The mid-Cretaceous interval (LK1, MK3, and MK2 - and MK2.1 in the south)
also thickens along strike from northeast to southwest, both in the coastal plain and on the
continental shelf (Figure 2.13). Coeval with the Potomac Formation/Group in New
Jersey and Maryland, this unit is almost 1,000 m (3,300 ft) thick under the Maryland
Coastal Plain at the shoreline, thinning to about 300 m (980 ft) updip between
Cambridge, MD and Fort Mott, New Jersey. At the northernmost limit of our study area,
20 km (12 mi.) south of Island Beach, New Jersey, the Potomac Formation is about 400
m (1,300 ft) thick. This interval is 800 to 1,000 m (2,600 to 3,300 ft) thick on the middle
to outer shelf off the coast of Maryland, compared the 500 to 800 m (1,600 to 2,600 ft)
thick on the southern New Jersey Shelf. Compared to the underlying LK2 strata, the midCretaceous depositional sequences were deposited in a more proximal location with a
depocenter near the modern shoreline (Figure 2.13).

2.4.3 Upper Cretaceous (Upper Cenomanian to Maastrichtian/Campanian)
Two Upper Cretaceous horizons are identified on the seismic data, UK2 and UK1.
They correlate roughly to the top Turonian, and the top Campanian biomarkers in the
OCS wells, respectively (Table 2.1). The Upper Cretaceous interval lies above the Logan
Canyon sequences and is 200 to 600 m (650 to 2,000 ft) thick on the shelf (Figure 2.13).
The upper UK1 surface lies between 1,000 and 1,750 m (3,300 and 5,700 ft) below MSL
offshore New Jersey. The Upper Cretaceous thickens significantly towards the shelf
edge, and coarsens upward from the basal Dawson Canyon Formation to the Campanian
Middle Sandstone Formation of Libby-French (1984).
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In addition to the Middle Sandstone, a sand within the MK1 sequence appears in
the well log data at Shell 272-1 (at 2,000 m [6,500 ft] in Figure 2.5) that shales out
towards the more distal Shell 273-1 and Mobil 17-2 wells (Figure 2.5 and Figure 2.6).
The interval above reflector MK1 consists of high relief clinoforms that prograde across
the OCS (Figure 2.7). These internal structures make the upper bounding surface (UK2)
easy to identify via toplapping and downlapping internal reflections. Like the other
Cretaceous packages in this northern subarea, this interval is heavily faulted near the
shelf edge (Figure 2.7). Within the interval above the reflector MK1 (Figure 2.4 and
Figure 2.5), a local peak GR value in the Shell 272-1 GR log (at 2,063 mbKB [6,770
ftbKB] or 2,038 mbsl [6,686 ftbsl]) lies within a fining upward trend: 1) above the top of
well log sequence LC1; 2) above the converted depth of seismic surface MK1; and 3)
above the HO of Rotalipora cushmani that likely corresponds to the GMSL high
coincident with Ocean Anoxic Event (OAE) 2 at or near the Cenomanian/Turonian
boundary (Kennedy et al., 2005). The GR peak also lies within an interval of maximum
upper Albian to upper Turonian paleodepth in Shell 272-1 and in COST B2, indicated by
the biofacies of Sikora and Olsson (1991) (Figure 2.4). The LC1 (equivalent to the MK2
seismic) sequence is older than the OAE 2 event and supports the correlation of
MK2/LC1 to the early to mid-Cenomanian Potomac III sequence onshore.
The overlying uppermost Cretaceous seismic package is bounded by the top
Turonian reflection (UK2) at its base, and the prominent top Campanian reflection (UK1
of Miller et al. (2018a) and “Red” of Greenlee and Moore (1988) and Greenlee et al.
(1992), their “top Cretaceous”) at its top. Toplapping or truncating internal reflections are
associated with the top Campanian (UK1) surface that generally coincides with a
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Campanian biomarker in the OCS wells (Figure 2.6, Figure 2.7, Figure 2.8, and Figure
2.9). In general, the Maastrichtian strata on the shelf are quite thin (<30 m; Olsson and
Wise, 1987) and, therefore, Greenlee et al. (1992) equated the top Campanian with the
top Cretaceous. This Campanian interval can likely be subdivided again, especially as it
thickens in the vicinity of Mobil 17-2 and seaward. There are Coniacian and Santonian
biomarkers in the wells that might indicate additional unconformities noted onshore by
Olsson et al. (1987) and Miller et al. (2004) that are not resolved in our seismic
stratigraphic data.
In the southern subarea offshore Maryland, shingled, offlapping strata that are
bound at the base by MK1 and at the top by UK2 are probably Cenomanian to midTuronian, and directly overly the Logan Canyon equivalents (Figure 2.9). On strike line
ma-005, this interval is a package of downlapping, curvilinear reflections that generally
dips gently to the north and thins to the south (Figure 2.8). This interval is approximately
500 m (1,600 ft) thick on the outer half of the New Jersey Shelf, but only 100 to 300 m
(330 to 980 ft) thick off the coast of Maryland where most of the internal reflections dip
to the south. Moreover, there are two distinct seismic lobes (inferred to be deltaic lobes),
separated by a potential onlap surface on line ma-005 (at ~1.75 s in center of the image in
Figure 2.8). This interval correlates to a thin Upper Cretaceous section on the Maryland
Coastal Plain that thickens to the north into New Jersey (Owens and Gohn, 1985, Olsson
et al., 1988, Miller et al., 2017). On the Wheeler diagrams (Figure 2.11 and Figure 2.12),
the strata bound by MK1 and UK2 show a distinct LST, TST, and a prograding HST. The
HSTs of this sequence mark a return of regressive sedimentation to the outermost
continental shelf.
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The top Campanian (UK1) can be traced confidently from the northern subarea to
the south as a high amplitude reflection with overlying reflections terminating onto it as
downlap. Like the northern subarea, the interval below this horizon thickens seaward
towards the shelf edge (Figure 2.9 and Figure 2.13). Seismically, this Upper Cretaceous
package bound by UK2 and UK1 appears to thin and seismically pinch out in the
landward direction before reaching the Maryland Coastal Plain. There is also significant
toplap or truncation associated with the bounding upper reflection (UK1). However,
considering the vertical seismic resolution is roughly 35 m (115 ft) there may be a veneer
of undetected sediment. Together, the combined MK1 and UK2 strata thin from about
300 m (980 ft) thick at the shoreline in the New Jersey Coastal Plain to about 100 m (330
ft) thick in Maryland. The thicknesses on the outer shelf thins similarly, along strike,
from 700 m (2,300 ft) in the northern subarea to 400 m (1,300 ft) in the southern subarea.

2.5 DISCUSSION
2.5.1 Spatiotemporal variations in depositional environments
Wells provide a lithological ground truth for seismic facies in the northern
subarea that were seismically traced to the southern subarea that lacks shelf wells. In the
seismic data of the northern subarea of the SBCT we observe: 1) chaotic seismic facies in
the Lower Cretaceous (e.g., Figure 2.7 and Figure 2.8); 2) thin, poorly defined clinoform
geometries (e.g., Figure 2.7) in the mid-Cretaceous; and 3) progradational packages
within a generalized regression in the Upper Cretaceous section that are capped by the
high amplitude UK1 surface (Figure 2.7). The offshore well data from Shell 272-1, Shell
273-1, and Mobil 17-2 (Figure 2.4) reveal: 1) heterolithic facies in the Lower
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Cretaceous; 2) a transition from shallow marine sandstone and shale parasequences in the
mid-Cretaceous; and 3) thin Upper Cretaceous sandstones deposited between
predominantly offshore (>30 m [100 ft] paleodepth) shales. We infer that these sediments
were deposited within deltaic or deltaically influenced environments at a variety of water
depths. From the oldest sediments to the youngest:
1) The heterolithic strata of the Lower Cretaceous are terrestrial silty, lignitic, coalbearing shales (Poag, 1985b) to terrestrially influenced coarsening upward packages of
delta front sandstones (Libby-French, 1984) deposited beneath the modern OCS; these
heterolithic strata lie landward of the thick, deltaic Neocomian section of interbedded
siltstone and fine-grained sandstone containing glauconite, oxidized pyrite, and red shales
in the Shell 93-1 well drilled on the continental rise offshore Maryland (Amato, 1987).
2) The mid-Cretaceous sediments are interpreted to be primarily deltaic, delta front to
prodelta deposits section in the NBCT on the basis of well-log character and lithological
characteristics (Miller et al., 2018a). Additionally, the shale prone Aptian and Albian
sediments of the northern SBCT were interpreted to be part of a prograding deltaic
succession by Libby-French (1981). Although much of the onshore mid-Cretaceous
section consists of non-marine fluvial deposits, portions of the correlable Albian and
Cenomanian Potomac Formation sediments drilled in New Jersey are deltaic or
deltaically influenced (Browning et al., 2008).
3) The Upper Cretaceous sediments drilled onshore in New Jersey are also deltaic or
deltaically influenced (Browning et al., 2008) and it would follow that the predominately
shale prone intervals seaward of these onshore sediments were deposited in a prodeltaic
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to deltaically influenced shelf environment that is likely to be exclusively marine
downdip.
The seismic facies of the southern subarea are largely similar to those of coeval
facies in the northern subarea, but differ slightly in important ways. In the southern
subarea, the lowermost Lower Cretaceous interval similarly has a predominantly chaotic
seismic character (Figure 2.8 and Figure 2.9). This would imply a similarly heterolithic
lithology to the Missisauga Formation of the LK2 sequence of the northern subarea. A
coastal plain or paralic depositional environment for LK2 interval also fits appropriately
with the coeval, proximally positioned, fluvial sands of the Waste Gate Formation in the
subsurface of the Maryland Coastal Plain. Moreover, the Shell 93-1 well captured the
record of anomalously thick deltaic sedimentation in the Neocomian section within a
“foundered” portion of the Upper Jurassic and Lower Cretaceous Abenaki Formation
(Poag, 1985b) reefal structure (Amato, 1987). The LK2 package is thicker in the southern
than the northern subarea and is thickest towards the shelf edge (Figure 2.8, Figure 2.9,
and Figure 2.13).
The isopach maps (Figure 2.13) indicate a predominately southern source of
sediment during the pre-Aptian Early Cretaceous. It is possible that the influx of sediment
from the south and high rates of siliciclastic sedimentation were responsible for the
“foundered” carbonate reef described by Amato (1987) under the continental rise
offshore Maryland. Regardless, it is logical that the deltaic Neocomian sedimentation
observed in the lower slope (i.e., Amato, 1987) is connected to the fluvial Waste Gate
Formation in the Maryland Coastal Plain by the intervening paralic sediments of the
Missisauga Formation.
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Upsection, the mid-Cretaceous interval on the shelf in the southern subarea
contains packages of onlapping, downlapping, and truncated reflections that can be
identified as distinct depositional sequences with transgressive and regressive
components (Figure 2.9, Figure 2.11, and Figure 2.12). The transition from the chaotic
seismic reflections of the Missisauga Formation to mid-Cretaceous clinoform reflection
geometries likely reflects a rise in relative sea level (RSL). Compared to the northern
subarea, the mid-Cretaceous in the southern subarea contains a greater thickness under
the modern middle shelf region (Figure 2.8 and Figure 2.13), and contains better
developed clinoforms with less evidence of post-depositional deformation from faults (cf.
Figure 2.7 and Figure 2.8). From the base of the mid-Cretaceous (the LK1 surface), the
clinoforms flatten gradually upsection (Figure 2.9). The shoaling of reflection surface
slopes may indicate a deepening from the relatively shallow paleodepths in the Early
Cretaceous (Figure 2.14), and a transition from a deltaically influenced shelf
environment to middle to outer shelf and deeper deposits (e.g., between sequence LK1
and sequence MK2 in Figure 2.10 and Figure 2.11; Sangree and Widmier, 1977).
Moreover, the HST of sequence MK2.1 (Figure 2.9, Figure 2.11, and Figure 2.12) is
truncated erosionally at the most landward point of any mid-Cretaceous sequence,
suggesting that a base level fall eroded pre-existing topography at an updip location
relative to other sequences in this succession. This landward position of the most basinal
clinoform in sequence MK2.1, as well as the relatively flatter geometries, is evidence
indicating that MK2.1 contained the most proximal depocenter through this section.
However, it is more likely that the overlying strata, coeval with the onshore Potomac III
and Bass River sequences (Table 2.1), which are more deltaic and marine than the
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underlying Potomac Formation on the New Jersey Coastal Plain (Browning et al., 2008),
were deposited in deeper water with an even more proximal deltaic depocenter that is not
entirely captured within our seismic sections (Figure 2.10 and Figure 2.13). Further,
upsection from sequence MK2.1 (Figure 2.9, Figure 2.11, and Figure 2.12), the
clinoforms regain relief and display shingled geometries in the internal reflections of
sequences MK2 and MK1, suggestive of deposition in a deltaic depocenter.
The LC2 and LC3 sequences in the northern subarea shale out in the Shell 272-1,
Shell 273-1, and Mobil 17-2 wells, with a few coarsening upward, sandy HST
parasequences present at the top of the LC2 (in all three wells) and LC3 (at Mobil 17-2)
sequences (Figure 2.4). This contrasts with thick LST and HST sands in the LC3 and the
LC2 on the GSD (Miller et al., 2018a). Moving further south it is likely that there are
sand prone intervals within the LC3 and LC2 sequences offshore Maryland, based on
proximity to the fluvial facies of the Potomac Group in Maryland and the clinoform
features observed on the seismic data in our southern subarea (Figure 2.10).
As noted above, the Potomac I, Potomac II, and Potomac III sequences of the
Maryland Coastal Plain correspond to the: LK1, MK3-MK2.1, and MK2 seismic
sequences, respectively (Table 2.1 and Figure 2.10). The Potomac Group in Maryland
has been described as transitioning from fluvial to deltaic sedimentation (Owens and
Gohn, 1985, Anderson, 1948), though the preponderance of evidence is that these are
fluvial units (Miller et al., 2017). The non-marine interpretation fits more reasonably with
the Potomac strata of the New Jersey Coastal Plain, which is comprised of facies
associated with an anastomosing river system (Browning et al., 2008). Non-marine
fluvial to terrestrially influenced deltaic strata on the Maryland Coastal Plain suggest
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delta front to prodelta mid-Cretaceous facies beneath the modern continental shelf. This
is supported by isopach maps (Figure 2.13) that indicate a depocenter landward of the
modern shelf edge and the distal LK2 depocenter. Like the LK2 depocenter, the LK1,
MK3, MK2.1, and MK2 strata also appear to have a southern source (Figure 2.12).
In contrast to the Lower and mid-Cretaceous intervals, the Upper Cretaceous
section is thicker in the northern subarea than it is in the south (Figure 2.8 and Figure
2.13). The seismic sections in the northern subarea appear to show steeply dipping
clinoforms above reflection MK1 that are truncated by the UK2 reflection (Figure 2.6
and Figure 2.7). These are some of the most distinct clinoforms of the Cretaceous section
despite the heavy growth faulting that disrupts the stratigraphic continuity of the northern
subarea (Figure 2.7). In the southern subarea, MK1 is thinner and is comprised of
shingled clinoforms that appear to offlap as they prograde across the shelf (Figure 2.9).
The strike line is particularly revealing for the section above reflection MK1, because it
shows downlapping reflections that dip to the south (Figure 2.8). In plan view, the MK1
sequence forms an apparent paleo-clinoform rollover under the modern shelf with
decreasing relief as the interval thins to the south (Figure 2.13). These observations are
consistent with other isopach observations of a more prominent northern source area for
the coeval Cenomanian to Turonian packages mapped by Poag and Sevon (1989).
Like the MK1 sequence, the UK2 sequence thins from north to south (Figure
2.8). However, in contrast to the mid-Cretaceous interval and the MK1 sequence, UK2
thickens significantly towards the shelf edge in the SBCT like LK2 (Figure 2.9). The
lower portion of the UK2 sequence onlaps the UK2 surface, but progradational
clinoforms are absent within the interval under the modern shelf (Figure 2.9). It is
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possible that there was progradation seaward of the modern shelf/slope break or erosion
of the upper portion of this cycle, or both. Poag and Sevon (1989) also show Coniacian to
Campanian sedimentation had a more distally located depocenter on this margin relative
to their underlying Cenomanian to Turonian package.
There is significant toplap or truncation associated with the UK1 reflection
(Figure 2.6, Figure 2.7, Figure 2.8, and Figure 2.9), and this would indicate that at least
some erosion occurred or a period of non-deposition elapsed. The cause of this erosion is
uncertain, but the widespread middle to outer shelf distribution of a major hiatus
prompted Olsson and Wise (1987) to attribute it to submarine erosion by the lateral
movement of an ancestral shore parallel current system (landward and seaward
movement of the current’s axis as sea level rises and falls, respectively) analogous to the
modern Gulf Stream. Alternatively, the erosion could be attributed to slope failure
associated with the shelf edge in response to large earthquake associated with the
Chicxulub impact at the end of the Cretaceous (Norris and Firth, 2002).
Age control on the mid-Cretaceous sequences is particularly coarse (e.g.,
stage/age level) due to shallow water facies, lack of marine biostratigraphic markers, and
widely spaced wells with samples taken largely from cuttings. As a result, we are not able
to detect or quantify hiatuses associated with the sequence boundaries from the
biostratigraphy. The age of the hiatus between the Missisauga and the LC3/LK1 sequence
is inferred from various geological constraints on the GSD to be middle Barremian (ca.
126-127 Ma); the LC3/LK1 sequence apparently captured the MFS associated with early
Aptian OAE1a (~125 Ma) at COST B2, supporting this interpretation. Age breaks
between the Albian and Aptian sequences are currently a matter of conjecture; we adopt a
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conservative minimal 2 Myr break for each: 1) the break between LC3/LK1 and
LC2/MK3 spans the Albian/Aptian boundary and is assumed to be 112-114 Ma; 2) the
LC2/MK3 sequence is within the Albian (assumed to be 107-110 Ma), whereas the
?LC2/MK2.1 sequence is only represented in the SBCT, implying a significant hiatus
within the Albian (ca. 107-105 Ma); and 3) the ?LC2/MK2.1 sequence is Albian and
presumed to be 105-102.5 Ma, with a hiatus from 102.5-100.5 Ma. Study of onshore
sequences with biostratigraphic constraints suggest that the breaks between the Magothy
and the Bass River was 92.5-91.5 Ma (Miller et al., 2004) and between the Bass River
and the Potomac Formation was ?98-?97 Ma (Miller et al., 2017). We adopt these
durations for the hiatuses between UK2 and MK1, respectively.
Additionally, the 70’s vintage seismic profiles that we rely upon have a relatively
coarse vertical resolution, ranging from 30 to 70 m (100 to 230 ft) from the top to the
bottom of our section, and the boundaries of the depositional sequences we identify are
based on geometric criteria we observe on the seismic profiles. The “back to basics”
perspective on sequence stratigraphy stresses that the temporal resolution of the
sequences that we identified are tied to the resolution of the data (Neal and Abreu, 2009,
Miller et al., 2018a) relative to their sedimentary thicknesses. Our work integrating
lithological, paleontological, and well log criteria with the seismic data strengthens the
case for defining the sequences we have identified and correlating them with established
basin specific sequence stratigraphic frameworks (Miller et al., 2017, Miller et al.,
2018a). However, because the appearance of “relatively conformable” and “genetically
related” strata according to the geometric criteria picked on the seismic data is so closely
tied to the vertical resolution, higher resolution seismic images might allow for the

40

identification of higher order depositional sequences within the sequences that we have
identified using the seismic profiles presently available to us.
Further, a primary assumption we make is that the along strike
(northern/southern) movements in depocenter location through the Cretaceous are
representative of changes in sediment supplied from various source regions (Figure
2.13). The factors controlling Cretaceous accommodation and sedimentation in the
Baltimore Canyon Trough include 1) the North American plate, and the developing
Baltimore Canyon Trough, are moving, in part, northward during the Late Jurassic and
into the Cretaceous (Müller et al., 2016); 2) regional sea-level variations on the order of
10-35 m (short-term) to > 100 m (long-term) (Miller et al., 2005); 3) the lithosphere
beneath the deposited Jurassic sediments is cooling and the thermal subsidence rates are
decreasing exponentially (McKenzie, 1978, Parsons and Sclater, 1977, Kominz et al.,
2008, Steckler and Watts, 1978); 4) flexural compensation and compaction begin to
generate a larger proportion of the long-term accommodation in the Cretaceous as the
elastic plate thickness increases and the sediment column thickens (Steckler and Watts,
1978, Poag, 1985b); and 5) sediments are being eroded from highland source terrains and
are being routed via Cretaceous rivers and deposited in the marine realm in the Baltimore
Canyon Trough (Poag and Sevon, 1989). The northward component of the movement of
the North Atlantic plate combined with the decaying rate of thermal subsidence likely
explains the basin wide reduction in deposited sedimentary volumes, and the variations in
sea level could provide a mechanism for onshore-offshore migration of depocenters.
However, the provenance, perhaps coupled with the flexural compensation and
compaction that occurs when sediments are deposited locally in a sedimentary basin, is
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the variable that is most likely to control the along strike variations in depocenter position
that we observe in our data.
Our observations showing the evolution of sediment sources to the BCT generally
agree with those shown by Poag and Sevon (1989), who examined our study area and
beyond, albeit at a coarser resolution. They hypothesize that the shifts in depocenters
were related to the magnitude of erosion and transport of material from different
“highland source terrains”. Poag and Sevon (1989) inferred that the spatial gradient in
sediment supply was an effect of differential uplift between the central Appalachians,
Adirondacks, and the New England Appalachians distributed through southern (ancient
Potomac, Susquehanna, Delaware, and James), central (the ancient Hudson), and
northern (the ancient Connecticut and Eastern Massachusetts) river dispersal routes.
However, Poag and Sevon (1989) interpretations were also based upon stratigraphic
observations of the Baltimore Canyon Trough and more independent information is
needed on provenance, paleorivers, and Appalachian uplift history to test our
interpretations of sediment sources..
Spatial variations in sediment source and the “seesaw” differential preservation of
sequences (e.g., the Lower Cretaceous is better developed in the south and the Upper
Cretaceous in the north; see also Miller et al. (2017)) could be explained by tectonic
mechanisms, including mantle dynamic topography (MDT), flexural loading changes
through time, and/or more active tectonics. In particular, MDT, or the dynamic
subsidence or uplift of topography from anisotropic convection of the underlying mantle
(Mitrovica et al., 1989, Flament et al., 2013, Spasojevic and Gurnis, 2012, Gurnis, 1992)
might have played a role in the shifting depocenters. This process has long been
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understood to shift elevations of passive continental margins over long timescales (2-10+
Myr; Moucha et al., 2008, Petersen et al., 2010a), but can MDT explain the movement of
depocenters on the relatively shorter timescale we examine herein? The scale of the
deformation from mantle influenced processes is relatively large, on the order of ~500 to
~2,000 km (310 to 1,200 mi.) horizontally and ~500 to ~1000 m (1,600 to 3,300 ft)
vertically (Mitrovica et al., 1989, Liu and Nummedal, 2004, Gurnis, 1992); the vectors of
movement of zones of subsidence and uplift related to this process can be relatively slow,
e.g., the zone of topographical subsidence associated with the subducted Farallon Plate
travelled across the United States at a rate around 25 to 40 km/Myr (15 to 25 mi./Myr) in
the time since 90 Ma (Spasojevic et al., 2009). So, presuming a topographical profile
based on the aforementioned parameters and the potential rate of movement of that slope,
this long wavelength MDT subsidence could potentially span rates of ~6 to ~80 m/Myr
(20 to 260 ft/Myr). For example, Browning et al. (2006) empirically determined Miocene
differential subsidence in the mid-Atlantic margin to be on the order of 30 m/Myr (100
ft/Myr) and, similarly, Rowley et al. (2013) calculated approximately 30 m/Myr (100
ft/Myr) for the past 3 Myr. The temporal variations in isopach thicknesses we observe at
certain locations within the Baltimore Canyon Trough fall into that range, and the partial
influence of this process cannot be discounted. However, depocenter movements appear
to change direction, moving predominately landward from the Early Cretaceous into the
mid-Cretaceous before moving seaward and north into the Upper Cretaceous. These
observations would require additional processes, like sea-level change, sediment source
variation, and local lithospheric flexure considering the long wavelength of MDT, as well
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as the inertia associated with the plate tectonic processes that drive the most well-known
mechanisms.
2.5.2 Sea-level variations and integration with global climate history
The facies variations in this study indicate a major relative sea-level (RSL) rise
from the Early to the Late Cretaceous. In the offshore wells, this change is exemplified
by the transition from the heterolithic Lower Cretaceous facies to the more marine shaleprone Upper Cretaceous. The seismic facies appear to show that this generalized
transition occurs within a wide swath of the basin in the SBCT. Within this generalized
RSL rise, there are higher-order RSL rises and falls that, in part, alter accommodation
and contribute to the formation of the surfaces (MFSs and sequence boundaries) mapped
herein. Focusing on the mid-Cretaceous, we delineate at least 5 stratigraphic sequences
(Figure 2.14) that could be identified offshore Maryland, i.e. the LK2, MK3, MK2,
MK2.1, and MK1 sequences shown on the Wheeler diagrams (Figure 2.11 and Figure
2.12). Using the biostratigraphic age constraints within our database and physical
correlations to the Mid-Atlantic Coastal Plain, we have integrated these sequences into a
relatively coarse stratigraphic framework for comparison with global events, including
cycle charts (Hardenbol et al., 1998, Haq, 2014), Cretaceous OAEs (Figure 2.14), and
regional RSL records. Though the sea-level amplitudes associated with the cycle charts
have been shown to be incorrect (i.e., too high by a factor of 2-3, with even the relative
change uncertain), the timing of the events has been shown to be generally correct for the
last 100 Myr (Miller et al., 2005).
The 107-year scale transgression we identify above matches both basin specific
RSL and GMSL variations inferred from cycle charts (Figure 2.14). Within the BCT,
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both Poag (1985b) and Olsson et al. (1988) identified shallower paleodepths in the Aptian
and Albian than the Cenomanian and Turonian, where they both identified peak water
depths. The global cycle charts generally agree in placing a major global flooding event
at the Cenomanian/Turonian boundary (Haq et al., 1987, Miller et al., 2005, Haq, 2014)
that coincides roughly with OAE 2 (Friedrich et al., 2012).
Within the 107-year interval of the aforementioned transgression, we can track the
cross-margin transitions in depocenter position and depositional facies as a record of the
combined accommodation history that includes sea-level change. The isopach maps
(Figure 2.13) show a transition from a distal Lower Cretaceous depocenter with
maximum thicknesses beneath the modern slope to a more proximal depocenter in the
mid-Cretaceous. Coupling this observation with the landward mid-Cretaceous shift in
facies, observed seismically and in the wells, indicates movement of the deltaic sediment
source landward through this period of time towards a composite MFS at the
aforementioned flooding event at the Cenomanian/Turonian boundary. Within this
retrogradational package, we observe 5 transgressive-regressive cycles that comprise
depositional sequences (LK1, MK3, MK2.1, and MK2, and MK1). Moreover, we observe
at least two additional progradational Upper Cretaceous sequences overlying it, with a
combined depocenter located seaward of that of the mid-Cretaceous. We infer that this
seaward depocenter represents a period of regression succeeding the Early to midCretaceous transgression. The higher-order variations in accommodation in the midCretaceous are relatively long period events, with likely durations of several million
years. The magnitude of the higher-order variations in sea-level required and the rate of
sea level change required to form these sequences is unknown, but is of substantial
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interest considering the insight it would provide regarding the mechanisms forcing the
genesis of these mid-Cretaceous sequences.
In addition to the sedimentary/stratigraphic inferences, we show a probable tie of
the MK1 maximum flooding surface (MFS) to OAE 2. We place the MK1/DCx sequence
boundary in the early Cenomanian within calcareous nannofossil Zone CC9 (Table 2.1
and Figure 2.14). We make this correlation based on geometric projection of the top of
the Potomac III sequence boundary from the Maryland Coastal Plain to the MK1
boundary on the Maryland Shelf (Figure 2.10). The Potomac Formation extends into
Zone CC9 and is separated from the overlying mid-Cenomanian to lower Turonian Bass
River Formation by a regional unconformity (Miller et al., 2004). On this basis, we
correlate the MK1 surface to this regional unconformity with an inferred midCenomanian age. Benthic biofacies studies of the COST B-2, Shell 272-1, and Shell 5861 wells (Sikora and Olsson, 1991) show the deepest water depths of the mid-Cretaceous
and thus indicate the general location of the composite MFS within this sequence, with a
specific location identifiable from the GR log. This composite MFS location occurs just
above the Cenomanian/Turonian boundary in the wells, as indicated by the HO of R.
cushmani; this demonstrates that the regional RSL peak correlates with the GMSL peak
near the Cenomanian-Turonian boundary (Miller et al., 2005). A GR high above a bell
shaped GR expression in the upper Cenomanian section of many OCS wells (Miller et al.,
2018a) is interpreted as the deepest paleodepths within the MK1/DCx sequence, and tie
in roughly with OAE 2 (Figure 2.11 and Figure 2.12). The seismic facies above the
MK1 MFS appear to be shingled and progradational, and may be related to the base level
lowerings that generate late Cenomanian to early Turonian sequence boundaries.
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In addition to the correlation of the OAE 2 event to the MK1 MFS (Figure 2.14),
OAE 1a correlates with the LC3/LK1 sequence. This early Aptian OAE1a event occurs at
COST B-2 around 2,895 mbKB (9,500 ftbKB) and 2,778 mbsf (9,114 ftbsf), where total
organic carbon spikes to 5.45% coupled with a δ13C increase (Scholle, 1977a) – within
the transgressive systems tract of the LC3 sequence (Figure 3; Miller et al., 2018a). One
hypothesized mechanism for the production of OAEs is increased burial of organic
carbon due to the increase in shallow shelf areas at continental margins related to marine
transgression (Schlanger and Jenkyns, 1976), which is associated with and can be caused
by increasing global temperatures. More recent evidence suggests the addition of a
magmatic trigger for the generation of OAEs (e.g., Turgeon and Creaser, 2008), which
does not exclude the original hypothesis because increased pCO2 would presumably
increase paleotemperatures and sea level. This provides a causal basis for the coincidence
of GMSL peaks, rising water levels in the BCT, and global OAEs, exemplified by their
correlation to flooding events in our LC3/LK1 and DCx/MK1 sequences (Figure 2.14).
The correlation of the other potential Cretaceous global OAEs 1b, 1c, and 1d
(Arthur et al., 1990, Erbacher and Thurow, 1997, Lehmann, 2000) to our sequences is
more speculative than the two major events. OAE 1b appears to correlate to our sequence
MK3, whereas OAE 1c and OAE 1d likely fall within hiatuses associated with seismic
sequence boundaries MK2.1 and MK2, respectively. These other OAEs do not appear to
be readily distinguishable in the well data. However, the mechanisms for these less
pervasive OAEs may differ from the global OAE1a and OAE2. Erbacher et al. (1996)
identified OAE 1c as a “detrital” event caused by increased terrigenous supply of
nutrients associated with a sea level fall supported, in part, by coincidence of this event
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with type III kerogen. This characterization of the OAE 1c event would fit its placement
in a hiatus in a shallow marine section. However, OAE 1b and OAE 1d may well
correlate to flooding surfaces in sequences MK3 and MK2. OAE 1b occurs during a
period of rising water levels in the BCT and likely corresponds to the transgressive
package we observe in LC2/MK3 (Figure 2.14). The age of the base of LC1/MK2
sequence is loosely constrained, and LC1/MK2 might actually include a GMSL flooding
event coincident with OAE 1d. The development of a higher resolution
chronostratigraphy would help to resolve the relationship between the “minor” OAE
events and sea-level fluctuations on this margin.
We did not examine the Lower Cretaceous, Missisauga/LK2, section in as much
detail as the mid-Cretaceous, in part, because the apparent sedimentary characteristics
and depositional environments of this interval make the wheeler diagram and trajectory
analyses less informative. We suspect that this interval is comprised of shallow marine to
estuarine siliciclastics, deposited landward of a fringing carbonate platform. We expect
the transitions of sedimentation, and the preservation of those deposits, to be driven by a
3-dimensional movement of distributary channels and might expect relatively chaotic and
stochastic depositional patterns in the dip lines of 2D seismic data. In contrast, the
overlying sediments appear to be relatively neatly stacked, lobate clinoforms that produce
an observable transgressive and regressive patterns on the dip lines ma-004 and ma-006
(Figure 2.11 and Figure 2.12).

2.5.3 Implications for the reservoir characterization of the Waste Gate and Potomac
Formations and the Missisauga and Logan Canyon sandstones
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The work herein supports the correlations of the onshore Waste Gate and Potomac
Formation sequences (Miller et al., 2017) with the offshore Missisauga and Logan
Canyon units, respectively (Libby-French, 1984, Miller et al., 2018a). Each of the
onshore and offshore units has been evaluated in terms of potential to be either an aquifer
(Hansen, 1982, Andreasen et al., 2015), a hydrocarbon reservoir (Libby-French, 1984,
Prather, 1991), or a carbon storage unit (Sugarman et al., 2011, Miller et al., 2017, Miller
et al., 2018a). Our mapping and facies interpretations have implications for the extent and
continuity of these previously identified reservoirs.
Miller et al. (2017) identified the fluvial Waste Gate and Potomac I sequences as
an onshore target for carbon storage on the basis that it is thick and confined in the New
Jersey Coastal Plain, while noting that the confinement of the unit is less certain updip in
the Maryland Coastal Plain. On the basis of our correlation, the lower half of this unit, the
Waste Gate, would connect seaward with the Missisauga equivalent of Libby-French
(1984), who characterized the unit as containing alternating thick-bedded sandstone,
siltstone, and shale. The heterolithic strata are terrestrial (Poag, 1985b) to terrestrially
influenced delta-front (Libby-French, 1984) deposits beneath the modern OCS. Seaward,
there are thick Neocomian deltaic sandstones in the Shell 93-1 well drilled on the
continental rise offshore Maryland (Amato, 1987). However, farther north, the seaward
margin of the paleo-shelf is predominantly carbonate into the Barremian, e.g., the
carbonate structure found in the Shell 586-1 (Edson, 1987a) and Shell 587-1 (Edson,
1987b) wells that were drilled at nearly 2,000 m (6,500 ft) present day water depth.
The isopach of the combined LK2 reservoir suggests large volumes for storage.
LK2 measures ~15,000 km3 (529,000 bcf) volumetrically within the boundaries of the
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digital elevation model (DEM) in Figure 2.13. This interval is sand prone throughout the
region, although the individual sand bodies are likely to be discontinuous with uncertain
hydrologic connectivity. These deeper, lower Lower Cretaceous rocks of our LK2
sequences are also more likely to contain thermally mature deposits than those of the
overlying mid-Cretaceous. Lower Cretaceous rocks in some wells have been buried to
reach borderline maturity (e.g., Shell 586-1 (Edson, 1987a) and Shell 93-1 (Amato,
1987)), but are largely immature in others (e.g., Shell 587-1 (Edson, 1987b) and Murphy
106-1 (Adinolfi, 1987)). These strata are also more likely to contain gas prone kerogen
than oil (Post et al., 2009) considering the terrestrial nature of the deposits. The
underlying Jurassic strata, also likely to contain terrestrially derived kerogen, are buried
to sufficient depths. As a hydrocarbon reservoir, the economic viability would depend, in
part, on the primary concern identified for carbon storage potential – how continuous and
hydrologically connected are the individual sand bodies?
Considering the offshore alone, the best reservoir targets are the sandstones within
the HSTs of the Logan Canyon sequences in the vicinity of the Great Stone Dome (Miller
et al., 2018a). In particular, the HSTs of the Logan Canyon 3 and the Logan Canyon 2
sequences, representing two of the 5 to 7 sand-prone zones identified by (Miller et al.,
2018a) within the original Logan Canyon sandstones (Libby-French, 1984), are highly
porous and permeable at the COST B-2 well. These two sequences have sand prone
zones within the HSTs and LSTs that extend across the OCS in the NBCT. However, the
LC1 sandstones shale out into the basin (Miller et al., 2018a), and to the SBCT as shown
here. Similarly, the LC3 and LC2 sequences appear to thin and shale out towards the
wells south of the Great Stone Dome (i.e., Mobil 17-2, Shell 273-1, and Shell 272-1 in
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Figure 2.4), representing the lateral limitation of these porous lower Logan Canyon
sequences. In these southern locations, the Logan Canyon 1 is also a thin shale deposited
in > 80 m (260 ft) of water (Sikora and Olsson, 1991).
Though they shale out in the northern part of the study area, LC sequences may
provide significant storage potential in the southern part of the study area. While there are
no well data south of Shell 272-1, the section thickens to the south offshore Maryland
where the isopach maps (Figure 2.13) indicate a nearby mid-Cretaceous sediment source.
These strata are likely to be sand-prone, particularly closer to the modern shoreline where
the Lower Cretaceous sedimentation was non-marine. This is particularly true of LK1,
which correlates to the Potomac I sequence that Miller et al. (2017) documented as ~50%
sand in the downdip Ocean City, MD well. All of the Logan Canyon sequences onshore
and offshore are overlain by our MK1 that correspond to the shales of the Bass River and
Dawson Canyon, onshore and offshore, respectively. Although this interval might not be
entirely homogenous (see sand bodies and clinoforms represented in the GR logs and
seismic sections on Figure 2.5, Figure 2.6, and Figure 2.7), the Upper Cretaceous RSL
high likely forms a sufficient capstone. Offshore, this cap is of sufficient depth for the
purpose of storing supercritical CO2 (~800 m [2,600 ft]). However, the top of the
Potomac Formation is above 800 m (2,600 ft) below the ground surface onshore and may
not be fully confined, making the continuity of the seal overlying the Potomac I a
consideration. In all, the LK1, MK3, MK2 units comprise ~25,000 km3 (882,000 bcf)
within the boundaries of the DEM in Figure 2.13. In terms of potential as a commercial
reservoir, the Logan Canyon sequences and its equivalents (Table 2.1) are likely to
contain the stratigraphic successions necessary to store hydrocarbon reserves. However, it
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is unproven whether or not an underlying source rock has been buried to a depth
sufficient to produce thermally mature oil or natural gas with a migration pathway to the
deltaic sands, and thus this sandy reservoir is likely primarily a CO2 storage reservoir.

2.6 CONCLUSION
We generate an integrated sequence stratigraphic framework for the Uppermost
Jurassic and Cretaceous sediments of the SBCT using recently released seismic data
(Triezenberg et al., 2016), legacy well data, and objective criteria to recognize the
bounding surfaces of depositional sequences. We update and build upon the relatively
limited evaluations within the literature (Libby-French, 1981, Libby-French, 1984,
Prather, 1991, Klitgord et al., 1994, Poag and Sevon, 1989) and reconcile our
observations with the regional sequence stratigraphic framework established for the
onshore Mid-Atlantic Coastal Plain (Miller et al., 2017), as well as the more recent
evaluation of mid-Cretaceous sedimentation on the OCS of the NBCT (Miller et al.,
2018a).
We identify 7 seismic stratigraphic surfaces that can be traced from a northern
subarea offshore south to the continental shelf off the coast of Maryland, constrained in
age by biostratigraphic data from 5 wells offshore southern New Jersey and a crosssection of 3 wells on the Maryland Coastal Plain. A regional velocity-depth model is
developed to convert the legacy seismic data to depth, and an onshore-offshore
correlation is made between the depth converted seismic surfaces of the Maryland Shelf
and the onshore well log stratigraphy (Miller et al., 2017) within the 3 deep stratigraphic
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test wells in Maryland. The onshore-offshore correlation provides additional, albeit
coarse, constraints on absolute age.
We integrate the onshore stratigraphy for the Mid-Atlantic Coastal Plain (Miller
et al., 2017, Miller et al., 2004) with the depth converted seismic stratigraphy ultimately
producing regional structural contour maps and isopachs for the entire SBCT. These
maps combine with Wheeler diagrams we generate for dip lines of the Maryland Shelf, to
establish a better understanding of spatiotemporal variations of Cretaceous sedimentation
in the SBCT. We delineate the 3-dimensional movement (planimetric space and time) of
the sedimentary depocenter from a distal and southerly Lower Cretaceous position to a
more proximal but still southerly location in the mid-Cretaceous, followed by
predominantly northerly and distal Upper Cretaceous sedimentation. These spatial
variations in sedimentary thickness correspond with a deepening of depositional
environment from the Early Cretaceous to a maximum paleodepth at the
Cenomanian/Turonian boundary, followed by a Late Cretaceous shoaling.
Using the coarse chronostratigraphic framework derived from the integrated
onshore and offshore interpretations, we also correlate 5 of the mid-Cretaceous
depositional sequences to global cycle charts and RSL records for the BCT. These 5
sequences fall within a major 107 year transgression that spans the mid-Cretaceous
reaching a GMSL high near the Cenomanian/Turonian boundary (Haq et al., 1987, Miller
et al., 2005, Haq, 2014), corresponding with the deepest paleodepths observed within the
BCT (Sikora and Olsson, 1991, Olsson et al., 1988, Poag, 1985b) and the concomitant
OAE 2 event. Seismic facies corroborate this deepening trend, and reveal higher order
transgressive-regressive packages that produce a retrogradational set of depositional
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sequences. We propose that OAE 1a and OAE 2 are associated with MFSs of the
lowermost and uppermost mid-Cretaceous sequences and suggest that these observations
support a causal relationship between rising GMSL and these OAE events.
Based on the seismic facies we observe and our correlation to coeval fluvial
depositional facies in well data from the MD and NJ Coastal Plains (Miller et al., 2017,
Browning et al., 2008), we suggest there are likely mid-Cretaceous, sand-prone deltaic
facies offshore Maryland. This interval is largely shale offshore southern NJ, but thickens
to the south indicating a location more proximal to a deltaic sediment source. This
package is thick and is likely to contain sedimentary facies that comprise a viable
reservoir for storage of supercritical CO2 or oil and/or natural gas. It is also capped by
muds and shales onshore and offshore. However, a viable source rock for hydrocarbon
accumulation in these potential reservoir sands has yet to be identified, relegating this to
a CO2 storage reservoir. Beneath this mid-Cretaceous interval, there is also a thick
package of Lower Cretaceous sediments that likely contain sand prone siliciclastics
deposited behind a fringing carbonate platform. These sands might also present attractive
targets for CO2 storage or hydrocarbon exploration if the sand bodies are locally
amalgamated and hydrologically connective.
2.7 APPENDIX 1
2.7.1 Conversion of seismic TWTT to depth below MSL
A regional geoacoustic study (GDUSNAM; Klitgord et al., 1994) was conducted
for the US Naval Oceanographic Office by the USGS. The velocity structure was
calculated utilizing the stacking velocities generated as a process step of the
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aforementioned USGS marine multichannel seismic profiles that canvas the margin, and
calibrating those velocities to sonic log and checkshot surveys collected at the OCS
industry wells along a few select seismic profiles (Klitgord and Schneider, 1994).
Geologically improbable velocity variations, that were likely left in the original data
because they were not significant enough to affect the visual character of the finished
seismic product, were smoothed by Klitgord and Schneider (1994) and subsequently
converted to interval velocities utilizing the Dix formula (Dix, 1955, Taner and Koehler,
1969). The velocity information was evaluated at ~3,000 m (9,800 ft) spacing along the
USGS seismic lines and then subsequently gridded at 5 minute spacing in terms of both
latitude and longitude with a cubic spline interpolation routine.
The gridded database is organized around 19 stratigraphic horizons delineated
across the margin. At each spatial location within the database, each of the stratigraphic
horizons representing a stratigraphic section present at that location contains the TWTT
to that horizon and its depth in meters below sea level – in addition to information about
density, seismic velocities, attenuation, and broad sedimentary classifications. This
stratigraphically oriented database was reorganized into a database of monotonically
increasing TWTTs and associated depths across the margin. We extracted the depth and
TWTT information from the original database structure for each location in the database
and replaced the values in the first second of TWTT below the seafloor with a T-D
relationship derived from modern data collected during the R/V Oceanus 270 cruise and
tested against data from IODP Exp. 313 (Mountain and Monteverde, 2012). Having made
this replacement, at every location, an interpolation was then performed to calculate the
time and depth information at consistent intervals of travel time, 0.1s (Figure 2.3).

55

Therefore, the stratigraphically oriented GDUSNAM was transformed to a record
of depths at monotonically increasing TWTT isochrons, i.e., the depth data were no
longer tied to TWTT through the 19 horizons that are variably present throughout the
margin. Instead, the data was organized into 90 surfaces of depth at TWTT isochrons
spanning, at most, 0 to 8.9 s at 0.1 s intervals.
For import to SMT and to facilitate tests of accuracy, the data was converted from
the geographic coordinate system that it was provided in (latitude and longitude) to a
cartesian Mercator projection utilizing the UTM18N coordinate system. This conversion
was carried out using open source python-based software pyproj. The conversion resulted
in irregularly spaced data points that cannot be imported into an SMT project. Therefore,
a linear interpolation was applied to make a regularly spaced grid for each of the depth
surfaces. The new depth grids with 2,500 m (8,200 ft) spacing were imported into SMT
and used to convert the entire seismic database, including interpreted horizons from
TWTT to depth.
2.8 APPENDIX 2
2.8.1 Uncertainty of data and interpretations
The largest sources of uncertainty are the paucity of wells in the southern subarea,
the interpretation of seismic data with a coarse vertical resolution, the time-depth
conversions obtained from velocity surveys for the projection of drillsite data onto the
seismic grid, and the accuracy of the regional time-depth model. Compared to the
northern subarea, there are relatively few constraints on accuracy of the seismic
interpretations in the southern area due to the absence of well locations on the shelf. The
coarse vertical resolution of the seismic data most strongly affects the seismic
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stratigraphic interpretations. Seismic artifacts, not limited to those generated by low
vertical resolution, might alter perceptions of thickness and continuity for some stratal
packages. The accuracy of the site velocity surveys affects the projection of data (e.g.,
biostratigraphy) from the wells onto the seismic data. Inaccurate projections of
biostratigraphic levels within the wells due to inaccuracies associated with the velocity
surveys could result in problematic absolute age constraints on the seismic surfaces,
along with complications due to cavings and other issues. Finally, localized artifacts
within the regional time-depth model might create anticlines or synclines within
structural contours that do not exist in reality. Additionally, because this time-depth
model was used to correlate the onshore and offshore stratigraphy, artifacts could also
affect the onshore-offshore correlations. The magnitudes of each of the identified errors
are likely small enough to retain reasonable confidence in our results, especially
considering the scales associated with this analysis, i.e., the mapped seismic surfaces are
typically separated by hundreds of meters of sediment and are mapped regionally.
Moreover, the integrated nature of our analysis (that includes seismic stratigraphic
interpretation, well log correlation, and biostratigraphic constraints) produces checks and
redundancies that minimize the likelihood of miscorrelations.
The vertical resolution of the seismic data is a product of the wavenumber of the
seismic data through the section. As interval velocities increase moving down through the
section, the wavenumber decreases for a given source frequency and the distance
between beds that can be resolved increases. The increasing distance between resolvable
bedding variations naturally generates challenges to the application of seismic
stratigraphic methods. However, even if many bedding interfaces are contained within a
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canonical 1/4 to 1/8 λ (Widess, 1973), the largest impedance contrasts through the section
are likely to be preserved and recorded as a response to the source signal, whereas minor
variations surrounding the larger contrast will be overshadowed. This lends credibility
towards tracing continuous, high amplitude reflections even if the seismic resolution is
poor. Additionally, the seismic geometries associated with internal reflections of deltaic
depositional sequences are geomorphological in their genesis. So the identification of
their characteristic forms, and the surfaces bounding them, mitigates the limitation of
low-resolution data. Although, in attempting to trace single reflectors, there were
instances where depositional sequences thinned to a thickness that is near or within the
vertical resolution and precludes identification of internal reflections. Loop correlation
was applied to resolve uncertainties. Within the Cretaceous section of the BCT, vertical
seismic resolution typically ranged from 30 to 70 m (100 to 230 ft). However, in most
areas, and at the scale of analysis, internal reflections were observable and many of the
high amplitude reflections were continuous indicating a genetically related origin for the
consistent impedance contrasts (Figure 2.8).
Assuming a +/- 10% error for the time-depth conversion obtained from the
velocity surveys, errors associated with projecting the biostratigraphy and GR logs onto
the seismic data would be, very conservatively, within +/- 75 to +/- 175 m (250 to 570 ft)
with the better accuracies higher in the section. This conservative estimate of error is
relatively large, and it is likely a maximum constraint because we did not account for the
contribution of frequency content higher than the peak frequency at a given depth
interval. Still, the coarse resolution inherently associated with seismic stratigraphic
interpretation of deeply buried (> 1 to 1.5 km [3,300 to 4,900 ft]) strata can influence the
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assignment of age to a particular package. To mitigate adverse effects from potential
inaccuracy, sequences were correlated between multiple wells and ages assigned based
on information from each. The correlations between wells were generally within the
seismic resolution of the well log correlation and biostratigraphic markers (Figure 2.4).
Using the check-shot data as a reference, the regional velocity depth model was
calculated to have an accuracy of better than +/- 150 m (490 ft) for sedimentary depths up
to 3,000 m (9,800 ft). Like the velocity survey error, the accuracy of the regional velocity
depth model could affect stratigraphic correlations. The onshore-offshore correlation is
dependent upon converting the seismic data to depth, but a +/-150 m (490 ft) offset would
not appear to significantly change the proposed correlations (Figure 2.10).
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2.10 FIGURES

Figure 2.2. Map of the seismic and drill site data within the BCT; black rectangles outline the
Southern and Northern subareas discussed in the text. Generalized outcrop areas of coastal plain
strata are distinguished by color. Depth contours to pre-rift basement are shown in dashed lines.
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Figure 2.3. A) One of
4,400 resampled TD
curves that comprise a 3dimensional TD model
used to convert seismic
profiles and
interpretations on them
from a reference in
TWTT to depth. The
resampled curve is an
interpolation at 0.1s
intervals of data from
Mountain and
Monteverde (2012) in the
uppermost second of
sediments and the
GDUSNAM (Klitgord et
al., 1994) below 1 second.
The accuracy of the depth
model at a given location,
represented by the thin
red lines bounding the
interpolated curve, was
determined through a
statistical comparison of
the TD model to checkshot data at well locations. B) All of the 3-dimensional TD model data
points from locations within the BCT with less than 200 m of water depth. The average timedepth relationship for the continental shelf within the BCT is plotted with a solid black line and
the dotted black lines bound 95% of the variation at each TWTT interval.
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Figure 2.4. Well log correlation of
COST B2, Shell 272-1/273-1, and
Mobil 17-2. Well log correlations of
Logan Canyon 1, Logan Canyon 2,
and Logan Canyon 3 from the well
log transect of Miller et al. (2018a)
are plotted as red, dashed lines. The
seismic surfaces MK1, MK2, and
MK3 were converted to depth using
the velocity surveys associated with
the individual wells and plotted onto
the well logs as dashed blue lines.
The lithostratigraphic Sable Shale
and Naskapi Shale units of (LibbyFrench, 1984), are identified by blue
and purple shading, respectively.
Boundaries of biofacies zones in the
COST B-2 and Shell 272-1 wells
(Sikora and Olsson, 1991) are
plotted and identified with blue lines
and text on the y-axes. The
biostratigraphy is compiled from
technnical reports associated with
each well (Table 2.3). The biofacies
indicate a deepening paleodepth
within Logan Canyon 2 from COST
B-2 to Shell 272-1. Paleodepth of
biofacies: 1) biofacies 3: of 60-130 m; 2) biofacies 4ac: 130-600 m; and 3) biofacies 5: overlaps
and replaces 4ac: 130-600 m (Sikora and Olsson, 1991). The log depths are plotted in feet below
Kelly Bushing (ftbKB) and a metric scale is provided for reference.
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Figure 2.5. Seismic correlation between the Shell 272-1 and Shell 273-1 wells, located on the
OCS offshore Southern New Jersey, using the a-207 and a-142 seismic profile lines of the B-0175-AT seismic survey. The biostratigraphic picks within the wells are used to assign preliminary
ages to the mapped seismic packages. A fault surface is mapped in light blue, near the
intersection of lines a-207 and a-142.
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Figure 2.6. Seismic correlation between the Shell 272-1 and Mobil 17-2 wells, located on the
OCS offshore Southern New Jersey, using the a-207, a-136, a-183, and a-150 seismic profile
lines from the B-01-75-AT seismic survey. The biostratigraphic picks within the wells are used
to assign preliminary ages to the mapped seismic packages.
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Figure 2.7. Seismic correlation between the Shell 272-1 and Tenneco 495-1 wells, located on the
OCS offshore Southern New Jersey, using the a-217, a-132, and a-207 seismic profile lines from
the B-01-75-AT seismic survey. The biostratigraphic picks within the wells are used to assign
preliminary ages to the mapped seismic packages.
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Figure 2.8. Correlation of Cretaceous seismic surfaces along-strike on the OCS utilizing seismic
line ma-005 from survey B-16-76-AT. This line connects the northern subarea (offshore from
southern New Jersey) and seismic survey B-01-75-AT with the southern subarea (offshore
Maryland) and the rest of seismic survey B-16-76-AT. The stratal character of the reflections
transition from chaotic to parallel and subparallel upwards through the section.
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Figure 2.9. Seismic stratigraphic interpretation of Cretaceous strata using seismic profile ma004, a dip line that originates ~20 km downdip from Ocean City, MD and extends SE to the
continental rise. The seismic surfaces were correlated to the northern subarea using line ma-005.
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Figure 2.10. Correlation of the Potomac Formation/Group and Waste Gate sequences from a well log cross-section comprised of the
three deep stratgraphic test wells on the Maryland Coastal Plain, interpreted by Miller et al. (2017), to the Ma-004 seismic section
(Figure 2.9) converted from TWTT to depth using a splice of the GDUSNAM (Klitgord et al., 1994) and the TD function of
Mountain (2011) (in the upper 1s of sediments). The onshore Potomac and Waste Gate sequences (Miller et al., 2017) are projected
onto the seismic line through extrapolation of a spatial linear regression through the sequence picks in each of the wells across the
transect. The resulting correlation matches the Potomac and Waste Gate sequence boundary surfaces with the Cretaceous seismic
sequences interpreted herein.
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Figure 2.11. Uninterpreted and interpreted seismic profiles and Wheeler diagram for midCretaceous depositional sequences identified on line ma-004 (Figure 2.9). Sediments bound by
the reflections marked with blue lines are assigned to the LST, with green lines to the TST, with
yellow lines to the HST. The red lines are sequence boundaries.
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Figure 2.12. Uninterpreted and interpreted seismic profiles and Wheeler diagram for midCretaceous depositional sequences identified on line ma-006, which is 10 km south of ma-004.
Sediments bound by the reflections marked with blue lines are assigned to the LST, with green
lines to the TST, and with yellow lines to the HST. The red lines are sequence boundaries.
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Figure 2.13. Isopach and contour maps of the uppermost Late Cretaceous (A), mid-Cretaceous (B), and lowermost Lower Cretaceous
(C) intervals in the SBCT. These maps were created from the depth-converted seismic stratigraphic surfaces interpreted herein and
coeval depositional sequences correlated between 19 wells on the Mid–Atlantic coastal plain (Miller et al., 2017). The arrows indicate
likely sediment source regions and pathways of sediment transport.
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Figure 2.14. Comparison of GTS2012 Cretaceous sequences (Hardenbol et al., 1998), coastal
onlap (Haq, 2014), and paleodepths in the BCT (Poag, 1985b, Olsson et al., 1988) to the spatial
and temporal positions of seismic reflections internal to the sequences defined on line ma-004
through the creation of the Wheeler diagram (Figure 2.11). To assign the seismic reflections a
temporal value, the sequence boundary reflections were given a likely age according to the
biostratigraphic constraints, and the internal reflections were then plotted in time by interpolating
their position between the bounding surfaces. The onshore sequences are plotted according to
Miller et al. (2004). Prominent Cretaceous Ocean Anoxic Events that are observed in more than
one ocean basin (Katz et al., 2005) were plotted to demonstrate potential temporal correlation to
flooding events in the BCT. All records were adjusted to GTS 2012.
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2.11 TABLES
Table 2.1. Correlation of the variety of names used to identify the Cretaceous strata in the BCT.
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Table 2.2. Seismic surveys used to map the Cretaceous strata of the SBCT, collected for
exploration purposes and made available to the public within the National Archive of Marine
Seismic Surveys (Triezenberg et al., 2016).

Survey

B-01-75-AT

B-16-76-AT

Originator
1975 Offshore Atlantic
Group Seismic Survey
1976 Offshore Atlantic
Group Seismic Survey

Year

Lines

Distance

(used)

(used)

149

11,734 km

(52)

(2800 km)

80

6,728 km

(18)

(1600 km)

1975

1976

75

Table 2.3. Locations of the wells in the SBCT used for this study, geophysical logs available for
each site, and citations for the biostratigaphy. The Maryland Esso 1, Ohio Oil Hammond, and
Mobil Bethards wells were drilled in the 1940’s on the eastern Maryland Coastal Plain. The
Mobil 17-2, Shell 272-1, Shell 273-1, and Tenneco 495-1 wells were drilled in 1978 and 1979 on
the OCS offshore southern New Jersey.
Total

Latitude

Longitude

Maryland Esso 1

38.408

-75.063

2346

Doyle (1982)

-

SP, SN

Mobil Bethards

38.304

-75.487

2195

Doyle (1982)

-

SP, SN

Ohio Oil Hammond

38.346

-75.275

1665

Doyle (1982)

-

SP, SN

COST B2

39.375

-72.734

4890

Scholle (1977b)

Yes

GR

Mobil 17-2

38.968

-73.049

4260

Steinkraus (1981)

Yes

GR, RHOB, DT

Shell 272-1

38.702

-73.540

4114

Steinkraus et al. (1985b)

No

GR, RHOB, DT

Shell 273-1

38.716

-73.456

5334

Steinkraus and Bebout (1985)

Yes

GR, RHOB, DT

Tenneco 495-1

38.466

-73.378

5578

Steinkraus et al. (1985a)

Yes

GR, RHOB, DT

depth (m)

Biostratigraphy

Velocity

Well

survey

Well logs
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ABSTRACT
We model the costs of carbon capture and storage (CCS) in subsurface geological
formations for emissions from 138 northeastern and midwestern electricity-generating
power plants. The total cost of CCS is determined by applying literature values of CCS
component costs to a simulation of capture at geographical plant locations, and transport
to and storage in nearby geological formations. Coal-sourced CO2 emissions can be
stored in this region at a cost of $52 to $60 per ton, whereas the cost for natural-gas-fired
plants ranges from ~$80 to $90. Storing emissions offshore increases the lowest total
costs of CCS to over $60 per ton of CO2. However, since there is apparently sufficient
onshore storage in the northeastern and Midwestern US, offshore storage is not necessary
or economical unless there are additional costs or suitability issues associated with the
onshore reservoirs. For example, if formation pressures are prohibitive in a large-scale
deployment of onshore CCS, or if there is opposition to onshore storage, offshore storage
space could likely store these emissions at an additional cost of less than $10 per ton.
Finally, it is likely that more than 8 Gt of total CO2 emissions from this region can be
stored for less $60 per ton, slightly more than the $50 per ton Section 45Q tax credits
incentivizing CCS.
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3.1 INTRODUCTION
Reducing the concentrations of atmospheric CO2 is a critical environmental policy
objective for the 21st century (Pachauri et al., 2014), and new paradigms are being
conceptualized to productively utilize and store carbon waste as part of a “new carbon
economy” (Carbon 180, 2019). Carbon capture and storage/sequestration (CCS), the
removal of CO2 from industrial effluent streams and storage in geological formations, is
an established mitigation strategy (Hawkins et al., 2009, Eiken et al., 2011) that has the
potential to decrease the rate at which CO2 is emitted into the atmosphere (Herzog and
Drake, 1996). More importantly, it is a technology that can progress towards achieving
negative emissions through the application of CCS with CO2 captured from electricity
generation processes driven by the combustion of biofuels, i.e., bioenergy with CCS
(BECCS) (Azar et al., 2010, Azar et al., 2006, Pachauri et al., 2014). BECCS is
particularly appealing because it addresses how electricity could be produced in a carbon
negative future, making it a potential complement to a portfolio of carbon negative
solutions that could comprise the aforementioned “new carbon economy” (Carbon 180,
2019). Although there are physical and social challenges to implementing a large-scale
deployment of BECCS (Fuss et al., 2014), the potential for negative emissions on a
global scale (up to ~10 Gt CO2/yr (Koornneef et al., 2012)) warrant the exploration of a
regional application of CCS that is the logical precursor to BECCS (Read and Lermit,
2005).
To explore how the costs associated with CCS might be influenced by
geographical and geological constraints in a regional application, we examine the cost of
CCS implementation in the northeastern and midwestern United States. We apply an
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emissions source-geological sink matching model (e.g., Dahowski et al., 2005) to the use
of CCS technologies using literature values of capture, transport, and storage costs
coupled with data characterizing the generation of electricity and geological storage
reservoirs within the region. In this exercise, we assume that CO2 emissions would be
captured and compressed at the locations of existing power plants, then transported to and
injected into nearby geological formations. The cost per ton of CO2 stored is determined
by:
1) the cost of capture for a given plant type;
2) the cost of transport to the nearest suitable geological storage site; and
3) the cost of storage at that site determined by the type of the geological reservoir.
The inputs to our model are literature values of costs for CCS components (Rubin et al.,
2015), CO2 emissions data detailing the locations of and emissions from electricity
generating power plants (Battelle, 2018), and geological storage data that define CO2
storage resources in depleted oil and gas fields and onshore and offshore saline reservoirs
(2015, Battelle, 2019). We match emissions sources to sinks to calculate the total cost of
CCS in the northeastern and midwestern United States, the output of our model. In doing
so, we capture the increases in cost as more efficient resources are utilized, as well as
spatial variations in cost across the region. Additionally, since the cost of CCS
components are uncertain, we apply a Monte Carlo simulation to assess the likely ranges
of total cost and how likely the variety of storage resources are to be utilized. Within this
framework of a source-sink matching model executed as a Monte Carlo simulation, we
approach the problem from three perspectives. First, we apply the model to the data using
the defined storage capacities (2015, Battelle, 2019) as the only limitation on CO2 storage
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location. Next, we apply the model while filtering the suitable storage locations using a
minimum distance between injection sites and a cap on injection rates at individual
injection sites; our objective is to assess cost with storage resources limited by the
potential effects of local and far-field increases in formation pressures related to largescale injections of CO2 emissions across the region (Anderson and Jahediesfanjani, 2019,
Birkholzer and Zhou, 2009, Szulczewski et al., 2012, Jahediesfanjani et al., 2017, Zhou et
al., 2010).Finally, we apply the model to test how much it would cost to store emissions
exclusively in offshore saline reservoirs.
The northeastern and midwestern United States provides an idealized case study for this
exercise due to:
1) the mixture of emissions sources (coal and natural gas) distributed across the
region;
2) well-characterized geological reservoirs capable of storing a large volume of CO2
emissions (2015, Miller et al., 2017, Miller et al., 2018a, Wickstrom et al., 2005); and
3) the heterogeneity of the reservoir types across the region, i.e., it contains both
depleted oil and gas fields and onshore/offshore saline reservoirs.
3.2 DATA AND METHODS
3.2.1 Data
3.2.1.1 Point source emissions
The northeast and midwestern United States contains 1,308 emissions sources,
both industrial and electricity generating, that produce 604 Mt of per-annum CO2
emissions (2015). An emissions dataset for plants generating electricity in the northeast
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and midwestern United States contained point locations for each power plant in the
region, in addition to the name of the plant, the fuel source, and the per-annum emissions
. In all, the dataset identifies 343 electricity-generating plants that account for 409 Mt of
CO2 emissions per-annum. We utilized the 138 largest point sources of CO2 emissions
from electricity generating power plants that account for nearly 390 Mt of CO2 emissions
in our analysis (Figure 3.15). Of these plants, 82 are coal fired and 56 burn natural gas.
2.2.1.2 Geological storage resources.
The northeast/midwest region of the United States and the mid-Atlantic offshore
has the geological storage capacity to sequester over 500 Gt of supercritical CO2
emissions in onshore saline formations (Wickstrom et al., 2005, 2015), between 150 and
1100 Gt (10th and 90th percentile, respectively) in offshore saline formations (Battelle,
2019), and 2.5 Gt in depleted, developed oil and gas fields (Wickstrom et al., 2005,
2015). West of the Appalachian Mountains, the St. Peter, Medina, Mount Simon, and
Rose Run Formations are a few of the porous and permeable formations buried deeply
enough for the storage of supercritical CO2 (Wickstrom et al., 2005, 2015). These
formations, in addition to the Devonian Shales of Michigan, Ohio, Pennsylvania, and
West Virginia, were identified as principal targets for geological storage by the Midwest
Regional Carbon Sequestration Partnership (MRCSP) (Wickstrom et al., 2005). They
form three clusters of storage space west of the Appalachian Mountains that correlate
with the depocenters of the Michigan, Illinois, and Appalachian Basins that are separated
by structural features - the Kankakee, Findlay, and Cincinnati Arches (Wickstrom et al.,
2005). East of the Appalachians, the sand-prone Waste Gate and Potomac Formations of
the Salisbury Embayment are porous and buried to a sufficient sedimentary depth, near
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the modern shoreline in Maryland, Delaware, and New Jersey (Miller et al., 2017).
Offshore, the Mid-Atlantic U.S. Offshore Carbon Storage Resource Assessment Project
(MAOCSRAP) has identified the primary targets to be the offshore equivalents of the
Potomac and the Waste Gate Formations (Miller et al., 2018a, Battelle, 2019, Schmelz et
al., 2020b) deposited in the Baltimore Canyon Trough – commonly known as the Logan
Canyon and Mississauga Formation equivalents of the Scotian Shelf (Libby-French,
1984), respectively. Combining these targets (Figure 3.16), the region contains a large
amount of geological storage space (enough to accommodate over 100 years of the 782
Mt of the per annum CO2 emissions (Wickstrom et al., 2005) generated from stationary
sources within the region).
We combined these data to obtain a complete representation of CO2 storage
volume of onshore and offshore, and saline or hydrocarbon bearing geological formations
in the northeastern and midwestern United States. For the majority of the study area, we
used spatial data compiled by the MRCSP for the fifth edition of the U.S. Department of
Energy’s National Energy Technology Laboratory (NETL) Carbon Storage Atlas (2015).
These data provide the spatial distributions of potential onshore storage volumes across
the MRCSP associated states, excluding New Jersey, in both saline reservoirs and in
depleted oil and gas reservoirs, but not offshore. The geology for offshore saline storage
resources was characterized (Miller et al., 2018a, Schmelz et al., 2020b) and CO2 storage
volumes were calculated as a part of the MAOCSRAP, and detailed information on the
storage volume calculations can be found in Battelle (2019).
Modeling studies have indicated that approximations of the effective space available to
store supercritical CO2 within the pore space of the geological formations may be
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additionally constrained from an applied perspective by the increases in pressure caused
by injection of the CO2 (Szulczewski et al., 2012, Anderson and Jahediesfanjani, 2019,
Jahediesfanjani et al., 2017). Ultimately, the rate of injection must be low enough for
pressure to dissipate and remain at a level below the fracture threshold of the caprock.
Modeling studies of the flow of injected CO2 and the associated pressure buildup for the
Mt. Simon formation within the Illinois basin have indicated that injection of 5 Mt of
CO2 per year using wells spaced 30 km apart over 50 years would not generate pressure
increases exceeding 25% of the pre-injection pressure, which amounts to a fraction of the
65% increase permitted by regional regulations (Birkholzer and Zhou, 2009, Zhou et al.,
2010). Management of pressure buildup associated with large-scale injections of CO2
across a basin, or across many basins within a region, might be necessary and would
comprise an additional cost (Harto and Veil, 2011, Davidson et al., 2014). The relatively
higher porosity and permeability of the offshore formations (Schrag, 2009) and relatively
older and more brittle nature of the rocks inland of the coastal plain (Zoback and
Gorelick, 2012) make pressure management a lesser concern for offshore storage. A
reservoir model simulating injection into the offshore Logan Canyon formation shows
injection rates of up to 6 Mt per year generate no pressure management issues (Brown et
al., 2011).
3.2.2 Cost of CCS components
3.2.2.1 Cost of capture
Application of CCS on a regional scale would likely incorporate a variety of
technologies that optimize costs of retrofitting that are specific to individual plants. The
cost of capture (Table 3.4) is obtained from Rubin et al. (2015) converted to 2018$ using
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(U.S. Bureau of Labor Statistics, 2019). Capture costs are subdivided by power plant
type, coal or natural gas. For coal-fired plants, Rubin et al. (2015) aggregated data from
multiple sources (EPRI, 2013, ZEP (Zero Emissions Platform), 2011a, USDOE, 2011b,
USDOE, 2011a, Léandri et al., 2011, IEAGHG, 2014, GCCSI, 2011) and reported a
representative value of $47 per ton of captured CO2, whereas Rubin et al. (2015)
estimated plants $76 per ton CO2 captured from natural-gas-fired plants (Rubin et al.,
2015, EPRI, 2013, USDOE, 2013, USDOE, 2011c, IEAGHG, 2012, Rubin and Zhai,
2012). We represent the cost of capture as a distribution based on the low, high, and
representative values (Table 3.4) reported by Rubin et al. (2015) (SMFigure 3.26). We
did not incorporate the cost of pre-combustion capture herein, but Rubin et al. (2015)
documented a $16 per ton increase in the representative cost of coal-fired capture using
pre-combustion methods. The cost of capture was calculated for each electricity
generating power plant in each iteration of a Monte Carlo analysis by multiplying the perannum emissions of that plant by 30 years and by the fuel-source dependent per-ton cost
of post-combustion CO2 capture sampled from the distribution of likely costs we
generated (SMFigure 3.26).
2.2.2.2 Cost of transport
Pipeline transport of compressed CO2 would be necessary for a large-scale
application of CCS (de Coninck and Benson, 2014), and we model the cost of transport
herein assuming pipelines would be used. The cost of CO2 transport via pipeline is highly
variable, and depends on the pipeline length, diameter, terrain, and route (Rubin et al.,
2015, de Coninck and Benson, 2014). Rubin et al. (2015) reported the cost for offshore
and onshore transport at capacities of 3, 10, and 30 MtCO2 per year, aggregating data
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from a few sources (Grant and Morgan, 2018, Metz et al., 2005, ZEP (Zero Emissions
Platform), 2011c). We convert these costs to 2018$. The costs range from $1.3 per ton
CO2 per 250 km for onshore transport at a capacity of about 30 MtCO2 per year to $15.3
per ton CO2 per 250 km for offshore transport at a rate of 3 MtCO2 per year (Table 2;
Metz et al., 2005, Rubin et al., 2015, ZEP (Zero Emissions Platform), 2011c). We create
distributions for the cost of transport at each of the three pipeline capacities reported by
Rubin et al. (2015). These distributions are sampled in each iteration of the Monte Carlo
analysis within our model to determine the per ton CO2 per km cost of transport. Notably,
our simplified application does not account for the significant economies of scale that
come with planned pipeline networks organized to facilitate the efficient transport from
clusters of emissions
To determine the cost of transport via pipeline, the nearest suitable geological
storage site needed to be identified for each power plant. For the saline reservoirs, the
nearest suitable onshore and offshore reservoir for each plant was found by generating a
3-dimensional shape that 30 years of CO2 emissions would form, then calculating the
spatial locations with sufficient geological storage to contain those dimensions of
sequestered CO2. The search was implemented programmatically, for each plant, by
convolving the 3-dimensional shape that 30 years of CO2 emissions would form with the
onshore and offshore grids of saline geological storage (Figure 3.17a-b). The resulting
values were then divided by the maximum value of autocorrelation of the 3-dimensional
shape representing 30 years of CO2 emissions (or the maximum value of convolution of
that shape with itself). Resulting values greater than or equal to one represented space
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where the 3-dimensional shape of 30 years of CO2 emissions could be accommodated by
the grids of saline geological storage (represented by black isoline in Figure 3.17c).
Having determined the spatial extent of where a given plant’s 30 year emissions
could be stored, we then searched for the onshore and offshore locations nearest to the
plant location itself (Figure 3.17c). These distances represented the distances of transport
to the nearest suitable saline reservoirs. Cost to transport CO2 to this location was
determined by multiplying the per-annum emissions by the appropriate cost of transport
per-ton CO2 per-unit length of pipeline for that iteration of the Monte Carlo analysis
(Table 3.2; Metz et al., 2005, Rubin et al., 2015, ZEP (Zero Emissions Platform), 2011c).
The storage capacity of the depleted oil and gas fields were stored as volumes
located at a point representing the center of the field. Therefore, the nearest field with a
CO2 storage volume sufficient to store the 30-year CO2 emissions for a given plant was
found. The distance between the location of the power plant and the nearest suitable
depleted oil and gas field was then multiplied by cost of transport per-ton CO2 per-unit
length that was determined with a procedure identical to the one applied to find cost of
transport per-ton CO2 per-unit length for the saline reservoirs. For each plant, only one of
the three calculated transport cost values (cost of transport to the most economical
onshore saline reservoir, to the nearest offshore saline reservoir, or to the nearest depleted
oil and gas field) is used. This is a function of both the transport cost and the storage cost
for each plant.
3.2.2.3 Cost of storage
The cost of storage (Table 3.4) is obtained by converting the values reported in
Rubin et al. (2015), aggregated from many sources (Metz et al., 2005, ZEP (Zero
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Emissions Platform), 2011b, Grant and Morgan, 2017, GCCSI, 2011), and converted to
2018$. These cost estimates are generalizations made for particular reservoir types, such
as saline formations, depleted oil and gas reservoirs, and their location onshore or
offshore that are admittedly heterogenetic with respect to core characteristics like
porosity and permeability. However, because we are interested in assessing the regional
deployment of CCS, we assume that much of the mulit-kilometer scale spatial
heterogeneity will be averaged out over the many injection sites that would be required
for a large-scale regional application, and that the broader values defining costs based on
general geology can be reliably used.
Generally, onshore storage is less expensive than offshore storage, and storage in
depleted oil and gas fields is less expensive than storage in saline reservoirs (SMFigure
3.26). The representative cost of storage ranges from $5 per ton CO2 in depleted oil and
gas fields located onshore, to $18 per ton CO2 in an offshore saline reservoir. Onshore
saline reservoirs store CO2 at a cost of $6 per ton CO2. Our study area did not contain
depleted oil and gas fields offshore. We represent the cost of storage as a distribution
based on the low, high, and representative values for onshore saline formations, offshore
saline formations, and depleted oil and gas reservoirs reported by Rubin et al. (2015)
(SMFigure 3.26). In addition to the three storage options (Table 3.4), we allowed
storage capacity to be expanded two-fold at the cost of producing brine from the onshore
saline formations. The cost of brine production was defined as a distribution of values
peaking between the $2-$31 per ton of CO2 cited by Davidson et al. (2014) (SMFigure
3.26), which falls within the end member values calculated by Harto and Veil (2011).
The cost of storage was calculated in each iteration of a Monte Carlo analysis by
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multiplying the per-annum emissions for individual point source locations by 30 years
and by the reservoir-type dependent per-ton cost of CO2 storage sampled from the
distribution of likely costs we generated (SMFigure 3.26). If brine was produced, the
per-ton cost of cost of brine sampled from the distribution of brine production costs we
generated (SMFigure 3.26) was multiplied by the per-annum emissions for individual
point source locations and by 30 years, then added to the cost of storage. We consider the
brine production to be a part of the storage component of CCS herein.
3.2.3 Total cost calculations
3.2.3.1 Total cost with no constraints on storage location
Finding the most economical storage location for a given plant first required
calculating the optimal total cost of CCS (capture, transport, and storage) for each plant’s
30-year emissions, i.e., allowing overlap of storage. The plant with emissions that could
be stored most economically was allocated the storage space it used to do so. This space
was removed from the available reservoirs, and the optimal cost of storage for each of the
remaining plant’s 30-year emissions was calculated, and the remaining plant with the
least expensive CO2 storage was allocated the requisite storage space. This was repeated
until the emissions from each plant were accounted for. We allowed the production of
brine to double the volumetric capacity of onshore saline reservoirs in this model run.
3.2.3.2 Total cost with 50 km spacing of injection locations and a 5 Mt/y cap on
injection rate
Regional scale CCS will undoubtedly require many wells to inject CO2 emissions
into the subsurface reservoirs the region. If fluid is not also simultaneously removed from
these reservoir rocks (e.g., for EOR), pressure will build not only locally near the
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injection sites, but also in areas away from the site itself (Birkholzer and Zhou, 2009,
Birkholzer et al., 2009). If enough pressure is created, from local injection or through the
creation of an overpressurized region from many injection sites, there is a risk of losing
the structural integrity of the trapping mechanism and fracturing rock or activating faults
(Oruganti and Bryant, 2009). Thus, injection into saline reservoirs may require a cost to
remove brine from the subsurface (Davidson et al., 2014). The pressure buildup can
affect areas away from the injection site, an area much larger than the plume of CO2 due
to displacement of fluid within the subsurface (Birkholzer and Zhou, 2009, Birkholzer et
al., 2009). To account for the management of formation pressures due to far field effects
from injection sites elsewhere in the region and locally at the injection site itself, we ran
the analysis requiring (a conservative) distance of at least 50 km between injection sites
while capping the injection rate at 5 Mt/y. The cap on injection of 5 Mt/y with 50 km
well spacing (sustained over 30 years) in our study approximate the 5 Mt/y and 30 km
well spacing modeled by Birkholzer and Zhou (2009) for the Mount Simon Formation in
the Illinois Basin (Figure 3.16). We allowed brine production to double the volumetric
capacity of and the injection rate allowed within onshore saline reservoirs in this model
run.
3.2.3.3 Total cost of offshore storage
Finally, we assessed the cost of storage if sequestration was limited to offshore
saline reservoirs. This was accomplished by repeating the original methodology using
only the offshore saline reservoirs for storage.
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3.3 RESULTS
3.3.1 Cost of regionally applied capture, transport and storage of CO2 with no
constraints
Emissions that originate from coal-fired power plants and are stored in depleted
oil and gas fields are likely to comprise the lowest cost per ton of sequestered CO2
emissions (Table 3.4, Table 3.6, and SMFigure 3.26). In application, the lowest likely
per-ton cost of CO2 emissions is approximately $50/ton and, consequently, these
emissions are likely to be coal generated and stored in nearby depleted oil fields (Figure
3.18). About 60% of the first 2.9 Gt stored are likely to be stored in depleted oil and gas
fields (Figure 3.18). The source of these low cost storage options coal-fired power plants
in close proximity to depleted oil and gas fields are primarily located in West Virginia,
Ohio, western Pennsylvania, and western New York (Figure 3.19 and Figure 3.20).
Coal generated emissions that are stored in saline reservoirs comprise a little less
than 50% of the first 5.8 Gt CO2 emissions stored, with an average cost less than $55/ton.
From 5.8 to 8.7 Gt CO2 emissions stored regionally, the percentage of storage in saline
reservoirs increases to 80%, at an average cost of $58 per ton. The overwhelming
majority of these emissions would be from coal generated sources in Kentucky, Indiana,
Michigan, Ohio, and Pennsylvania (Figure 3.20).While it is possible that some emissions
would be stored offshore based on cost within the first 8.7 Gt, it is likely to be a very
small percentage of the total emissions stored. There is a significant increase in cost
associated with the capture of CO2 emissions from plants that generate electricity from
natural gas (Table 3.4 and SMFigure 3.26). CO2 emissions from natural gas generated
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electricity would comprise the majority of the emissions stored after 8.7 Gt is stored
regionally at an average cost of $87/ton.
Under these assumptions, offshore storage or brine production is not likely to be
adopted due to economic considerations because the onshore storage can accommodate
all CO2 emissions in the US northeast and midwest at a lower cost. If the cost of either
brine production or offshore storage is actually at the low end of the reported range
(Table 3.4 and SMFigure 3.26), it is likely that these resources would account for ~10%
of the total storage in this region (Figure 3.18).
3.3.2 Cost assuming constraints induced by formation pressure concerns for largescale application of CCS
When we incorporate a condition into our model that prevents any two injection
sites from being placed within 50 km and cap the injection rate at any one injection site at
5 Mt/y, the optimal allocation of storage resources changes (Figure 3.18 and Figure
3.21). The lowest cost storage space is still likley to be comprised of depleted oil and gas
fields (Figure 3.21, Table 3.4 and SMFigure 3.26). This resource is likely to store ~30%
of the first 2.9 Gt of CO2 emissions at an average cost of $54/ton (Figure 3.21). Most
(~90%) of the 2.9th to 5.8th Gt of CO2 emissions would be stored in onshore saline
reservoirs, at an average cost of $58/ton (Figure 3.21). Offshore storage would likely be
adopted within the 3rd to 5th Gt of emissions stored, where it is likely to account for a
small percentage of the total storage. After 5.8 Gt of emissions are stored, offshore
storage would likely account for ~30% of the total emmissions stored and brine
production could be required to store ~25% of these emissions. The storage component of
total cost is likely to be greater for the pairs that store offshore than it is for those that
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store onshore (Table 3.6, and SMFigure 3.26), although the transport cost is likely lower
for these source-sink pairs than for the pairs stored onshore.
Coal-fired emissions from Maryland, Pennsylvania, and New Jersey would
potentially be the first emissions stored offshore. The production of brine is also
employed as more CO2 emissions are stored with this set of constraints. The opportunity
to increase injection rates in a particular locality (Davidson et al., 2014) might make brine
production a useful component of any large-scale CCS or BECCS implementation,
particularly if formation pressure build-up is a critical issue at the injection rates required
for Gt-scale storage of CO2 emissions across the region and if the cost of disposal is low.
At a cost of disposal less than $9 per ton of CO2, our model suggests that brine
production would be likely to facilitate storage of >20% of the total volume of CO2
stored in the region if all emissions were to be sequestered. At the representative per ton
costs for offshore storage ($18) and brine production ($15), these storage options would
account for 17% and 10% of total storage, respectively.
The lowest total cost for natural-gas generated emissions is likely to be ~$70/ton
(Figure 3.21), and most of the lower cost pairs are midwestern plants in Michigan, Ohio,
and West Virginia that would store emissions in depleted oil and gas fields (Figure 3.22
and Figure 3.23). Natural gas fired plants in New Jersey, Delaware, and Maryland are
likely to store within saline formations in Maryland (Figure 3.22). Most of the emissions
from natural-gas-fired plants in eastern Pennsylvania are likely to be stored in saline
reservoirs in Pennsylvania and Maryland (Figure 3.22). Natural-gas emissions from a
cluster of power plants in northern New Jersey and Long Island are the most likely to be
stored offshore at a cost that is likely to be a little over $90/ton (Figure 3.21, Figure
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3.22, and Figure 3.23). And natural-gas emissions from New York state would probably
be stored in western New York or Pennsylvania (Figure 3.22).
3.3.3 Cost assuming only offshore storage
We show the cost of implementing CCS exculsively using offshore storage
resources for all power plants east of -80.0° longitude (Figure 3.24 and Figure 3.25).
The emissions source type and distance to the storage reservoir are only two variables
that determine cost within this model. Therefore, the closest coal-fired plants - located in
Maryland, Delaware, and New Jersey (Figure 3.25) - generate the lowest cost CO2
emissions for sequestration offshore. This would likely cost a little over ~$60/ton (Figure
3.24 and Figure 3.25). The natural gas generated emissions would be likely to be stored
offshore for a total cost of $95-$100/ton. In all, the cost for offshore storage would range
from $65 to $105/ton to store the 4+ Gt of CO2 that would be emitted from this subset of
the power plants we considered.
3.4 DISCUSSION
3.4.1 Offshore storage
Storing CO2 emissions exclusively offshore would represent a penalty in terms of
cost. Therefore, unless there is a political, social, or other “hidden” cost associated with
onshore storage, offshore storage is only necessary if the closest onshore reservoirs are
already occupied or otherwise unsuitable. As we note, a conservative approach
acknowledges that the generation of formation pressure from large-scale injection of CO2
into the subsurface onshore might require management of formation pressures by
producing brine (Harto and Veil, 2011, Anderson and Jahediesfanjani, 2019), potentially
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at a cost of $2-$31 per ton of CO2 (Davidson et al., 2014, Harto and Veil, 2011). Our
results suggest that total cost of emissions stored offshore is likely to be less than $15
more expensive than it would be onshore (Figure 3.18 and Figure 3.24), making
offshore storage usually more attractive than production of brine. In our model run that
includes no constraints on storage based on proximity to other sites or injection rate,
brine was produced at lower costs, accounting for as much as 20% of the total storage at
$2/ton, but no brine is likely to be produced at a cost greater than ~$7 per ton of CO2
stored (Figure 3.18). If the proximity of adjacent injection sites was constrained by a
minimum distance of 50 km and injection rate at individual sites was limited to 5 Mt/y,
brine production and offshore storage would likely play a larger role in storage,
particularly after the first 3 Gt of CO2 emissions are stored (Figure 3.21). From 5.8 Gt to
11.7 Gt of CO2 emissions stored (30 year total), offshore storage would likely account for
over 30% of the emissions stored, and if the cost for offshore storage is low (e.g., $8/ton),
offshore storage would likely account for up to 35% of all storage in the region (Figure
3.21). Combined with brine production, these two storage strategies are likely to account
for over 50% of the total storage after the first 5.8 Gt of CO2 are sequestered. So, if
formation pressure is a concern, formation pressure management via brine production and
offshore storage resources are likely needed to maximize volumes of CO2 sequestered via
CCS in the northeastern and midwestern United States.
We speculate that in addition to profit and geological-risk based motivations for
offshore storage, there are implementation concerns, including opposition to pipelines
and drilling, that may preclude storage in onshore sites in locations where oil and gas
extraction has not taken place (e.g., New Jersey and Delaware) (e.g., Brunetti, 2019).
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Even in locations with populations amenable to industrial drilling and production,
induced seismicity from subsurface wastewater disposal associated with fracking wells
has generated a local and national awareness of these hazards (Wines, 2016a, Wines,
2016b) and similar concerns may be raised about subsurface storage of supercritical
CO2. High-profile opposition to the construction of new pipelines has halted construction
in areas that have been typically supportive of industry activity (Obama, 2015). We
suggest that offshore storage may not face the same level of political opposition because
it moves CCS infrastructure, and some of the associated perceived risks (Singleton et al.,
2009), a distance away from onshore populations. Difficulties constructing a new largescale pipeline infrastructure (including likely opposition to offshore pipelines) would be a
significant hurdle for large-scale application of CCS (Dooley et al., 2009), but possibly a
lesser hurdle for operators in coastal communities as offshore transport would be less
visible and would not impact the local population.
3.4.2 Policy considerations and economic incentives associated with EOR.
EOR and the Section 45Q tax credits make CCS an economically viable
technology today. Enacted in 2018 by the 115th United States Congress, the Section 45Q
tax credits allot $50 per ton CO2 in tax credits for the permanent sequestration of CO2 in
saline geological formations, as well as $35 per ton CO2 for EOR applications of CCS
(Folger, 2017). An incentive system, like 45Q, is needed to encourage adoption of CCS.
Commercial scale adoption of the technology is necessary to facilitate the reduction of
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the cost of CCS over time through learning-by-doing, which could ultimately improve the
likelihood of large-scale adoption and a significant reduction of CO2 in the atmosphere.
Our results indicate that total cost of CCS exceed the $50 per ton credit prescribed
for CCS without an industrial utilization (i.e., EOR). However, 8 Gt of coal-fired CO2
emissions can be stored for less than $60 per ton, using our representative value estimate
(these 8 Gt of CO2 emissions can be stored economically using the low-end estimate). To
store all CO2 emissions less than $60 using the representative values, a 15% reduction in
total cost would be necessary. Relative to the other components of CCS, the technology
associated with capture is not mature and costs will likely be reduced over time (Figueroa
et al., 2008); modelling suggests that the first-of-a-kind to nth-of-a-kind costs can be
reduced from $100 to $150/ton of CO2 (2005 to 2006 costs) to $30 to $50/ton (Al Juaied
and Whitmore, 2009) as research drives technological improvements. Since capture is the
component that is most likely to see a cost reduction (Figueroa et al., 2008), this 15%
reduction in total cost could be actualized by a 20% reduction in the cost for capture of
coal-fired emissions.
Promoting and realizing the reduction in the cost of CO2 capture below a
threshold required for large-scale adoption of CCS without EOR would be a major
environmental milestone. Large-scale carbon storage may be additionally justified when
coupled with BECCS technology. Similarly, demonstrating the feasibility of CCS could
ultimately facilitate a pathway to BECCS. Based on our results, the difference between
representative total costs of CCS in the northeastern and midwestern United States and
the threshold for profit motivated adoption is relatively small with the Section 45Q
credits. With some technological improvement, adoption of CCS on a meaningful scale is
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possible in this region. With EOR and 45Q, CCS is viable, and has been undertaken on
commercial scales at the Petra Nova-WA Parish Generating Station in Texas and the
Boundary Dam plant in Canada. CO2 captured at both of these locations is transported to
nearby oil fields and sold to enhance recovery (Folger, 2017). Governments can and
should support these initiatives as sound environmental policy, like the U.S. and
Canadian federal governments did for Petra Nova and Boundary Dam, providing $190
million and C$240 million for those projects, respectively (Folger, 2017). Grant funding
supporting the construction of commercial scale CCS projects, like the $190 million DOE
supplied for the Petra Nova plant, incentivize first-of-a-kind construction that allows for
learning, feasibility testing, and risk reduction for future commercial implementations.
Considering the substantial capital investment require to construct new power
plants, or even to retrofit them with CCS technology, this risk reduction is particularly
important. The hazards can be posed in a variety of forms, including but not exclusive to
technical, economic, and/or political issues. Since there are very few commercial-scale
CCS projects to prove feasibility, the risk associated with new projects is relatively high,
and particularly so considering the recent and costly high profile abandonment of carbon
capture at the Kemper County energy facility in 2017 (Fountain, 2017). The risk
reduction that coincides with CCS successes makes the technology more appealing for
commercial adoption, and further facilitates financing for these large-scale projects.
Considering the risk and long-term planning and capital commitment associated with
constructing or renovating electricity generating infrastructure to serve CCS, the initiative
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to incentivize early CCS applications should also be coupled with a long-term
commitment to the section 45Q credits.
3.5 CONCLUSION
Using literature values for contemporary costs of CCS components and
geographical and geological data characterizing energy infrastructure and CO2 storage
capacity, we model the costs of carbon capture and storage (CCS) for a regional case
study of CCS application within the northeastern and midwestern United States. The least
expensive CO2 emissions stored in the region are approximately $52 per ton, sourced
from coal-fired plants and stored onshore in depleted oil and gas fields. It is likely that
more than 8 Gt of CO2 emissions can be stored for less than $60 per ton, relying heavily
on onshore saline reservoirs. Emissions from natural-gas-fired plants are more expensive
to capture per ton of CO2, making the lowest total costs to store natural-gas-fired
emissions over $80 per ton. Offshore storage is also more expensive, the lowest total
costs of CCS with storage in offshore saline reservoirs are likely to be over $60 per ton.
However, formation characteristics of offshore storage resources may reduce formation
pressure buildup (Schrag, 2009) and the associated geological risk (Zoback and Gorelick,
2012, Anderson and Jahediesfanjani, 2019, Birkholzer et al., 2009). We propose there
would be lower potential for interference from populations than industry activity receives
in communities that lack an oil and gas culture and history, and strongly oppose industry
activity (Brunetti, 2019). If the geological risk associated with formation pressure buildup
caused by large-scale application of CCS across the region limits storage capacities from
an applied perspective, offshore storage and/or brine production would likely be required
to store the entire region’s emissions.
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To conclude, we view: 1) a reduction in capture costs as a potential primer for the
large-scale adoption of CCS independent of EOR and a pathway towards the negative
emissions and low-impact climate scenarios associated with the adoption of BECCS; and
2) federal government and state incentives and grants directed towards encouraging
private commercial scale implementation of CCS, even if they do incorporate EOR, as
sound environmental policy aimed at long-term mitigation of atmospheric CO2
concentrations.
3.6 SUPPLEMENTARY MATERIAL
3.6.1 Overview
The total cost of CCS for the northeastern and midwestern United States was
assessed using a source-sink matching model. Total costs were assessed for each plant by
sequentially storing the emissions of the least expensive source-sink pair until the
emissions from all plants were stored. Because the cost of CCS and its components is
uncertain (Rubin et al., 2015), we used a Monte Carlo routine that sampled the range of
possible component costs to assess the most likely costs of CCS applied within the
northeastern and midwestern United States, as well as how the variation in cost would
determine which geological storage resources were utilized and where.
3.6.2 Detailed methods - data processing and model execution
3.6.2.1 Data processing
Emissions. The emissions data for plants generating electricity in the northeast and
midwestern United States, obtained from Battelle , was an ESRI vector format shapefile
that contained point locations for each of the coal- and natural-gas-fired power plants in
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the US northeast. Object attributes for these shapefile data points included the name of
the plant, the fuel source, and the per-annum emissions. The emissions volume, fuel
source type, and the spatial location for each plant was extracted from the ESRI shapefile
for use in the analysis.
Geological storage. The NETL data (2015) for onshore saline reservoirs and depleted oil
and gas fields were available in separate data files formatted slightly differently. The
onshore saline reservoir data were provided within an ESRI vector format shapefile, with
10 km x 10 km polygons covering the entirety of the MRCSP region, excluding New
Jersey. Each of the 100 km2 polygons contained object attributes defining the storage
volume within the polygon area and the geological formation name facilitating the
storage volume available for sequestration. The storage volumes were extracted from the
shapefiles, assigned to the location of the centroid of each polygon, and were normalized
to represent the m-2 value within each 100 km2 polygon. These normalized storage values
for each polygon centroid were stored in a text file. Additionally, we make the
assumption that producing brine, at a cost, would double the storage capacity of and the
maximum allowed injection rate into these onshore saline reservoirs.
The data for depleted oil and gas fields was also provided in ESRI shapefile
format. However, the polygons within this shapefile delineated the extent of each field,
instead of 10 km x10 km cells. The polygons delineating each field contained object
attributes defining the volume of CO2 storage and the name of the formation. In this case,
we used the centroid of each polygon to define the location of the volume available
within that field, because it was not possible to define a more detailed spatial distribution
of storage resources within an individual field given the organization of the data.
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Therefore, the fields were represented as discrete locations with a finite amount of
storage capacity. Because it was not possible to easily determine the spatial distribution
of storage resources within a given field in the dataset, we did not allow any particular
field (represented as a spot location in our dataset) to be used to store emissions from
more than one power plant in our analysis. This generates the most conservative estimate
of cost, as it does not allow the nature of the dataset to aggregate storage resources from a
large spatial area into a single location in the dataset.
The amount of saline storage available offshore was calculated as a part of the
MAOCSRAP (Battelle, 2019). These data were provided as contour lines of carbon
storage per m2. These data were re-interpolated linearly to make an evenly spaced grid of
offshore saline CO2 storage with a spatial resolution of 100 km2.
Cost of capture, transport, and storage. We used literature values for the costs
associated with capture, transport, and storage that were originally compiled by Rubin et
al. (2015). These data for the cost of capture (Table 3.4), the cost of transport per-ton
CO2 per-unit length (Table 3.5), and the cost of storage (Table 3.6) were provided as
high, low, and representative values. From these high, low, and representative values we
created distributions of cost for each of the CCS components (SMFigure 3.26). We
created the distribution to be a skewed normal distribution that is centered around the
representative value and contains 100% of the points between the high and low estimates
(SMFigure 3.26). These cost distributions were sampled from in a Monte Carlo analysis.
2.6.2.2 Model execution
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Generally, our objective was to determine the cost of storing all CO2 emissions
from the northeast and midwestern United States over a 30-year period. This required, for
each emissions point source, us to calculate/determine:
1) the cost to capture 30 years of post-combustion CO2 emissions,
2) the distance and cost of transport to the nearest location with suitable storage
space for the sequestration of 30 years of emissions, and
3) the cost of geological storage for 30 years of CO2 emissions.
Each of these primary steps also contained sub-steps based on attributes of the power
plant or geological formation. For example, the cost of storage is determined,
simplistically, by:
a) the amount of CO2 emitted per-annum;
b) whether or not the geological storage formation is located onshore or offshore;
and
c) whether the reservoir is a saline formation or a depleted industry field.
The estimates of costs also needed to allocate CO2 storage space for individual emissions
sources, i.e., the optimal storage space for emissions for two plants might overlap and
geological storage space is finite. Therefore, we allocated the available geological storage
sequentially by cost, allowing the least expensive CO2 emissions-source/geological-sink
pair the right to a given geological storage space. To do so, we determined the cost of all
source-sink pairs and removed the least expensive emissions source plus its coupled
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geological storage space from the pool of data, then repeated the process until all
emissions were stored.
Specifically, the modelling methodology consisted of the following steps:
1) First, we establish the cost of capture of capture, the cost of transport per-ton CO2
per-unit length, the cost of storage, and the cost of brine production from the ranges
of values provided by Rubin et al. (2015).
a)

The cost of capture is determined for both natural-gas- and coal-fired

electricity generating power plants, and is provided in units of $/ton of captured
CO2. These costs are sampled randomly from the distributions created from the
values in (Table 3.4 and SMFigure 3.26).
b)

The cost of transport is dependent on the location of the transport, onshore

or offshore, and the amount of CO2 being transported. Therefore, we created a
linear transformation to generalize the cost that accounts for variation in the
amount of CO2 being transported. The tie points of the transform are the cost of
transport per ton CO2 per 250 km at 3Mt, 10 Mt, and 30 Mt of CO2 transported,
and the cost at those amounts is sampled randomly from the distributions created
from the values in (Table 3.5).
c)

The cost of storage is determined for onshore saline formations, onshore

depleted industry fields, and offshore saline formations. These costs are sampled

103

randomly from the distributions created from the values in (Table 3.6 and
SMFigure 3.26).
d)

The cost of brine production sampled randomly from a distribution that

contains 95% of the values between $2-$32 per ton CO2 stored.
2) Next, we evaluate the total cost of CCS for each of the power plants in our dataset
within each of the potential storage reservoir types to find the lowest cost of total
storage for that particular plant given the regional geological storage resources.
a)

To do so, first, the nearest locations that could store 30 years of the

individual plant’s CO2 emissions in each reservoir type (i.e., onshore saline
formations, onshore depleted industry fields, offshore saline formations, and
onshore saline formations with brine production) are found. The nearest location
that can store a plant’s emissions within a given reservoir type represents the
lowest cost storage option for that plant within that type of reservoir, because the
transport cost is minimized.
i) For the onshore and offshore saline reservoirs, the spatial locations with
sufficient geological storage to contain 30 years of each plant’s emissions
were calculated by: 1) convolving the 3-dimensional shape that 30 years of
CO2 emissions would form and dividing the result by the maximum value of
autocorrelation of the 3-dimensional shape representing 30 years of CO2
emissions (or the maximum value of convolution of that shape with itself);
then 2) calculating the closest spatial location to each plant with a value
greater than or equal to one, which represents space where the 3-dimensional
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shape of 30 years of CO2 emissions for an individual plant could be
accommodated.
ii) The storage capacity of the depleted oil and gas fields were stored as
volumes located at a point representing the center of the field. Using these
data the closest field with sufficient storage space was determined.
b)

Next, the total cost of CCS for each plant for each storage type is

determined by multiplying the appropriate defined capture, transport, and storage
costs by the appropriate emissions volumes and distances and summing the costs
for the capture, transport, and storage components.
i) The cost of capture is determined for each plant by multiplying the plant
type by the volume of CO2 emitted.
ii) The cost of transport to the storage locations determined to be the closest
reservoirs of each type for each plant are calculated by multiplying the perannum emissions volumes by the appropriate cost of transport per-ton CO2
per-unit length. The cost of transport is different onshore and offshore, and the
per-annum emissions volumes. The per-annum emissions volumes are used to
determine transport cost using the linear transform described in step 1b.
iii) The cost of storage is determined for each plant by multiplying the storage
reservoir type by the volume of CO2 emitted. If brine was produced, the
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volume of CO2 emitted is multiplied by the cost of producing brine and added
to the storage cost.
iv) The total cost for each plant is calculated by summing the costs for the
capture, transport, and storage components.
c)

Then, the lowest cost of total storage from the set of costs required to store

in each of the individual reservoir types is determined for each of the plants.
d)

From the set of optimized total storage costs for each of the plants, the

least expensive total storage cost is determined. This step inherently considers, for
each plant, the amount of CO2 emitted per-annum, the fuel source used to generate
electricity, the distance to the nearest locations with suitable storage space for
each reservoir type, and whether or not the most cost-efficient reservoir is located
onshore or offshore and whether the it is a saline formation or a depleted industry
field.
e)

The storage resources and plant associated with the lowest total cost of

CCS determined within step 2d are removed from the original databases.
3) Step 2 is repeated until the emissions from each plant location is assigned a
geological storage space.

The steps above were repeated 1000 times in a Monte Carlo simulation to sample
how variations in CCS component costs affect the total cost of CCS. The distribution of
total costs that come out of the Monte Carlo allow us to estimate the likely total cost of
CCS and the uncertainty of that estimate. This assessment of total cost for the regional
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application of CCS was repeated three times. The first iteration was completed with no
constraints on the methodology or data. These methods were applied a second time with
the following limitations: 1) that two injection sites could not be located with 50 km; and
2) each individual injection site was limited to an injection rate of 5 Mt of CO2 per year.
Finally, these methods were applied with only the power plants east of east of -80.0°
longitude and limiting the storage options to the offshore.
3.6.3 Sensitivity to availability of depleted oil and gas fields
In section 2.1.2, we noted that the data for the depleted oil and gas the fields were
represented as discrete locations with a finite amount of storage capacity, and that it was
not possible to identify how those storage resources were distributed in space. We made
the decision to only allow one point source of emissions to store wihtin a given field,
allowing that the field had sufficient resources. We did this to prevent the consolidation
of a large amount of storage resources from a large area to a single point allowing for
unrealistic volumetric storage at that point. This choice has little effect on the results in
the model scenario with no constraints on storage location. However, when we cap the
injection rate at 5 Mt per year and require 50 km of spacing between wells, allowing
depleted oil and gas fields to be “reused” in our model up to the injection rate cap of 5
Mt/year results in a much greater utilization of oil and gas fields and a lower total cost of
CCS (SMFigure 3.27. Replication of Figure 3.18). In terms of cost, the result is the
same as the model run with no constraints on injection rates within the error associated
with the Monte Carlo simulations. However, there is a significant difference in the
allocation of storage resources from the model run with no constraints and the model run
that does not allow oil and gas fields to be “reused” by mulitple emissions sources, as the
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more abundant storage volumes within oil and gas fields are used in place of saline
storage space that is limited by the injection rate cap. The differences between SMFigure
3.27 and Figure 3.21 can be attributed to the lower cost of storing in these oil and gas
fields (i.e., SMFigure 3.27. Replication of Figure 3.18) as an alternative to the less
expensive onshore saline reservoirs than offshore storage or brine production would be
(i.e., Figure 3.21). Therefore Figure 3.21 would represent the high end estimate, and
more work would be needed to examine the vet the oil and gas resrvoirs to determine
which scenario is more likely, or if reality incorporates a combination of both
representations. We also provide the model results for a scenario where only onshore and
offshore saline reservpoirs are made available, and injection rates are capped at 5 Mt/year
with wells spaced 50 km apart (SMFigure 3.28. Replication of Figure 3.18).
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3.8 FIGURES

Figure 3.15. Distribution large fossil fuel burning power plants, defined as plants that generate
greater than 0.4 Mt of per-annum CO2 emissions, in the northeastern and midwestern United
States.
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Figure 3.16. Distribution of geological storage for supercritical CO2 in the northeastern United
States. The colored DEM grid shows the distribution of saline storage resources, wherease the
red dots indicate locations of depleted oil and gas fields that are suitable for CO2 sequestration.
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Figure 3.17. A) Grid portraying spatial variability of saline, geological CO2 storage space in the
northeastern United States. B) Tons of CO2 that could be stored at any given location in the
United States, with an isoline drawn for locations where geological storage space is equal to the
30-year emissions of “Plant 114”, which is located in western New York. C) Image portraying
the aforementioned isoline and a plotted line connecting the plant location (green dot) with the
nearest storage location (red dot).
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Figure 3.18. A) Estimations of cost for capture, transport, and storage of all CO2 emissions
generated by coal and natural gas fired power plants into depleted oil and gas fields, or onshore
or offshore saline reservoirs. The average values are bracketed by one standard deviation for
each categroy. B) The total cost of for each source-sink pair generated within a Monte Carlo
implementation of our source-sink matching model of regionally applied CCS. The Monte Carlo
scheme samples from distributions of costs for each of the CCS components. The total cost for
each source-sink pair are plotted against the total amount of CO2 stored within each model run,
assuming the least expensive emissions are stored first. A LOESS regression of these data
represents the likely cost of CCS with respect to the total volume of CO2 stored. C) Fractions of
the volume of CO2 stored within each storage resource type, and the faction of those volumes
that originate from coal or natural gas fired plants, within four bins of volume stored. Average
total costs for each bin are listed in addition to high/low total cost values that bracket 95% of the
data. D) The fraction of total volume stored in a given geological storage resource type plotted
against the cost of storage assigned within that iteration of the Monte Carlo simulation. As
storage costs decrease for a given resource type, the likely faction of the total volume stored
within that reservoir type increase.
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Figure 3.19. The spatial distribution of CO2 emissions sources and corresponding geological
storage locations of the 138 largest electricity generating power plants in the northeastern United
States. A set of gray lines connect emissions sources with the geological storage locations that
are likely candidates to store a given plants emissions within our source-sink matching model.
The markers on the map are color coded to indicate the emissions source types and geological
storage types.
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Figure 3.20. A) Cost of capture, transport, and storage of CO2 emissions organized by state,
with with the total cost spatially assigned to the location of the CO2 emissions source. B) Cost of
capture, transport, and storage of CO2 emissions organized by state, with the total cost spatially
assigned to the location of the geological storage site.
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Figure 3.21. Replication of Figure 3.18, that shows A) estimations of cost for capture, transport,
and storage of all CO2 emissions for all emissions and storage resource types, B) the total cost of
CCS for each source-sink pair generated within a Monte Carlo implementation of our sourcesink matching model of regionally applied CCS, C) fractions of the volume of CO2 stored within
each storage resource type, and that originated from each emissions source type, within four bins
of volume stored, and D) the fraction of total volume stored in a given geological storage
resource plotted against the cost of storage within that reservoir type for our source-sink
matching model with with the added condition that each geological storage site must be spaced
50 km from adjacent sites and that the injection rate for injection sites does exceed 5 Mt/year.
Brine production doubles the maximum allowable inection rate.
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Figure 3.22. Replication of Figure 3.19 that shows the spatial distribution of CO2 emissions
sources and corresponding geological storage locations of the 138 largest electricity generating
power plants in the northeastern United States for a model run that reuqired each storage site to
be spaced 50 km from adjacent sites and that the injection rate at each site does not exceed 5
Mt/year. Brine production doubles the maximum allowable inection rate.
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Figure 3.23. Replication of Figure 3.20 that shows per-state cost of capture, transport, and
storage assigned to the locations of the emissions sources (A) and the geological storage sites
(B), for a model run that reuqired each storage site to be spaced 50 km from adjacent sites and
that the injection rate at each site does not exceed 5 Mt/year. Brine production doubles the
maximum allowable inection rate.
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Figure 3.24. Replication of Figure 3.18 that shows the total cost of CCS for each source-sink
pair generated within a Monte Carlo implementation of our source-sink matching model of
regionally applied CCS that restricted geological storage to offshore sites.
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Figure 3.25. A) Replication of Figure 3.19 that shows the spatial distribution of CO2 emissions
sources and corresponding geological storage locations for a model run that restricted geological
storage to offshore sites. B) Replication of Figure 3.20, that shows per-state cost of capture,
transport, and storage assigned to the locations of the emissions sources for a model run that
restricted geological storage to offshore sites.
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SMFigure 3.26. Distributions of cost for capture and storage components of CCS, generated to
represent the probability of a given cost for each component considering the high, low, and
representative costs reported by Rubin et al. (2015).
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SMFigure 3.27. Replication of Figure 3.18, allowing depleted oil and gas fields to be utilized by
multiple emissions sources within the modeling analysis. Like Figure 7, the image shows A)
estimations of cost for capture, transport, and storage of all CO2 emissions for all emissions and
storage resource types, B) the total cost of CCS for each source-sink pair generated within a
Monte Carlo implementation of our source-sink matching model of regionally applied CCS, C)
fractions of the volume of CO2 stored within each storage resource type, and that originated from
each emissions source type, within four bins of volume stored, and D) the fraction of total
volume stored in a given geological storage resource plotted against the cost of storage within
that reservoir type for our source-sink matching model with with the added condition that each
geological storage site must be spaced 50 km from adjacent sites and that the injection rate for
injection sites does exceed 5 Mt/year. Brine production doubles the maximum allowable inection
rate.
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SMFigure 3.28. Replication of Figure 3.18, only allowing for storage in onshore and offshore
saline reservoirs. Like Figure 7, the image shows A) estimations of cost for capture, transport,
and storage of all CO2 emissions for all emissions and storage resource types, B) the total cost of
CCS for each source-sink pair generated within a Monte Carlo implementation of our sourcesink matching model of regionally applied CCS, C) fractions of the volume of CO2 stored within
each storage resource type, and that originated from each emissions source type, within four bins
of volume stored, and D) the fraction of total volume stored in a given geological storage
resource plotted against the cost of storage within that reservoir type for our source-sink
matching model with with the added condition that each geological storage site must be spaced
50 km from adjacent sites and that the injection rate for injection sites does exceed 5 Mt/year.
Brine production doubles the maximum allowable inection rate.
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3.9 TABLES
Table 3.4. Cost of capture (2018 $ per ton CO2).
Plant type

Cost

High/Low

Coal

47

55/37

Natural gas

76

114/49
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Table 3.5. Cost of transport (2018 $ per ton CO2 per 250 km).
Location

Onshore

Offshore

Pipeline capacity

High

Low

3 Mt

7.4

4.4

10 Mt

3.8

2.3

30 Mt

2.3

1.3

3 Mt

15.3

7.4

10 Mt

4.9

3.5

30 Mt

2.5

2.0
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Table 3.6. Cost of storage (2018 $ per ton CO2).
Location

Reservoir type

Cost

High/Low

Oil and Gas

5

13/1

Saline

6

15/3

Saline

18

25/8

Onshore
Offshore
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ABSTRACT
Spatial analysis of discrepancies in sea-level estimates derived from
“backstripping” Mid-Atlantic margin cores reveals a coherent signal that can be fit with a
103-km wavelength, 45-m amplitude sinusoid that moved across the margin at a rate and
direction of motion generally opposite to that of the North American Plate. This signal
we observe suggests topographical uplift occurred over much of the Mid-Atlantic region
since 35 Ma and may be superimposed upon a longer-wavelength signal of Cenozoic
subsidence associated with the subducted Farallon plate passing beneath the Mid-Atlantic
margin. Our statistical modeling of Mid-Atlantic margin strata suggests that: 1) Cenozoic
subsidence is likely to have occurred, but is very unlikely to have exceeded 100 m in
magnitude; and 2) variations in ocean basin volume are likely to have contributed to 39 ±
24 m (1σ) of global-mean geocentric sea-level fall over the past 55 million years.
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4.1 INTRODUCTION
Through backstripping, the stratigraphy of the passive, tectonically quiescent
Mid-Atlantic margin has helped define our understanding of Cenozoic global-mean
geocentric sea-level (GMGSL; Gregory et al., 2019) variations (Miller et al., 2005, Miller
et al., 2011, Miller et al., 2020a, Kominz et al., 2008, Kominz et al., 2016b, Van Sickel et
al., 2004, Miller et al., 1998b). Backstripping is a method that progressively removes the
effects of compaction with burial of sediments, isostatic/flexural loading of the
lithosphere, and the thermal subsidence of the passive margin (Bond et al., 1989, Watts
and Steckler, 1979) to provide a record of GMGSL plus any non-thermal source of
relative sea-level (RSL) changes that are not explicitly accounted for (Bond et al., 1989,
Kominz et al., 2008). Therefore, the extent to which estimates of sea-level change
derived from these analyses (Miller et al., 2005, Kominz et al., 2008, Miller et al., 2020a)
reflect GMGSL change hinges on whether a sizeable fraction of Mid-Atlantic Cenozoic
RSL is attributable to sources of non-thermal subsidence or uplift that are not accounted
for by backstripping, such as mantle dynamic topography (MDT), glacial isostatic
adjustment, faulting, folding, or flexural loading effects that deviate from the form of
thermal subsidence through time (see Kominz et al. (2016b)).

Agreement of the backstripping residuals from many different sites across the
margin gives confidence that there is a shared GMGSL signal (Miller et al., 2005,
Kominz et al., 2008), but cannot separate that signal from regionally pervasive nonthermal vertical land motion. Mantle convection models predict Late CretaceousCenozoic topographical variations due to MDT (Flament et al., 2013, Mitrovica et al.,
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1989, Spasojevic and Gurnis, 2012, Gurnis, 1992) associated with the subducted Farallon
plate that could imprint the backstripping results with regional effects (Moucha et al.,
2008, Müller et al., 2008, Spasojević et al., 2008). However, models of MDT vary
considerably in their estimates of the magnitude and sign of Cenozoic topographical
motion for the Mid-Atlantic margin (Liu, 2015); for example, Moucha et al. (2008)
predicted Cenozoic uplift, while Müller et al. (2008) and Spasojević et al. (2008)
predicted subsidence. Additionally, sea-level estimates that account exclusively for the
fraction of GMGSL change associated with changes in ocean basin volume (e.g., Müller
et al., 2008, Wright et al., 2020) better fit the backstripping data if the margin has
undergone Cenozoic subsidence [Muller et al., 2008]. However, uncertainty for estimates
of the fraction of GMGSL change driven by changes in the ocean basin shape is
relatively large (>100 m at 66 Ma; Wright et al., 2020).

Here, we compare backstripping residuals derived from the stratigraphy of the
Mid-Atlantic margin to a new estimate of Cenozoic barystatic sea-level change (changes
in GMSL due to variations in land water and ice storage) derived from benthic
foraminiferal δ18O coupled with Mg/Ca paleotemperature estimates (Miller et al., 2020a),
and a new estimate of sea-level change driven by changes in ocean basin volume (Wright
et al., 2020). We fit these sea-level estimates and their uncertainties using a Bayesian
hierarchical model that can be decomposed to isolate components of the GMGSL and
RSL signals within the backstripping residuals in order to estimate the likely partial
contributions of: 1) MDT towards Cenozoic RSL change on the Mid-Atlantic margin;
and 2) changes in ocean-basin shape towards Cenozoic GMGSL. We then test whether
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the spatial structure of the derived MDT signal matches predictions of topographical
variations from MDT through space and time.

4.2 TERMINOLOGY

We adopt the sea-level terminology of Gregory et al. (2019), expanding on it to
account for factors that are relevant on geological timescales.

Relative sea-level (RSL) change ΔR is defined as the change in the time-mean of
sea surface height (SSH) relative to the sea floor. Thus, RSL change is the sum of the
change in the sea-surface height, Δη, and the negative change in the sea-floor height, -ΔF.

Global-mean sea-level (GMSL) change h is defined as the increase in the volume
of the ocean ΔV divided by the area of the ocean A0, which is for the purposes of this
definition treated as fixed, and is thus equal to the global mean of ΔR (Eq. 1).

h = ΔV/A0

[1]

Global-mean geocentric sea-level (GMGSL) change h’, by contrast, is measured
relative to a reference ellipsoid. As noted by Gregory et al. (2019), GMSL is unaffected
by a uniform change in the height of the sea floor, whereas GMGSL is not; thus ΔV in the
definition of GMSL is augmented by the change in the volume of the ocean basin, ΔL.
We define GMGSL to include the effects of a changing ocean area (Eq. 2).

ℎ’ =

𝛥𝑉 + 𝛥𝐿
𝐴0 + 𝛥𝛢

≈ℎ +

𝛥𝐿
𝐴0

–

𝑉
𝛥𝛢

[2]
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Thus, GMGSL can be viewed as GMSL augmented by terms reflecting change in
mean sea-floor height and decremented by terms reflecting increases in ocean area. (Note
that

𝛥𝐿
𝐴0

is equal to the average of ΔF over the ocean area; this is why GMSL is equal to

the global mean of ΔR if ΔΑ = 0.) We relate these ocean-basin volume contributors
(OBVSL; ℎ𝑂𝐵 ) to GMGSL in Eq. 3.

ℎ𝑂𝐵 = ℎ’ – ℎ

[3]

GMSL change is the sum of barystatic sea-level change (𝐵𝑆𝐿; hb) and globalmean thermosteric sea-level change (hθ). Changes in sea-surface height that differ from
GMSL change arise from ocean dynamic sea-level change (ζ) and from changes in the
geoid (G’) driven by the gravitational and rotational effects of mass redistribution in the
oceans, cryosphere, and lithosphere (Eq. 4).

Δη = h’ + ΔG’ + Δζ

[4]

Changes in the sea-floor height are driven by factors including compaction with
burial of sediments (ΔF𝐶 ), isostatic/flexural loading of the lithosphere (ΔF𝐹𝐿𝐸𝑋 ), the
thermal subsidence (ΔF 𝑇𝐻 ) of the passive margin, mantle dynamic topography (ΔF𝑀𝐷𝑇 ),
the deformational component of glacial isostatic adjustment (ΔF𝐺𝐼𝐴 ), and tectonics
(ΔF 𝑇𝐸𝐶𝑇 ). The stratigraphy of continental margin sediments reflects all of the processes
that contribute to ΔR (Eq. 5).
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Δ𝑅 = ℎ𝑏 + ℎ𝜃 + ℎ𝑂𝐵 + Δ𝐺 ′ + Δ𝜁 − Δ𝐹𝐶 − Δ𝐹𝐹𝐿𝐸𝑋 − Δ𝐹𝑇𝐻 − Δ𝐹𝑀𝐷𝑇 − Δ𝐹𝐺𝐼𝐴 − Δ𝐹𝑇𝐸𝐶𝑇
[5]

Backstripping progressively removes ΔF𝐶 , ΔF𝐹𝐿𝐸𝑋 and ΔF 𝑇𝐻 (Bond et al., 1989,
Watts and Steckler, 1979), leaving residuals (𝑟𝑆𝐿; Eq. 6) that comprise 𝐺𝑀𝐺𝑆𝐿 change
plus any source of 𝑅𝑆𝐿 change that is not accounted for in backstripping (Bond et al.,
1989, Kominz et al., 2008).

𝑟𝑆𝐿 = ℎ𝑏 + ℎ𝜃 + ℎ𝑂𝐵 + Δ𝐺 ′ + Δ𝜁 − Δ𝐹𝑀𝐷𝑇 − Δ𝐹𝐺𝐼𝐴 − Δ𝐹𝑇𝐸𝐶𝑇

[6]

In general, we neglect ℎ𝜃 , Δ𝐺 ′ and Δ𝜁 as being small relative to the errors in
inferring RSL from stratigraphy (Figure S4.1a).

4.3 DATA

We use three datasets in our analyses. The first is a collection of backstripping
derived sea-level estimates (𝑟𝑆𝐿) from stratigraphic data collected at 18 sites on the MidAtlantic margin. We divide these estimates of 𝑟𝑆𝐿 into three subsets of data. The first
consists of estimates derived from fourteen sites located onshore in New Jersey and just
offshore (Miller et al., 2005, Kominz et al., 2008, Browning et al., 2006). The second
comprises the backstripping estimates from three coreholes collected 43-65 km offshore
NJ during IODP Expedition 313 (Mountain et al., 2010, Kominz et al., 2016b). The third
is the Bethany Beach, Delaware backstripping record (Browning et al., 2006). These
three subsets are defined as the onshore, offshore, and southern datasets, respectively
(Figure 4.29).
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The second dataset is the δ18Obenthic-Mg/Ca 𝐵𝑆𝐿 proxy derived from a new,
Pacific benthic foraminiferal δ18O splice (Miller et al., 2020a) and Pacific Mg/Ca
paleotemperature estimates (Cramer et al., 2011). These δ18O data were used to capture
the ice-volume component of 𝐵𝑆𝐿 change. A benthic foraminiferal paleotemperature
equation (Lynch-Stieglitz et al., 1999) and the Mg/Ca-based paleotemperature estimates
allowed for the estimation of changes in δ18O of seawater (δ18Oseawater). A conversion
factor (0.13‰/10 m; Winnick and Caves, 2015) was used to relate δ18Oseawater to a sealevel component of ice-volume change. These estimates are largely representative of
𝐺𝑀𝑆𝐿 change on a geological time scale, as changes in thermosteric effects and lakes and
groundwater storage are smaller in scale (~10 m amplitude) than changes in ice-volume
(~200 m amplitude; Miller et al., 2020b). These data have an estimated error of ~10-20 m
(Miller et al., 2020a, Cramer et al., 2011, Raymo et al., 2018).

Finally, we use a dataset that estimates change in OBVSL (Wright et al., 2020).
These data represent likely sea-level change from the changing volume of ocean basins
attributable to processes such as variations in the rate of production of ocean crust or of
emplacement of large igneous provinces, and variations in sedimentation through time.
These estimates of OBVSL change and their uncertainty combined with the Miller et al.
(2020a) δ18Obenthic-Mg/Ca 𝐵𝑆𝐿 proxy represent an estimate of 𝐺𝑀𝐺𝑆𝐿 change and its
error. A notable limitation of the Wright et al. (2020) data set is that it does not include
contributions from the influence of global-mean dynamic topography on OBVSL. Other
studies indicate that this process could contribute 90 m (Conrad and Husson, 2009) to
~140-190 m (Spasojevic and Gurnis, 2012) of Cenozoic OBVSL rise. A contribution of
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this magnitude would eliminate the estimated 117 m of Cenozoic OBVSL fall predicted
by Wright et al. (2020), or even alter its sign. This possibility is accounted for in our
statistical model that relies exclusively on the 𝐵𝑆𝐿 proxy to represent 𝐺𝑀𝐺𝑆𝐿 change.

4.4 METHODS
4.4.1 Methods for statistically modeling sea level to extract backstripping residuals.

We applied a Bayesian hierarchical model with Gaussian process priors (Ashe et
al., 2019, Rasmussen and Williams, 2006) to estimate the change in 𝑟𝑆𝐿, 𝐵𝑆𝐿, and
OBVSL as these processes are represented by data. The structure of the statistical model
reflects the presence of the 𝐵𝑆𝐿 and OBVSL signals in both the proxy datasets and the
backstripping data, while also capturing the regional/local sea-level signals present in the
backstripping data. This allows us to assess the geometric structure of the statistically
modeled estimates of differences between the spatially distinct subsets of the
backstripping data and 𝐺𝑀𝐺𝑆𝐿, as well as the variation/motion of these differences
through space and time.

The hierarchical model has three levels: 1) a data level that represents the sealevel measurements and their uncertainties; 2) a process level that represents the
distribution of sea-level values through time as a Gaussian process prior; and 3) a
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hyperparameter level that captures the distribution of parameter values controlling the
structure of the statistical model (see text S4.1).

At the data level, the δ18Obenthic-Mg/Ca 𝐵𝑆𝐿 proxy, 𝑥𝑖 (Eq. 7), represents the sum
of the estimate of 𝐵𝑆𝐿 change through time, ℎ𝑏 (𝑡), and the error associated with those
data. That error is the sum of 𝜀𝑖𝑥 , associated with the nominal error assigned to the
δ18Obenthic-Mg/Ca 𝐵𝑆𝐿 proxy data, and 𝑤ℎ𝑏𝑗 , which captures any additional error. The
𝑦

Wright et al. (2020) data, 𝑦𝑖 (Eq. 8), represent OBVSL change. Its error, 𝜀𝑖 , was
digitized from Wright et al. (2020). The backstripping data, 𝑧𝑖 (Eq. 9), represent the
backstripped sea-level estimate, 𝑟𝑆𝐿𝑘,𝑗 (𝑡), from a given time, 𝑡, and space, 𝑘, plus the
error associated with each data point, or the sum of 𝜀𝑖𝑧 and 𝑤𝑟𝑆𝐿𝑗 (𝑡𝑖 ). The spatial marker,
𝑘, identifies data from the onshore, offshore, and southern subareas with values of 1, 2,
and 3, respectively.
𝑥𝑖 = ℎ𝑏 (𝑡𝑖 ) + 𝜀𝑖𝑥 + 𝑤ℎ𝑏 (𝑡)
𝑦

𝑦𝑖 = ℎ𝑂𝐵 (𝑡𝑖 ) + 𝜀𝑖

[7]

[8]

𝑧𝑖 = 𝑟𝑆𝐿𝑘 (𝑡𝑖 ) + 𝜀𝑖𝑧 + 𝑤𝑟𝑆𝐿 (𝑡𝑖 )

[9]

At the process level, estimates of sea-level, ℎ𝑏 (𝑡) (Eq. 10), ℎ𝑂𝐵 (t) (Eq. 11), h′ (𝑡)
(Eq. 12), and 𝑟𝑆𝐿𝑘 (𝑡) (Eq. 13), are represented as a combination of component processes.

Considering uncertainty associated with the OBVSL data, including both the error on
estimates of OBVSL components and the influence of potentially offsetting processes like
global-mean dynamic topography that were not accounted for, we consider two
alternative models. In the first model, the “static ocean basin” model, OBVSL is assumed
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to be constant and does not contribute to GMGSL change (h′ (𝑡); Eq. 12). In the “growing
ocean basin” model (Eq. 12), we allow OBVSL to vary.
ℎ𝑏 (𝑡) = 𝑚(t) + 𝑙𝑏 (t) + 𝑐𝑏

[10]

ℎ𝑂𝐵 (t) = 𝑛(𝑡) + 𝑙𝑂𝐵 (t) + 𝑐𝑂𝐵

[11]

ℎ𝑏 (𝑡)
ℎ𝑏 (𝑡) + ℎ𝑂𝐵 (t)

[12]

ℎ′ (𝑡) = {

Static ocean basin
Growing ocean basin

𝑟𝑆𝐿𝑘 (𝑡) = h′(t) + l𝑘 (t) + Δ𝑘 (𝑡) + Ε𝑘 (t) + 𝑐𝑘 ; 𝑘 = 1. . .3

[13]

The component processes are each modeled with a zero-mean Gaussian process
prior and are structured to capture discrete physical processes operating on different
timescales. Non-linear component process, 𝑚(t), and temporally linear term, 𝑙𝑏 (t), are
inferred to represent a 𝐵𝑆𝐿 signal driven by changes in ice-volume. The constant term, 𝑐𝑏 ,
serves as an offset for ℎ𝑏 (t). These components contribute to GMGSL change and are
shared with 𝑟𝑆𝐿 in both the static and growing ocean basin models. The 𝑂𝐵𝑉𝑆𝐿 process
ℎ𝑂𝐵 (t) is also represented by a non-linear, a temporally linear, and an offset component.
These components (𝑛(𝑡), 𝑙𝑂𝐵 (t), and 𝑐𝑂𝐵 , respectively) contribute to GMGSL change and
are shared with 𝑟𝑆𝐿𝑘 (𝑡) exclusively in the growing ocean basin model.

The temporally linear term 𝑙𝑘 (t) is unique to 𝑟𝑆𝐿𝑘 (𝑡), and is inferred to represent
long-term trends in the measurement of 𝑟𝑆𝐿 change. This linear term represents the longterm differences between the individual backstripped estimates of 𝑟𝑆𝐿 change and change
in 𝐺𝑀𝐺𝑆𝐿. Additional long-term variations among the spatially distinct backstripping sealevel estimates are captured by the non-linear process Δ𝑘 (𝑡). The term Ε𝑘 (t) captures
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high-amplitude variations correlated at relatively short timescales (<400 kyr) that are
likely distinct from the differences captured by slowly-varying linear and Δ functions.
The constant term, 𝑐𝑘 , captures the difference in time-average sea-level between each
backstripping record and 𝐺𝑀𝐺𝑆𝐿. Therefore, 𝑟𝑆𝐿𝑘 (𝑡), or the sum of: 1) ℎ′(𝑡); 2) linear
terms 𝑙𝑘 (t) and 𝑐𝑘 ; and 3) the non-linear terms Δ𝑘 (𝑡) and Ε𝑘 (t), represents a location
specific sea-level estimate comprised of 𝐺𝑀𝐺𝑆𝐿 plus the effect of regional processes that
affect 𝑅𝑆𝐿 change at the backstripping locations, such as but not limited to MDT.
Estimates of ℎ𝑏 (t), ℎ𝑂𝐵 (t), ℎ′(𝑡), and 𝑟𝑆𝐿𝑘 (𝑡) are portrayed in Figure 4.30.
4.4.2 Methods for isolating continental margin processes within the statistically
modeled backstripping residuals.

Global and regional sea-level change occurs due to a number of physical
processes that change the volume of water in the ocean or change the volume of ocean
basins (Miller et al., 2005) that act on different timescales and distinctively in space. For
example, changes in 𝐵𝑆𝐿 and 𝐺𝑀𝑇𝑆𝐿 can act on relatively short (decadal-105 year)
timescales, whereas variations in ocean crust production and sedimentation (components
of OBVSL) take much longer (106-108 years) to substantially affect GMGSL (Miller et al.,
2020b). Regional/local subsidence processes can be instantaneous for a process like a
single faulting event, rapid for 𝐺𝐼𝐴 (~5 kyr scale), or act on long (106-107 year)
timescales like mantle driven processes (Petersen et al., 2010b). GMGSL processes will
affect 𝑅𝑆𝐿 at all locations relatively (though not exactly) equivalently, whereas sea-level
changes specific to a given region only affect 𝑅𝑆𝐿 at a specific location at a given time.
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We use the spatial and temporal characteristics of the physical processes that
contribute to the differences between the backstripping estimates and 𝐺𝑀𝐺𝑆𝐿 to isolate
and extract a signal potentially attributable to mantle driven processes. We eliminate the
variations that are not related to mantle processes by removing signals that are global in
nature, or are correlated on timescales shorter than 2 Myr (“τ” values in Table S4.7).
These constraints eliminate the 𝐺𝑀𝐺𝑆𝐿 signal, ℎ’(t), and the ‘Ε𝑘 (t)’ functions (highfrequency, regional/local variations). This leaves the spatially varying long-term
components unique to 𝑟𝑆𝐿𝑘 (𝑡), including Δ𝑘 (𝑡) and 𝑙𝑘 (t), and the offset, 𝑐𝑘 . These
components represent the differences between 𝑟𝑆𝐿 change at each subarea and 𝐺𝑀𝐺𝑆𝐿
(Figure 4.30d, Figure 4.30h) that vary at the time-scales mantle process affect regional
topography (e.g., Petersen et al., 2010b). If a signal from 𝑀𝐷𝑇 exists within these data,
then these curves of long-term 𝑟𝑆𝐿 components minus 𝐺𝑀𝐺𝑆𝐿 should contain it.
4.4.3 Methods for modeling the backstripping residuals through space and time.

We calculate the dimensions of a topographical form and its trajectory through the
Cenozoic that fit the long-term differences between 𝑟𝑆𝐿 and 𝐺𝑀𝐺𝑆𝐿 change in the static
ocean basin model. To do this, we used the long-term differences between the onshore,
offshore, and southern spatial subsets of 𝑟𝑆𝐿 and 𝐵𝑆𝐿 (Figure 4.30d) to calibrate a simple
dynamic topographical model. The model simulates the apparent change in topography
through space and time captured by the backstripping record using a dampened sine
curve with a constant form that moves at a constant rate and direction (Eq. S13 – Eq.
S16). It oscillates once, creating a succession of subsidence-uplift-subsidence at a given
location through time.
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The shape and motion of the dynamic topography are fit by maximizing the
likelihood that a given set of parameters simulates dynamic topography that accounts for
the backstripping residuals using an MCMC sampling routine (text S4.2). The optimal
values and uncertainties for the parameters are listed in Table S4.2. The fit of the model
output to the backstripping residuals and maps of the topography is presented in Figure
4.31.
4.5 RESULTS
4.5.1 Quantifying differences between 𝒓𝑺𝑳 and components of GMGSL

We performed two statistical analyses, one that assumed a static ocean basin and a
second that included estimates of OBVSL change in 𝐺𝑀𝐺𝑆𝐿. Both analyses show that
spatially distinct portions of the backstripping record vary differentially relative to
𝐺𝑀𝐺𝑆𝐿 over the past 35 Ma (c.f., Figure 4.30d and Figure 4.30h), and are indicative of
a regional/local process, like MDT, acting on 𝑟𝑆𝐿. This is expected as there is not a large
contribution of OBVSL to 𝐺𝑀𝐺𝑆𝐿 (Figure 4.30g) since 35 Ma. However, OBVSL is likely
to contribute more towards 𝐺𝑀𝐺𝑆𝐿 from 66 Ma to 35 Ma (Figure 4.30e and Figure
4.30g) and that results in differences between the two analyses.

Utilizing the static ocean basin model, the relative variation observed in the
offshore NJ record (rSL2 - 𝐵𝑆𝐿; Figure 4.30d) from 34 Ma to 3 Ma is replicated ~20 Myr
earlier in the onshore record from 52 Ma to 20 Ma (rSL1 – 𝐵𝑆𝐿; Figure 4.30d). These
results would indicate similar rates of relative uplift in both regions over those durations,
1.3 +/- 0.4 m/Myr onshore and 2.1 +/- 0.5 m/Myr for the offshore. For comparison, these
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rates of change are slightly less than the topographical variations of 10 to 40 m/Myr
modeled for the past 3 Ma on the Mid-Atlantic margin by Rowley et al. (2013). An
assessment of the 3.5 Myr old Orangeburg Scarp by Moucha and Ruetenik (2017)
indicate a maximum of ~40-50 m of dynamic topography generated during this time,
although the amount of uplift attributable to dynamic topography varies considerably
(from 0 to ~40-50 m) across its 800 km extent exemplifying the spatial heterogeneity of
this process.

The growing ocean basin model shows that the difference between the onshore
backstripping record and 𝐺𝑀𝐺𝑆𝐿 can be explained by an increase in OBVSL contribution
between 66 Ma and 20 Ma. The subducted Farallon slab might simultaneously generate a
long-wavelength subsidence component of dynamic topography (Spasojević et al., 2008,
Müller et al., 2008) and shorter-wavelength mantle upwelling anomalies (e.g., Conrad et
al., 2004, Forte et al., 2007) that have resulted in relative topographical uplift over the
majority of the Mid-Atlantic region since ~35 Ma (Moucha et al., 2008). Subsidence
associated with the subducted slab appears to be the dominant process in this location
early in the Cenozoic, and/or the large uncertainty associated with OBVSL before 35 Ma
(Figure 4.30g) obscures shorter-wavelength mantle-upwelling driven variation within
𝑟𝑆𝐿 relative to 𝐺𝑀𝐺𝑆𝐿. The coherence of spatially modelling the components of the
static ocean basin model 𝑟𝑆𝐿 curves (Figure 4.31) supports the possibility of the latter.
However, without better spatial control on 𝑟𝑆𝐿 from 66 Ma to 35 Ma, as there is only
onshore NJ data during this time, it is not possible to definitively state whether the
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onshore portion of 𝑟𝑆𝐿 captures MDT or is generated largely/exclusively by variations in
OBVSL.

Spasojević et al. (2008) provide modeled estimates of dynamic topography for the
Mid-Atlantic margin that span the Cenozoic; they predicted at least 50 m of subsidence
for the Mid-Atlantic margin since the Eocene, with a high-end estimate of 200 m. Our
analysis that explicitly incorporates the Wright et al. (2020) estimates of OBVSL
towards 𝐺𝑀𝐺𝑆𝐿 change indicates that it is likely (~77% probability), but far from certain,
that Cenozoic net subsidence occurred on this margin. However, there is only a very
small chance (<1%) that this subsidence was greater than 100 m, and our analysis
precludes the possibility of 200 m of subsidence. This analysis also suggests that there
has been 39 m +/- 24 m (1σ) of 𝐺𝑀𝐺𝑆𝐿 fall attributable to the changes in OBVSL over the
past 55 Myr. The 68 m OBVSL fall predicted by Wright et al. (2020) since 55 Ma is within
2σ error. Our probabilistic assessment of OBVSL changes would benefit from comparisons
to similar studies conducted using other margins.
4.5.2 Modeling the spatial distribution of 𝒓𝑺𝑳 differences relative to 𝑩𝑺𝑳 through
time

The spatial modeling results (Figure 4.31) show that a sine curve moving at a
constant velocity across the Mid-Atlantic margin can replicate the statistically-derived
differences between the spatially-referenced estimates of rSL and 𝐵𝑆𝐿 through the
Cenozoic. From 66 to ~50 Ma the model shows a region of relative subsidence moving
across the onshore NJ sites that correspond with an increase in the 𝑟𝑆𝐿 values relative to
𝐵𝑆𝐿 in this region (NJon SL – 𝐵𝑆𝐿; Figure 4.30d). Our model shows relative uplift
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onshore from ~50 to 15 Ma, corresponding to a decrease in the “NJon SL – 𝐵𝑆𝐿”
differences, and a topographical high reaches these sites ~20-15 Ma. This topographical
high reached the Bethany Beach site, located to the south of the onshore NJ sites, at ~20
Ma. In the time since, this site underwent apparent relative subsidence and the 𝑟𝑆𝐿 values
relative to 𝐵𝑆𝐿 at Bethany Beach (BB SL – 𝐵𝑆𝐿; Figure 4.30d) have decreased. This
sequence is replicated offshore with the apex of relative subsidence occurring ~30 Ma
and the topographical high reaching these sites at the present. The “NJoff SL – 𝐵𝑆𝐿”
differences (Figure 4.30d) between 35 Ma and ~20 Ma were the most challenging to fit
with the spatial model. The model mean barely fits within the 95% confidence interval,
likely due to uncertainties in the older offshore record (e.g., Katz et al., 2013) and/or
contribution from OBVSL variation.

The parameters that control the form of the topography (Table S4.8) reasonably fit
expectations for a process like 𝑀𝐷𝑇. The topography has an amplitude of ~43 m and
wavelengths of ~460 km in the x-dimension and ~4890 km in the y-dimension. The
direction and rate of motion is north-northeast, ~50-76 degrees counterclockwise from
east, and 13.8 km/Myr (8.7 – 22.6 km/Myr; 16th to 84th percentile). Over the past 66 Ma,
the plate tectonic data compiled Müller et al. (2019) show a spot location in New Jersey
moving ~166 degrees, counterclockwise from due east, along with the North American
plate at an average speed of 16.8 km/Myr. The difference in directions of motion
calculated by the geometric modeling and the plate tectonic model would indicate a
northward component of motion for the mantle process or a component of rotation
associated with the motion of the North American plate. The rates of motion between the
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two processes are very similar, indicating that the motion of the North American plate is
likely to be the primary driver of the changes in the location we observe in the sea-level
anomalies.

4.6 CONCLUSION

We statistically modeled the relationship between backstripped sea-level
estimates from three discrete locations across the Mid-Atlantic margin and components
of 𝐺𝑀𝐺𝑆𝐿. We decomposed the statistical model to isolate local/regional components
that are correlated at timescales over 107 years and are likely generated by variations in
𝑀𝐷𝑇. Fitting a 3-dimensional sine function that moves at a constant rate and direction
captures the spatiotemporal structure of this dynamic topography that is characterized by:
1) a wavelength on the order of hundreds to thousands of km; 2) a rate of motion that is
similar to the Cenozoic average rate of motion for North American plate; and 3) a
direction of motion that is generally opposite to the Cenozoic direction of motion for the
North American plate. This sinusoid produces a pulse of relative uplift onshore New
Jersey from 50 to 20 Ma that is also observed offshore from ~35-3 Ma. Our statistical
model accounting for OBVSL indicates that ~40 m of tectonically driven GMGSL fall
likely occurred since 55 Ma and net Cenozoic subsidence. These observations suggest
that the subducted Farallon slab generated both a long-term subsidence effect and shorterwavelength mantle anomalies associated with the more recent relative uplift of the Mid-
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Atlantic margin. We conclude there is strong evidence for Cenozoic MDT influences on
this margin, although the record prior to 35 Ma is still relatively uncertain.
4.7 Text S4.1.
We statistically modeled sea-level data derived from the Miller et al. (2020a)
δ18Obenthic-Mg/Ca BSL proxy, the Wright et al. (2020) estimates of sea-level change from
the changing volume of ocean basins, and backstripping records from the mid-Atlantic
coastal plain (Kominz et al., 2016b, Kominz et al., 2008, Browning et al., 2006) using a
Bayesian Hierarchical Model with Gaussian process priors generated using the equations
given in Williams and Rasmussen (1996). Modeling these data using Gaussian processes
was conducted to determine the probability distribution of recorded sea-level in BSL (Eq.
1), OBVSL (Eq. 2), and rSL (Eq. 3) through time. We apply this method to decompose
the model and partition signals within the data that are presumably attributable to distinct
physical processes. These data are high-resolution measurements of BSL, OBVSL, and
rSL, 𝑥𝑖 , 𝑦𝑖 , and 𝑧𝑖 , respectively, and their error (Eq. 7, Eq. 8, Eq. 9).
The error for individual BSL points, 𝑥𝑖 , have been estimated to be 10-20 m (1σ)
(Miller et al., 2020a, Cramer et al., 2011, Raymo et al., 2018). We assign these points 13
m of 1σ error. The error on the OBVSL points was estimated by propagating estimates of
error for each of the component processes that comprise the Wright et al. (2020) “refined
model” estimates of OBVSL change. The component processes include estimates of
OBVSL contributions from back arc basins, large igneous provinces, ocean area change,
sedimentation, and variations in the volume of ocean crust driven by the rate of ocean
crust production. Error bars for the OBVSL contribution of changes in the volume of
ocean crust, their “GDH1” process, are provided in their Figure 6. The confidence
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interval represented in this figure was digitized and propagated with an arbitrarily
assigned, and likely underestimated, 5 m (1σ) of error for each of the other processes.
Considering the relatively large error associated with “GDH1” the error for the arbitrarily
assigned error for the other processes was of nominal importance. The Wright et al.
(2020) “refined model” data were provided at 1 Myr sampling intervals. However,
adjacent points within this model output are highly correlated and using the entire dataset
would artificially reduce the error of a regression through them. By integrating the
autocorrelation function, we found 11 Myr to be characteristic time scale where values in
the Wright et al. (2020) dataset are no longer correlated. Therefore we decimated the
Wright et al. (2020) model output to a dataset with 11 Myr spacing that contains 7
statistically independent samples. The error for each of the rSL data points compiled from
the backstripping datasets was estimated by the authors of the individual backstripping
studies (Kominz et al., 2016b, Kominz et al., 2008, Browning et al., 2006). We have
uploaded all data used herein, including the estimates of error described above to the
NCEI paleoclimatology database.
The value of BSL, OBVSL, and rSL are modelled as Gaussian processes (Eq. S1,
Eq. S2, Eq. S3). Gaussian processes can be entirely captured by their covariance
functions, 𝐾ℎ𝑏 , 𝐾ℎ𝑂𝐵 , and 𝐾𝑟𝑆𝐿𝑘 . We utilize composite covariance functions (Eq. S4, Eq.
S5, Eq. S6), that are comprised of component covariance functions to model the
relationship between sea level and time. OBVSL

ℎ𝑏 (𝑡) ∼ 𝐺𝑃[0, 𝐾ℎ𝑏 (𝑡, 𝑡 ′ )]

[Eq. S1]
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ℎ𝑂𝐵 (𝑡) ∼ 𝐺𝑃[0, 𝐾ℎ𝑂𝐵 (𝑡, 𝑡 ′ )]

[Eq. S2]

𝑟𝑆𝐿𝑘 (𝑡) ∼ 𝐺𝑃[0, 𝐾𝑟𝑆𝐿𝑘 (𝑡, 𝑡 ′ )]; 𝑘 = 1, 2, 3

[Eq. S3]

𝐾ℎ𝑏 (𝑡, 𝑡′) = 𝑘𝑚 (𝑡, 𝑡 ′ ) + 𝜎𝑙2𝑏 (𝑡 − 𝑡0 )(𝑡 ′ − 𝑡0 ) + 𝜎𝑏2
2
𝐾ℎ𝑂𝐵 (𝑡, 𝑡′) = 𝑘𝑛 (𝑡, 𝑡 ′ ) + 𝜎𝑙2𝑂𝐵 (𝑡 − 𝑡0 )(𝑡 ′ − 𝑡0 ) + 𝜎𝑂𝐵

[Eq. S4]
[Eq. S5]

𝐾𝑟𝑆𝐿𝑘 (𝑡, 𝑡 ′ ) =
𝐾ℎ𝑏 (𝑡, 𝑡 ′ ) + k Δ𝑘 (𝑡, 𝑡 ′ ) + k Ε𝑘 (𝑡, 𝑡 ′ ) + 𝜎𝑙2𝑘 (𝑡 − 𝑡0 )(𝑡 ′ − 𝑡0 ) + 𝜎𝑐2𝑘
Static ocean basin
{
𝐾ℎ𝑏 (𝑡, 𝑡′) + 𝐾ℎ𝑂𝐵 (𝑡, 𝑡′) + k Δ𝑘 (𝑡, 𝑡 ′ ) + k Ε𝑘 (𝑡, 𝑡 ′ ) + 𝜎𝑙2𝑘 (𝑡 − 𝑡0 )(𝑡 ′ − 𝑡0 ) + 𝜎𝑐2𝑘 Growing ocean basin
; 𝑘 = 1, 2, 3 [Eq. S6]

The component covariance functions that comprise 𝐾ℎ𝑏 , 𝐾ℎ𝑂𝐵 , and 𝐾𝑟𝑆𝐿𝑘 each
represent a uniquely structured Gaussian process. 𝐾ℎ𝑏 is comprised of a linear process, a
non-linear process, and an offset from the mean. The non-linear function, 𝑘𝑚 , is a Matern
function with a 3/2 smoothness parameter. This Matern functions is defined by two free
parameters, one scaling term, σ, and a characteristic length scale, τ. As a result, there are
2 parameters that control the structure of 𝑘𝑚 (i.e., σ𝑚 and τ𝑚 ; Table S4.7). The
covariance structure of the linear term is controlled by priors placed on both the offset
and the slope (i.e., 𝜎𝑙𝑏 and 𝑐𝑏 ; Table S4.7). Like 𝐾ℎ𝑏 , the composite covariance function
𝐾ℎ𝑂𝐵 is comprised of a linear process, a non-linear process, and an offset from the mean.
The non-linear function, 𝑘𝑛 , is a Matern function with a 5/2 smoothness parameter. The
covariance structure of this linear term is controlled by offset and slope parameters 𝜎𝑙𝑂𝐵
and 𝑐𝑂𝐵 . We considered two alternative models: 1) the static ocean basin model where
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OBVSL was considered to be constant; and 2) the growing ocean basin model where we
allow OBVSL to vary. Therefore, the composite covariance function 𝐾𝑟𝑆𝐿𝑘 for the static
ocean basin model includes the 𝐾ℎ𝑏 function that models BSL, but not the 𝐾ℎ𝑂𝐵 function
that models OBVSL. Conversely, the composite covariance function 𝐾𝑟𝑆𝐿𝑘 for the
growing ocean basin model includes both the 𝐾ℎ𝑏 function and the 𝐾ℎ𝑂𝐵 function. In
addition, the 𝐾𝑟𝑆𝐿𝑘 function in both models contains two spatiotemporally variable nonlinear functions and a linear function that model regional sea-level effects. The two nonlinear functions, k Δ𝑘 and k Ε𝑘 , are both Matern functions with 5/2 and 1/2 smoothness
parameters, respectively. The covariance structure of the linear function in 𝐾𝑟𝑆𝐿𝑘 is
controlled by a prior on the slope and the offset. The spatial variation in sites is accounted
for by grouping the backstripping data into three spatial subsets, assigning a marker
denoting spatial location using the subscript “k” to all data within those subsets. In total,
there are 14 parameters at the process level. The growing ocean basin model utilizes all
14, whereas the static ocean basin model only uses 10. There are two additional
parameters at the data level that represents a variance-based estimate of error on the value
of the sea-level that combines with the error specified for each individual measurement.
One of the error parameters captures that unspecified error for the δ18Obenthic-Mg/Ca
proxy, whereas the other captures the remnant error for the backstripping records. These
16 free parameters are the “hyperparameters” that control the structure of the model.
Generally, the composite model (Eq. S6) was then sampled using the data to
estimate the posterior probability (Eq. S7) over a set of “hyperparameters”, or the free
parameters, θ, that control the structure the component covariance functions and the
amount of random noise.
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𝑃(𝜃|𝑦, 𝑋) ∝ 𝑃(𝑦|𝑋, 𝜃) 𝑃(𝜃)

[Eq. S7]

The posterior probability over the hyperparameters incorporates: 1) the likelihood (Eq.
S8; n = number of data points), or the probability of the model output data (𝑋; modeled
sea level in all time and space that is represented by 𝑟𝑆𝐿𝑘 (𝑡), which is inclusive of
𝐾ℎ𝑏 (𝑡) and 𝑘ℎ𝑂𝐵 ) given the obeserved data (𝑦; observed sea level that is the combination
of all datapoints 𝑥𝑖 , 𝑦𝑖 , and 𝑧𝑖 ) and the composite covariance structure that is defined by
the hyperparemters (𝐾𝑟𝑆𝐿𝑘 ); and 2) the “hyper-prior” that represents the probability of the
hyperparameter values used to generate the covariance matrix (Eq. S9).
1 𝛵

𝑃(𝑦|𝑋, 𝜃) = ∫ 𝑃(𝑦|𝑋, 𝜃)𝑃(𝜃)𝑑𝜃 = 𝑒 (−2𝑦
𝑃(𝜃) = ∏𝑖 𝑃(𝜃𝑖 )

−1

(𝐾𝑔𝑘 )

1

𝑛

𝑦−2 log|𝐾𝑔𝑘 |− 2 log 2𝜋 )

[Eq. S8]

[Eq. S9]

The optimization process utilized a Markov chain Monte Carlo (MCMC)
sampling routine. The MCMC routine we used, a random walk Metropolis-Hastings
algorithm, samples the distribution of hyperparameter values that best fit the data using a
process that preferentially selects hyperparameter values that increase the probability of
those hyperparameters given the data, i.e., Eq. S7. This is done over a large number of
iterations. Each iteration is initiated by randomly selecting new hyperparameter
values, 𝜃′, that are a distance away from the initial and/or current values, 𝜃. The posterior
probability is calculated for both the new and old hyperparameter values, and these
values are used to determine:
1) if 𝑃(𝜃′|𝑦, 𝑋) > 𝑃(𝜃|𝑦, 𝑋) [Eq. S10]; or
2) if

′
𝑃(𝜃 |𝑦, 𝑋 )
𝑃(𝜃 |𝑦, 𝑋 )

> 𝑈(0,1) [Eq. S11].
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If the conditional in either Eq. S10 or Eq. S11 is true, the new set of hyperparameters are
set to be the current values and the process is then repeated, ultimately sampling a
distribution of the hyperparameter values that best represent the data given the model
structure.
Individual values taken from the resulting posterior hyperparameter distribution
(Table S4.7) can be used to define 𝐾ℎ𝑏 , 𝐾ℎ𝑂𝐵 , and 𝐾𝑟𝑆𝐿𝑘 (Eq. S4, Eq. S5, Eq. S6), fit the
model to a given sample of the input sea level data, and generate estimates of ℎ𝑏 (𝑡) and
𝑟𝑆𝐿𝑘 (𝑡) and their uncertainties. This allows us to generate a best estimate of BSL change
from ℎ𝑏 (𝑡) (Fig. 2A, Fig. 2E) and a representation of OBVSL change, ℎ𝑂𝐵 (𝑡) (Fig. 2G).
The curve 𝑟𝑆𝐿𝑘 (𝑡), (Fig. 2B, Fig. 2F), represents the same for the backstripped sea-level
record, which includes those estimates of BSL and GMGSL. Most significantly for the
purpose of this initiative, it is possible to decompose the model and isolate component
processes. In the case of 𝑟𝑆𝐿𝑘 (𝑡), we isolate the spatially variable processes acting over
long timescales and identify this component as the most likely to contain the influence of
MDT on the backstripped sea-level records in both the static and growing ocean basin
models (Fig. 2D and Fig. 2H, respectively). We also combine the probabilistic estimates
of BSL, ℎ𝑏 , and OBVSL, ℎ𝑂𝐵 , in the growing ocean basin model to generate an estimate
of GMGSL change (ℎ’(𝑡); Fig. 2E).
4.8 Text S4.2.
The spatial model we applied to fit to the statistically derived differences between
the spatially referenced backstripping records and an ice-volume based BSL signal from
the static ocean basin model is represented by set of functions that create a sinusoid that
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moves across the Mid-Atlantic region through time. There are 8 parameters within these
equations that are contained within the set 𝜃 (Eq. S12). The set 𝜃 contains a parameter
for: 1) the amplitude of the sinusoid in meters, 𝐴; 2) the rate of its motion in m/Myr, 𝑣; 3)
the direction of that motion in radians, 𝛼; 4) a decay constant for the amplitude of the
sinusoid, 𝜆; 5) the x-coordinate for the starting location of the center of uplift, 𝑥𝑐 (𝑡0 ); 6)
the y-coordinate for the starting location of the center of uplift, 𝑦𝑐 (𝑡0 ); 7) a constant
controlling wavelength of sinusoid in x-direction, 𝜏𝑥 ; and 8) a constant controlling
wavelength of sinusoid in y-direction, 𝜏𝑦 .

𝜃 = [𝐴, 𝑣, 𝛼, 𝜆, 𝑥𝑐 (𝑡0 ), 𝑦𝑐 (𝑡0 ), 𝜏𝑥 , 𝜏𝑦 ] [Eq. S12]

The model is initiated by determining location of the center of “uplift” for each
time step, 𝑡𝑖 , using the parameterized coordinates for the starting location of the center of
“uplift”, at 𝑡0 or 66 Ma, and the rate and direction of motion for the dynamic topography
(Eq. S13, Eq. S14). These steps are applied within the UTM (universal transverse
Mercator) Zone 18N coordinate system and at time steps separated by 3 Myr from 66 Ma
to the present.

𝑥𝑐 (𝑡𝑖 ) = 𝑥𝑐 (𝑡0 ) + 𝑣 ∗ 𝛥𝑡 ∗ 𝑖 ∗ 𝑐𝑜𝑠(𝛼)

[Eq. S13]

𝑦𝑐 (𝑡𝑖 ) = 𝑦𝑐 (𝑡0 ) + 𝑣 ∗ 𝛥𝑡 ∗ 𝑖 ∗ 𝑠𝑖𝑛(𝛼)

[Eq. S14]
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Next, the spatial frequency is calculated relative to this center point for all space
using parameterized wavelengths in the x- and y-directions (Eq. S15) at each 3 Myr time
step. The topography takes the form of a dampened sine curve that incorporates this
calculated spatial frequency along with a parameterized amplitude and decay lengthscale
for the first ¾ of an oscillation (Eq. S16). When the spatial frequency is greater than
1.5𝜋, there is no dynamic topography in the model. Applying these equations at each
time step moves a topographical form with unchanging dimensions across the MidAtlantic margin through the Cenozoic.

1

𝑥 − 𝑥𝑐 (𝑡𝑖 )

𝜔(𝑥, 𝑦, 𝑡𝑖 ) = 2𝜋 ∗ [(

𝜏𝑥

2

) +(

𝑦 − 𝑦𝑐 (𝑡𝑖 )
𝜏𝑦

2 2

) ]

[Eq. S15]

𝑍(𝑥, 𝑦, 𝑡𝑖 ) = 𝐴 ∗ 𝑒 −𝜆∗𝜔(𝑥,𝑦,𝑡𝑖 ) ∗ 𝑐𝑜𝑠(𝜔(𝑥, 𝑦, 𝑡𝑖 )) ∗ −1;
𝑍(𝑥, 𝑦, 𝑡𝑖 ) = 0;

𝜔(𝑥, 𝑦, 𝑡𝑖 ) > 1.5𝜋

𝜔(𝑥, 𝑦, 𝑡𝑖 ) ≤ 1.5𝜋

[Eq. S16]

The topographical model is then fit to the data using the Metropolis-Hastings
MCMC sampling algorithm described in Text S1 applied for the purpose of fitting the
statistical model. We apply this method to estimate the posterior probability (Eq. S7) of a
set of free parameters, θ (Eq. S12). The sampling routine followed the procedure
described in detail in Text S1 (Eq. S7-Eq. S11) with a different likelihood function (Eq.
S8). In applying the procedure to fit the spatial model, we substitute Eq. S8 with a
standard normal probability density function (Eq. S17). The fit of the model output was
evaluated at 3 Myr intervals for the onshore, offshore, and southern subareas using the
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statistically modeled values from 𝑙𝑘 (t) + Δ𝑘 (𝑡) + 𝑐𝑘 for values of k equal to 1, 2, and 3,
respectively, as the observed values, 𝑦, in Eq. S17. The x,y coordinates for a given point
within sets 𝒚 and 𝒁 (Eq. S17) are the average x and y coordinates of all wells in the
subarea that corresponds with that data point.

𝑃(𝑦|𝒁, 𝜃) = ∏𝑖

1
√𝟐𝝅

𝒆

𝟐
−(𝒁(𝒙,𝒚,𝒕𝒊 ,𝜃)−𝒚(𝒙,𝒚,𝒕𝒊 ,𝜃))
𝟐𝝈𝟐
𝒊

[Eq. S17]

The posterior distribution of model parameters (Table S4.8) defines the optimal
parameter values for this spatial model given the observed data. Sampling the posterior
distribution of parameters allows us to generate a best estimate of Cenozoic dynamic
topography from the model for all space across the Mid-Atlantic margin along with the
uncertainties of the model output in space and time.
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4.10 FIGURES

Figure 4.29. Map showing the core data used to derive estimates of sea level from backstripping
across the Mid-Atlantic margin (Kominz et al., 2016b, Miller et al., 2005, Kominz et al., 2008,
Browning et al., 2006). The backstripping results have been divided into three geographical
locations comprised of: 1) the onshore New Jersey sites; 2) the offshore New Jersey sites; and 3)
a single southern site at Bethany Beach, DE.
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Figure 4.30. Estimates of 𝐺𝑀𝐺𝑆𝐿 and 𝑟𝑆𝐿 change and their component variations derived from
statistical analyses. Panels A-D show the estimates of 𝐵𝑆𝐿 recorded by δ18O-Mg/Ca proxy and
𝑟𝑆𝐿 from backstripping studies of core sites on the Mid-Atlantic margin (panel A and panel B),
as well as the decomposition of those estimates to isolate the long term trends associated with
them (panel C) and the difference between the regionally grouped 𝑟𝑆𝐿 estimates and 𝐵𝑆𝐿 within
the static ocean basin model (panel D). Panels E-F show estimates of 𝐺𝑀𝐺𝑆𝐿 and 𝑟𝑆𝐿 variations
(panel E and panel F) that incorporate estimates of OBVSL (panel G). Panel H shows the
difference between long-term components of 𝑟𝑆𝐿 and 𝐺𝑀𝐺𝑆𝐿 within the growing ocean basin model.
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Figure 4.31. Estimates of dynamic topography at 60 Ma (panel A), 30 Ma (panel B), and at
present (panel C) extracted from fitting a sine curve of constant form moving at a constant rate
in a constant direction to the statistically-derived, spatially-segregated backstripping residuals of
the Mid-Atlantic margin. The red, purple, and blue dots in the images represent the centered
locations of the onshore New Jersey cores, the offshore New Jersey cores, and the Bethany
Beach core, respectively. D) Plot of the best fit modeled topography through time to the
corresponding backstripping residuals at each location. The results are plotted with the
uncertainties for both the backstripping residuals (1σ [dark shading] and 2σ [light shading]) and
the model output (2σ [dashed line]).
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4.11 TABLES
Table S4.7. Hyperparameter distributions for the Bayesian hierarchical model of the δ18O-Mg/Ca, OBVSL, and NJ backstripped sea-level records fit with Gaussian process priors in both the
static ocean basin and growing ocean basin statistical models.
Static ocean basin model
𝑚(t)

Component

Δ𝑗,𝑘 (𝑡)

𝑛(𝑡)

Ε𝑗,𝑘 (t)

𝑙𝑏 (t)

𝑙𝑂𝐵 (t)

𝑙𝑘 (t)
𝜎 𝑙1,𝑘
(m Myr-1)

σ𝑛 (m)

τ𝑛 (Myr)

σΔ𝑘 (m)

τΔ𝑘 (Myr)

σΕ𝑘 (m)

τΕ𝑘 (Myr)

𝑐𝑏 (m)

𝑐𝑂𝐵 (m)

𝑐𝑘 (m)

𝑤𝑚 (m)

𝑤𝑟𝑆𝐿 (m)

-

-

31.1
18.7
33.6

11.9
10.7
12.9

16.5
14.9
20.0

1.14
0.97
1.93

26.8
22.2
37.1

-

16.8
7.4
22.7

8.71
8.31
9.08

3.71
3.48
3.91

Offset

Error

Par.

σ𝑚1 (m)

τ𝑚1 (Myr)

𝜎𝑙𝑏
(m Myr-1)

𝜎𝑙𝑂𝐵
(m Myr-1)

Mode
16th %ile
84th %ile

16.2
14.6
18.1

0.91
0.78
1.04

0.80
0.56
2.19

-

1.69
0.94
2.52

𝑙𝑏 (t)

𝑙𝑂𝐵 (t)
𝜎𝑙𝑂𝐵
(m Myr-1)

𝑙𝑘 (t)
𝜎 𝑙𝑘
(m Myr-1)

σ𝑛 (m)

τ𝑛 (Myr)

σΔ𝑘 (m)

τΔ𝑘 (Myr)

σΕ𝑘 (m)

τΕ𝑘 (Myr)

𝑐𝑏 (m)

𝑐𝑂𝐵 (m)

𝑐𝑘 (m)

𝑤𝑚 (m)

𝑤𝑟𝑆𝐿 (m)

0.71
0.21
1.89

0.65
0.19
1.36

30.0
14.8
43.6

30.5
17.1
47.3

14.5
4.3
23.6

9.61
4.57
19.9

16.9
14.2
20.5

1.29
0.88
2.02

57.8
36.7
69.5

9.0
2.4
22.2

2.7
0.4
14.9

8.75
8.33
9.08

3.76
3.51
3.94

Growing ocean basin model
𝑚(t)

Component
Par.

σ𝑚2 (m)

τ𝑚2 (Myr)

Mode
16th %ile
84th %ile

15.7
14.3
17.6

0.85
0.74
1.00

𝜎𝑙𝑏
(m Myr-1)
1.34
0.80
2.62

Δ𝑗,𝑘 (𝑡)

𝑛(𝑡)

Ε𝑗,𝑘 (t)

Offset

Error
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Table S4.8. Distributions of parameter values that characterize the dampened sinusoidal function
used to spatially and temporally model the observed offsets in sea level at backstripping sites.
𝐴

𝑣

𝜶

(m)

(km/Myr)

(rad.)

Mode

43.4

13.8

7.41

1.76x10-7

16th %ile

41.2

8.7

7.16

84th %ile

45.5

22.6

7.61

Parameter

𝝀

𝒙𝒄 (𝒕𝟎 ) (m)

𝒚𝒄 (𝒕𝟎 )

Wavelength

(m)

1/𝝉𝒙 (km)

1/𝝉𝒚 (km)

215800

4707200

462

4890

6.93x10-8

179200

4647700

423

3360

3.49x10-7

243700

4781300

512

7300
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CHAPTER 5: Numerically Modeling the Miocene
Stratigraphy of the New Jersey Margin
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Kopp1, James V. Browning1
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Department of Earth and Planetary Sciences and Institute of Earth, Oceans, and Atmospheric
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York, USA
ABSTRACT
We have constructed a numerical model that generates marine deltaic stratigraphy over
geological timescales. The model parameterizes physical processes that contribute to the
formation of strata on passive continental margins. The processes we account for include the
most common sources of variation in accommodation including thermal subsidence, lithospheric
flexure, compaction of the sediment column, and sea-level change. Additionally, changes in
sediment supply and the character of transport and deposition across the margin affect the
architecture of strata that fill the available space for sedimentation. Optimizing the model
parameters to match observed stratigraphy provides insight into the tectonic and
paleoenvironmental conditions under which the strata were deposited. Here, we fit our model to
the stratigraphy of the US mid-Atlantic margin to learn about the potential effect of mantle
dynamic topography (MDT) on sedimentation since 23 Ma. We test five distinct scenarios
characterizing the effect of MDT on margin subsidence over the past 23 Myr. These scenarios
assume that MDT generated: 1) ~105 m of uplift across the margin since 23 Ma (Moucha et al.,
2008); 2) a smaller amount of uplift occurring largely offshore NJ (Schmelz et al., 2021); 3) no
vertical land motion on the Mid-Atlantic margin since 23 Ma; 4) ~80 m of subsidence since 23
Ma ("s20rts" modell; Müller et al., 2008); or 5) ~125 m of subsidence since 23 Ma ("ngrand"
model; Müller et al., 2008). We assess the probability of each scenario statistically considering
the fit of the modeled stratigraphic reconstruction to the sediments deposited offshore New
Jersey and informed priors placed on critical model parameters, such as sea-level and
depositional paleodepth. The stratigraphic models run with no MDT-driven vertical land motion
and MDT-driven uplift fit the stratigraphic data better than the scenarios with MDT-driven
subsidence imposed. These results are compatible with GMGSL estimates (Schmelz et al., 2021)
that require the offshore New Jersey GMGSL record to be ~30 m lower to account for MDT.
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5.1 INTRODUCTION

On geological time scales, changes in global mean geocentric sea-level (GMGSL)
change, or eustasy, are driven by the combined effects of a variety of distinct sea-level
mechanisms, that can be generally grouped as physical processes affecting: 1) global
mean sea level (GMSL), or the volume of water in the ocean; and 2) the shape/volume of
the ocean basins (Miller et al., 2005, Gregory et al., 2019; OBVSL; SI Figure 5.1). The
physical processes contributing to these two primary components of GMGSL have been
extensively studied (Peltier, 2004, Conrad and Husson, 2009, Muller et al., 2008, Miller
et al., 2020a, Wright et al., 2020). The two largest processes contributing to GMGSL are:
1) the barystatic sea-level (BSL) changes that are attributable to changes in continental
ice-volume (Fairbanks and Matthews, 1978, Miller et al., 1987, Fairbanks, 1989, Miller
et al., 2005, Miller et al., 2020a); and 2) OBVSL changes attributable to variations in the
spreading rate of mid-ocean ridges (Kominz, 1984, Pitman, 1978, Muller et al., 2008).
More recent work has defined BSL changes attributable to variations in the storage of
continental groundwater (Wagreich et al., 2014, Wendler et al., 2016) and OBVSL
changes resulting from processes like the emplacement of large igneous provinces or
variations in sedimentation (Wright et al., 2020), but the magnitude of their impacts are
lesser and uncertain or, in some cases, disputed (e.g., Davies et al., 2020). Overall, no
single proxy or model can directly measure the composite signal of GMGSL. However,
if the age and water depth sediments were deposited in are known, and vertical land
motion can be accounted for, variations in GMGSL can theoretically be extracted from
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the relative sea-level estimates (RSL) recorded by continental margin stratigraphy (Watts
and Steckler, 1979, Bond et al., 1989).

Accordingly, the stratigraphy of the US mid-Atlantic margin has long been used
to reconstruct GMGSL by applying the backstripping technique to remove the effects
associated with vertical land motion (Watts and Steckler, 1979, Bond et al., 1989,
Steckler et al., 1999, Kominz and Pekar, 2001, Van Sickel et al., 2004, Miller et al., 2005,
Browning et al., 2006, Kominz et al., 2008, Kominz et al., 2016a). However, modeling
vertical land motion, 𝐹, can present a significant challenge, even for a margin where the
thermal and isostatic subsidence history is well understood (Sleep and Snell, 1976, Watts
and Ryan, 1976, Steckler and Watts, 1978, Watts et al., 1982), because of potential
contributions from processes like mantle dynamic topography (MDT; Mitrovica et al.,
1989, Gurnis, 1992, Spasojevic and Gurnis, 2012, Flament et al., 2013). For the US midAtlantic margin in particular, competing hypotheses regarding the magnitude and sign of
Cenozoic variations in 𝐹, and specifically variations in MDT (Moucha et al., 2008,
Müller et al., 2008, Spasojević et al., 2008, Liu, 2015), has led to considerable
uncertainty regarding how much GMGSL change is recorded by continental margin
stratigraphy (c.f., Miller et al., 2005, Muller et al., 2008) and has raised questions about
the feasibility of using continental margin records for GMGSL reconstruction (Moucha et
al., 2008). It follows that there are corresponding implications for assessments of how
much GMGSL change has been caused by OBVSL (Moucha et al., 2008), as well as for
studies that have used continental margin records as a constraint on GMSL (e.g., Cramer
et al., 2011, Miller et al., 2020a).
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The similarity of results based on backstripping many sites across and along the
US mid-Atlantic margin provides first-order evidence that GMGSL is the primary driver
of the backstripping derived sea-level curves (Miller et al., 2005, Kominz et al., 2008),
albeit with identifiable systematic offsets likely attributable to MDT (Kominz et al.,
2016b, Miller et al., 2020a, Schmelz et al., 2021). However, other analyses of subsidence
and sea-level derived from cores collected on the mid-Atlantic margin (Morris et al.
2020) and models of MDT (Müller et al., 2008, Spasojević et al., 2008) suggest that up to
hundreds of meters of subsidence in excess of that prescribed by backstripping studies
(Miller et al., 2005, Browning et al., 2006, Kominz et al., 2008, Kominz et al., 2016b) is
required to reconcile the paleowater depths recorded by those cores and Cenozoic
variations in GMGSL, and specifically a large contribution of Cenozoic OBVSL driven
sea-level fall. Recent statistical modeling that considers estimates and uncertainties of: 1)
BSL from (Miller et al., 2020a); 2) OBVSL via (Wright et al., 2020); and 3) the US midAtlantic margin GMGSL estimates (GMGSL + non-thermal subsidence [i.e., 𝐹𝑀𝐷𝑇 +
𝐹𝑇𝐸𝐶𝑇 + 𝐹𝐺𝐼𝐴 ]; SI Figure 5.36) derived from backstripping studies (Miller et al., 2005,
Browning et al., 2006, Kominz et al., 2008), indicates that MDT likely affected the
GMGSL estimates derived from backstripping strata from the mid-Atlantic margin by up
to ~70 m in some locations at some times during the Cenozoic (Schmelz et al., 2021).
Statistical modeling by Schmelz et al. (2021) suggests that hundreds of meters of
subsidence attributable to MDT (relative to variations in the geoid attributable to MDT
and thereby affecting backstripped estimates of GMGSL) is unlikely and, therefore, the
magnitude of subsidence over the course of the Cenozoic invoked by Müller et al. (2008)
and Spasojević et al. (2008) falls outside the defined credible intervals. Additionally,
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invoking 100+ m of subsidence over the past 35 Myr contrasts with the estimate of 100+
m of MDT-driven uplift modeled by Moucha et al. (2008), a result that better corresponds
with Schmelz et al. (2021).

To date, the juxtaposition of the sequentially deposited stratigraphic architectures
preserved on the US mid-Atlantic margin has not been considered in evaluating the
model-based discrepancies regarding the expressed magnitude of regional MDT-driven
subsidence or uplift. We do so here using a numerical forward stratigraphic model,
conceptually based on principles of sequence stratigraphy, to reconstruct the deposition
of Miocene-present strata on the US mid-Atlantic margin. Conceptual models of
sequence stratigraphy invoke variations in sediment supply, subsidence, and/or sea level
to explain the generation of the stratigraphic architectures and facies transitions observed
in shallow marine setting on passive continental margins (e.g., Mitchum et al., 1977b,
Posamentier et al., 1988, Posamentier and Vail, 1988). Variations in sea level,
subsidence, and sediment supply generate accommodation and fill sedimentary basins,
and sequence stratigraphy provides a methodology to objectively map and correlate
transitions/vectors of sedimentary facies through time (Neal and Abreu, 2009, HellandHansen and Hampson, 2009, Miller et al., 2018b). We have developed a conceptually
simple geometric stratigraphic model, similar to those created by Reynolds et al. (1991)
and Steckler et al. (1993), that simulates the deposition of marine deltaic stratigraphy on a
passive continental margin in response to parameterized variations in sea level, sediment
supply, and subsidence generated from thermal cooling, flexure, and compaction. Fitting
the output of this model to sequence stratigraphic interpretations generates a set of
parameters that estimate the most likely sea-level, sediment supply, and subsidence
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conditions needed to reconstruct the observed strata using the model. This modeling
framework can test hypotheses concerning the interrelated tectonic and climatic drivers
of stratigraphic development by assessing the probability of the model considering both
the fit of the model output to the observed data and the model parameters to informed
parameter priors. Critically, reconstructing the sequential deposition of the strata offshore
New Jersey provides a quantitative framework to consider the probability of a variety of
evolutionary pathways the basin might have followed with respect to MDT.

Here, we fit the forward stratigraphic model to stratigraphic data collected
offshore New Jersey to estimate a set of parameters that define the sea-level variations,
sediment supply, and thermal and flexural subsidence required to reconstruct the
observed strata. We consider five scenarios that make distinct assumptions about MDT,
which is the process that is most likely to generate any excess subsidence that has
occurred on the Mid-Atlantic margin. The five alternative scenarios assume that: 1) ~105
m of MDT-driven uplift has occurred across the margin since 23 Ma (Moucha et al.,
2008); 2) the effect of MDT since 23 Ma can be characterized by a smaller amount of
uplift occurring largely offshore NJ (~60 m of uplift concentrated within 100 km of the
modern NJ shoreline; Schmelz et al., 2021, Moucha et al., 2008); 3) MDT did not affect
subsidence on the Mid-Atlantic margin; 4) the effect of MDT resulted in ~80 m of
subsidence since 23 Ma ("s20rts" modell; Müller et al., 2008); or 5) the effect of MDT
resulted in ~125 m of subsidence since 23 Ma ("ngrand" model; Müller et al., 2008). We
test whether the differing assumption about MDT affects the probability of the fit of the
modeled stratigraphic reconstruction of the sediments deposited offshore New Jersey
considering any informed priors placed on the model parameters.
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5.2 SITE, DATA, AND METHODS

5.2.1 Site and stratigraphic data

The United States mid-Atlantic margin (Figure 5.32) is one of most thoroughly
studied passive continental margins in the world. In particular, the sequence stratigraphy,
lithostratigraphy, biostratigraphy, and chronostratigraphy of the Oligocene to present
strata have been intensively developed over the past 40-50 years (e.g., Hollister et al.,
1972, Tucholke and Mountain, 1979, Schlee, 1981, Greenlee et al., 1992, Monteverde et
al., 2000, Monteverde et al., 2008, Miller et al., 2013b). The results of this work, drawn
from an extensive database of onshore and offshore core data (Christie-Blick and Austin,
1998, Miller et al., 2003, Mountain et al., 2010) and a dense grid of 2-D marine multichannel seismic (MCS) reflection data (Mountain et al., 2005; Figure 5.2, Mountain et
al., 2013, Mountain, 2015), provide excellent constraints on the age, lithology, and
paleodepth of strata deposited since 33 Ma (Browning et al., 2013, Katz et al., 2013,
Miller et al., 2013a, Miller et al., 2013b). We use a set of 23 Miocene-to-Pleistocene
sequence boundaries drawn from these seismic grids and cores (Table 5.10) to find
stratigraphic model parameters that facilitate the replication of the Miocene to present
stratigraphy along a transect (Figure 5.32) that traverses the Mid-Atlantic margin. The
transect we model begins at the ‘fall line’ in western New Jersey, passes through IODP
Sites M27-M29 and continues to the base of the continental slope. The two-dimensional
position and age of these sequence boundaries defined along this transect are wellconstrained by highly-refined interpretations of the core and seismic data. These data and
the interpretations are described in detail in text SI 5.7.1.1 and SI 5.7.1.2. This region and
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the well-constrained stratigraphy provide an ideal location to fit our stratigraphic model
and test implications for models of MDT.

5.2.2 Stratigraphic modeling methods

Sedimentation on continental margins is driven by the interaction of continental
and marine processes that entrain, disperse, and deposit sediment along the margin profile
(Nittrouer et al., 2007). Stratigraphic architectures observed on continental margins are
representative of the constructive and destructive processes that affect topographical or
bathymetric morphology at a given point in space and time (Nittrouer et al., 2007). In this
framework, a state of positive accommodation represents a tendency for deposition to
occur at a particular space along a cross-margin profile, and a state of negative
accommodation would indicate that erosion is likely. Therefore, the amount of sediment
supplied relative to accommodation controls the dispersal of material across and along
the margin (Swift and Thorne, 1991, Jervey, 1988, Posamentier and Allen, 1999). A
generalized view that is largely correct over long periods of time ties accommodation to
an equilibrium profile, which represents the vertical boundary to which sediments can
potentially fill or erode to (Posamentier and Allen, 1999). We numerically simulate the
processes that generate erosion or deposition across the margin through time, using the
accommodation concept, to create a forward stratigraphic model.

In our model, a parameterized amount of sediment is supplied to the model basin
from an updip origin and is delivered to a continental shelf. This sediment is distributed
across the margin in a manner that fills any accommodation generated by an equilibrium
profile of a parameterized shape and adheres to the basic principle of sedimentary mass
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balance. The position of the equilibrium profile and accommodation vary as sea level
rises or falls, sediments compact, an elastic lithospheric plate is loaded and subsidence is
created through flexure, and/or the crust thermally subsides. The changes in
accommodation created by these parameterized variations in subsidence and sea level,
relative to changes in sediment supply, drive the spatial variation in sedimentation
through time.

The model starts with an initial topo-bathymetric surface representing the
sediment surface at 23 Ma. The equilibrium profile relative to this surface determines
accommodation at this initial time-step. The sediment supply value for that time-step
determines how much of the accommodation is filled, and the amount of accommodation
that is filled creates a new topo-bathymetric surface. The elevation of this surface is
subsequently adjusted to account for flexural loading of the crust and thermal subsidence
moving forward 100 kyr. The subsided topo-bathymetric surface is the sediment surface
for the next time-step representing 22.9 Ma. In this next time-step, variation in sea level
will alter the position of the equilibrium profile and accommodation. These calculations
are repeated for each 100 kyr time-step until the model run is completed. Therefore, to
run our model to reconstruct stratigraphy from 23 Ma to present, 231 time-steps are
required. The parameterized, numerical representations of the processes that facilitate the
operation of the model are described in detail in text SI 5.7.2.

5.2.3 Mantle dynamic topography

We model the effect of MDT by imposing subsidence or uplift at the conclusion
of each time step in a manner that fits the model of MDT that we are attempting to
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represent. Here, we fit the model with five MDT scenarios for the US mid-Atlantic
margin. The first scenario calls for ~105 m of uplift across the margin that represents the
Moucha et al. (2008) “V2” estimate of MDT (SI Figure 5.41a). The second scenario
calls for a moderate amount, ~60 m, of relative uplift offshore New Jersey created by an
eastward propagating wave of dynamic topography that conforms to the estimate of
MDT’s effect on the US mid-Atlantic margin (SI Figure 5.41b) made by Schmelz et al.
(2021). The third scenario that we model assumes that MDT did not significantly affect
the deposition of sediments. The fourth scenario calls for ~80 m of relative subsidence
across the margin, representative of the “s20rts” estimate of MDT (SI Figure 5.41c)
made by Müller et al. (2008). Finally, we assess the possibility that MDT created a large
topographical variation (~130 m) expressed as relative subsidence, as predicted by the
“ngrand”model (SI Figure 5.41d) in Müller et al. (2008). The characterization of the
topographical effect in these two final model runs that call for a MDT-driven subsidence
effect are also generally representative of the estimates of US mid-Atlantic margin MDT
made by Spasojević et al. (2008), Liu (2015), and Morris et al. (2020).

5.2.4 Model optimization and assessment of probability for MDT scenarios

The objective of the optimization process is to learn the parameter values that
result in the best fit of the model output to the stratigraphic observations. This
optimization goal can be described succinctly as a maximum a posteriori (MAP)
estimation. The probability (Eq. 5.1) for a set of parameters, θ, given the stratigraphic
observations, y, and the model output, 𝑋, is defined as the product of the probability of
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the observations given the model output (Eq. 5.2) and the probability of the parameter set
given parameter priors (Eq. 5.3).
𝑃(𝜃|𝑦, 𝑋) ∝ 𝑃(𝑦|𝑋, 𝜃) 𝑃(𝜃) [5.1]

P(y│X, θ) =

1

e
2

√2πσ

1
∑ f(X,y)2
2σ2

−

[5.2]

𝑃(𝜃) = ∏𝑖 𝑃(𝜃𝑖 ) [5.3]
Most of the priors for the 113 parameters that control the form of the geometric
equilibrium profile, thermal and flexural subsidence, sea level and sediment supply
within the model can be described as a normal distribution between end-member
constraints. These parameters define key characteristics of the model, such as the slope of
the shelf and slope, the elastic thickness of the lithosphere, or the imposed variations in
sea level through time. The constraints for each parameter were chosen to establish
ranges of realistic values to be utilized within the model. The high and low value
constraints for each parameter are provided in Table 5.11, Table 5.12, and Table 5.13,
and the specific function of each parameter is described, in detail, in text SI 5.6.2. The
input parameters that define sea level within the model (see text 5.6.2.2) are the only
parameters for which an informed prior is assigned. The prior for these parameters can be
described as the combination of the estimate of BSL change derived by (Miller et al.,
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2020a) to the estimate of OBVSL change calculated by (Wright et al., 2020), and their
errors, to obtain an estimate of GMGSL and its uncertainty (SI Figure 5.40).

We optimize the parameters using the differential evolution algorithm (Storn and
Price, 1997). The algorithm randomly alters parameter values to ‘minimize’ the natural
log of the probability function multiplied by -1, which ideally serves to find the
maximum probability. We capped each model run at 1000000 iterations if it did not
achieve convergence.

The model generates stratigraphic surfaces at 100 kyr time steps. Each
stratigraphic surface has a spatial resolution of 2500 m. Therefore, the model output
represents a matrix of depth values that has a structure of 100 kyr spacing in time along
one axis and 2500 m spacing in distance along another. The observational data consists of
24 stratigraphic surfaces, including the seafloor (Table 5.10). Each of these 24
stratigraphic surfaces does not have a depth value at every 2500 m “vertex” that comprise
the spatial dimension of the numerical model. Consequently, the numerical model is
compared to the observational data only at locations where the observational data is
available.

In the locations where the observational data exists for individual sequence
boundaries, the depths of the model output at the times that correspond to the beginning
and end of the hiatus associated with that boundary are compared to the depth of the
observed surface itself. These comparisons are used to fit the numerical model to the
observational data by adjusting the values of the model parameters. In addition to the
comparison of model output depths to those of the seismic surfaces: 1) the modeled water
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depths were compared to paleodepths estimated by (Katz et al., 2013); and 2) model input
sea-level was compared to an estimate of GMGSL (see text SI 5.6.2.2; SI Figure 5.40),
in the calculation of parameter probability within the model fitting process.

As noted, we fit the model to assess the probability of five MDT scenarios. For
each MDT scenario we fit the model 3 times to ensure that a single optimization attempt
did not converge within a local minimum. As a result, the model is fit a total of 15 times,
i.e., three times for each MDT scenario. The maximum probability of the model fit (i.e.,
the probability after 1000000 iterations or convergence) for each MDT scenario defines
the probability of that scenario.

5.3 RESULTS

5.3.1 Overview

We evaluate the fit of the model to data quantitatively, finding the greatest
probability that a set of model input parameters produces the true values based on the fit
of the model output to given observational data (Figure 5.33; Table 5.14). The
probability estimate used to fit the model takes into account the fit of: 1) the model output
stratigraphy to seismic stratigraphic interpretations (Figure 5.34); 2) the model output
water depths to estimates of paleodepths from the Exp 313 cores (SI Figure 5.43); and 3)
the model input GMGSL variations (SI Figure 5.44) compared to the GMGSL prior (SI
Figure 5.40). These three criteria largely assess whether accommodation was created in a
manner that allowed for replication of the stratigraphic architectures observed offshore
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New Jersey with deposition occurring spatially at realistic water depths in response to
plausible variations in GMGSL.
The plausibility of the other variables and model outputs are assessed
qualitatively. This admittedly subjective assessment focuses primarily on model input
parameters like the elastic thickness of the lithosphere (Table 5.15), the age of the onset
of cooling and thermal subsidence of the lithosphere (Table 5.15), the character of
thermal and flexural subsidence (Figure 5.35), the characteristics of the parameterized
depositional/equilibrium profile (Table 5.16), and sedimentation rates at core locations
where the age-depth relationship is well constrained (SI Figure 5.45). There are wellestablished constraints for these parameters and output characteristics that are defined
within the literature (e.g., elastic thickness or onset of cooling for the US mid-Atlantic
margin) or by data (e.g., sedimentation rates at the IODP Exp. 313 sites). Although
metrics of fit for these data are not quantitatively evaluated through incorporation into the
posterior probability function through the use of informed parameter priors (only normal
distributions between end-member constraints), evaluating the model output data
considering these criteria serves as a valuable assessment regarding the plausibility of the
model scenario to the output stratigraphy that is quantitatively fit to data.

5.3.2 Model fit of output surfaces to stratigraphy

Fitting the model indicated that the model scenarios that invoked uplift (Schmelz
et al., 2021, Moucha et al., 2008) or no influence of MDT on vertical land motion
generated a slightly higher probability metric for optimal sets of parameters than the
probability that resulted from fitting the model run with ~80 m of MDT-driven
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subsidence (Müller et al., 2008) over the past 23 Ma (Figure 5.33; Table 5.14). Fitting
the model run with or ~125 m of MDT-driven subsidence (Müller et al., 2008) over the
past 23 Ma resulted in a lesser probability than the others (Figure 5.33). The differences
among the probability generated by the model run with no MDT, a relatively small
amount (~60 m) of uplift offshore (Schmelz et al., 2021), or a larger amount of uplift
applied across the margin (Moucha et al., 2008) are hardly distinguishable, but slightly
greater than generated by the model fit with about ~80 m magnitude of subsidence
(Müller et al., 2008).

The output stratigraphic surfaces of the model run with no MDT (Figure 5.34c)
and that of the model run with a moderate amount of uplift concentrated offshore (Figure
5.34b) are also hardly distinguishable visually, but they differ slightly from the output
stratigraphic surfaces of the model generated with a larger amount of uplift applied across
the margin (Figure 5.34a). The Miocene to present stratigraphy crops out at a location
closer to the modern shoreline in the model generated with the most MDT-driven uplift,
as the uplift creates negative accommodation and erosion onshore through the model run.
While the MDT-driven uplift and no MDT model outputs returned reasonable fits to the
data, it is visually apparent that too much accommodation is created onshore New Jersey
in the model runs with MDT-driven subsidence (Figure 5.34d and Figure 5.34e). The
supply of sediment is deposited in the accommodation onshore as it is created and,
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thereby, hundreds of meters of Miocene to present sediments are deposited onshore New
Jersey in an area where the Miocene crops out up dip.

5.3.3 Thermal and flexural subsidence

The optimal parameter set for the model run with ~105 m of uplift applied
uniformly across the margin invokes a 22-26 km elastic thickness of the crust (Table
5.15). This elastic thickness, in part, creates flexural subsidence with a characteristic
wavelength large enough to generate subsidence onshore (Figure 5.35) in response the
load deposited offshore. The combined effect of the sediment and water load generated a
maximum ~300 m of isostatic compensation offshore, and ~100 m at the present
shoreline. Approximately ~100 m of thermal subsidence was also invoked at the modern
shoreline within this model run since 23 Ma (Figure 5.35), compared to ~400 m of
thermal subsidence offshore. The large amount of thermal subsidence was generated by a
young crust in the model, with an estimated initiation of cooling at ~123-128 Mya (Table
5.15).

In the case of the model with the moderate uplift concentrated offshore, the elastic
thickness of the lithosphere was 13-18 km (Table 5.15) allowing the model to generate
differential flexural subsidence concentrated offshore (Figure 5.35). There is a lesser
amount of thermal subsidence generated offshore (~200 m since 23 Ma; Figure 5.35),
and no thermal subsidence onshore. This reflects the lesser amount of MDT offshore and
onshore that needed to be counteracted to generate realistic stratigraphy within the model,
relative to the model run with greater MDT-driven uplift. This lesser amount of thermal
subsidence in the model run with lesser offshore MDT corresponds to an older crust

173

(Table 5.15; T0 = 135 - 156 Ma) and a thermal subsidence curve characterized by a lower
exponential decay constant (59-71 Myr).

The model run with no MDT generates a flexural subsidence profile largely
similar to the model runs with MDT-driven uplift, but with a lesser contribution of
thermal subsidence. Approximately ~400 m of isostatic compensation is observed at the
depocenter, with less than 100 m of thermal subsidence offshore. All subsidence
generated onshore (<100 m) is created by flexure. The elastic thickness of the crust is
lower in this model run (9-10 km; Table 5.15), and the characteristic wavelength of the
flexural deflection is slightly smaller. A range of likely correlated values for the age of
the onset of the crust (136 - 144 Ma), parameter ‘A’ (2630 - 4012), and parameter τ (3656 Myr) combine to create a slow Miocene to present rate of thermal subsidence.

Too much accommodation is created onshore New Jersey in the model runs with
MDT-driven subsidence (Figure 5.34d and Figure 5.34e) through a combination of the
imposed MDT effect and flexural isostatic compensation (Figure 5.35d and Figure
5.35e), In these two model runs, the best fit elastic thickness parameter was 57-61 km
(Table 5.15), approximately the maximum allowed under imposed constraints on the
model. The high elastic thickness value spread the isostatic compensation across the
margin, lessening the magnitude of compensation offshore at the depocenter. The optimal
fit in these two models invoked a relatively large amount of thermal subsidence offshore,
but none onshore. Compared to the other model runs, a larger amount of combined
isostatic, thermal, and MDT-driven subsidence offshore is offset by higher starting
elevations for the topo-bathymetric surface (Table 5.16). For example, there is ~500 m of
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total subsidence 150 km from the cross-section origin point in the Müller et al. (2008)
‘ngrand’ model, compared to ~350 m of total subsidence in the model run with no MDT.
The starting elevation of the Müller et al. (2008) ‘ngrand’ model run is ~130 m higher
than the model run with no MDT at that 150 km distance from the profile origin. Onshore
and nearshore, the greater amount of total subsidence in the model runs with MDT-driven
subsidence was not fully compensated by higher starting elevations (Table 5.16). As a
result, too much accommodation was generated ~80-100 km from the origin point to
produce model output stratigraphy that properly fit the seismic stratigraphic surfaces
(Figure 5.34d and Figure 5.34e). There is also too much subsidence, and thereby
accommodation, generated onshore. Although we do not compare the model output to
onshore data there is a relatively thin section of Miocene sediments that crops out
between the cross-section origin and the modern shoreline. This characteristic of the
stratigraphy is not reflected in the model output surfaces generated via MDT-driven
subsidence, but is produced in the other model runs without MDT or with MDT-driven
uplift.

5.3.4 Posterior estimates of paleodepths and GMGSL

The paleodepth estimates from the IODP Exp. 313 cores are replicated reasonably
within each model run (SI Figure 5.43) for the more landward sites (M27, and M28).
The fit of the model output to the paleodepths is marginally better within the run with the
largest MDT-driven uplift effect (SI Figure 5.43a), and the largest MDT-driven
subsidence effect (SI Figure 5.43d). The other model runs (SI Figure 5.43b and SI
Figure 5.43c) fit the data similarly, albeit slightly worse at sites M28 and M29 than the
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end-member (largest uplift and largest subsidence effect) MDT models. The variations in
GMGSL between model runs are difficult to parse, but likely represent small scale
variations required to position the topset and foreset in a way that represents the data
considering the likely variable evolution of the topo-bathymetric surface within each
model run (SI Figure 5.44).

5.3.5 Variations in sediment supply and sedimentation rate

The lesser amount of sediment supplied to the margin in the model runs with
MDT-driven uplift relative to the ‘no MDT’ and Müller et al. (2008) ‘s20rts’ models
likely represents a greater amount of sediment generated by erosion of uplifted strata (SI
Figure 5.44). The Müller et al. (2008) ‘ngrand’ model also generates a lower rate of
sediment supply than the ‘no MDT’ and Müller et al. (2008) ‘s20rts’ models. This is
likely an artifact of the model trying to create the correct total subsidence profile by
reducing isostatic compensation in the mid-Miocene to fit the bulk of the stratigraphic
surfaces, at the expense of missing the jump in sedimentation rate at that time (SI Figure
5.45). This compromise is reflected in the lesser overall probability of this model. Aside
from the Müller et al. (2008) ‘ngrand’ model in the mid-Miocene, the variations in
sedimentation rate are generally captured at each site within the model output when
applying each MDT scenario (SI Figure 5.45).
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5.4 DISCUSSION
5.4.1

Fit of the model output to stratigraphic data

This forward modeling exercise suggests that MDT-driven uplift or no MDTdriven vertical land motion is more likely to have occurred on the US mid-Atlantic
margin over the past 23 Myr based on the fit of the model to observations of the
stratigraphy offshore New Jersey, estimates of paleodepths these strata were deposited in,
and broad constraints on GMGSL since 23 Ma (Figure 5.33). The primary issue
associated with reconstructing the strata of the US mid-Atlantic margin with any
significant amount of MDT-driven subsidence is the excess accommodation created
onshore and nearshore New Jersey. As a result, a relatively thick Miocene to present
package of strata was deposited onshore in the output for the two model scenarios where
MDT-driven subsidence was applied (Figure 5.34d and Figure 5.34E). This area
contains relatively thin layers of Neogene and Paleogene sediments overtopping thick
layers of Cretaceous sediments. The lack of stratigraphic data onshore used in the
quantitative assessment of fit actually leads to a slight misrepresentation of how closely
the two models invoking MDT-driven subsidence are able to reproduce the stratigraphy
of the US mid-Atlantic margin. The onshore portion of the transect, is modeled far less
accurately in the models invoking MDT-driven subsidence than those invoking uplift or
no MDT. If there were readily available stratigraphic data to constrain the model output
onshore, this would be reflected as a more significant difference in probability of the
model fit. The onshore stratigraphy is currently being carefully delineated for this
purpose.
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In addition to the thickness of the Miocene to present strata onshore, the geometry
of the strata is better represented in the MDT uplift and no MDT models. The strata of the
New Jersey coastal plain slope seaward, and progressively older strata crop out moving
landward from the modern shoreline. This pattern suggests a history of tilting and
perhaps uplift due to flexure associated with the loads of sediment deposited offshore.
The model runs that incorporate MDT-driven subsidence models are not able to produce
this tilting effect on account of flexural or thermal subsidence (Figure 5.35d and Figure
5.35e), whereas the other two model runs with MDT-driven uplift or no MDT are able to
do so (Figure 5.35a, Figure 5.35b, Figure 5.35c). As a result, these models produce a
realistic thickness and sloped geometry of the Miocene sediments onshore/nearshore
(Figure 5.34a, Figure 5.34b, Figure 5.34c).

5.4.2 Implications for estimates of GMGSL derived from backstripping the US midAtlantic margin

It has been recently hypothesized that the US mid-Atlantic margin does not represent a
stable continental platform for the backstripping-based assessments of variations in GMGSL
(Kominz et al., 2008, Miller et al., 2005, Kominz et al., 2016b, Browning et al., 2006) on account
of a regional sea-level signal generated by vertical land motion driven by MDT (e.g., Moucha et
al., 2008, Spasojević et al., 2008, Muller et al., 2008). This numerical experiment was designed
specifically to test this question of whether or not it is likely that MDT-driven vertical land
motion affects estimates of GMGSL from backstripping studies of the US mid-Atlantic margin.
Prior assessments of MDT on the US mid-Atlantic margin use assumptions about GMGSL, and
discrepancies between those assumptions and the estimates of GMGSL produced by
backstripping the NJ Margin, as supporting evidence supporting the accuracy of models of MDT.
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Modeling the deposition of the stratigraphy of the US mid-Atlantic margin offshore New Jersey
suggests that a scenario with no MDT-driven vertical land motion can replicate the architecture
and paleodepth of those sediments within the credible interval of GMGSL variations. Moreover,
the stratigraphic model fit with no MDT-driven vertical land motion produces an output that
better fits data than the stratigraphic models fit with MDT-driven subsidence over the past 23
Myr. Paradoxically, these models were used to suggest that US mid-Atlantic margin GMGSL
estimates were too low (Spasojević et al., 2008, Muller et al., 2008), when they are more likely to
be correct or too high. Naturally, this result does not definitively “prove” that the US midAtlantic margin did not undergo MDT-driven variations in vertical land motion, as the
stratigraphic models invoking MDT-driven uplift (i.e., Moucha et al., 2008, Schmelz et al., 2021)
appear to fit the stratigraphic data as well as that run with ‘no MDT’. Rather, it emphasizes the
need for careful consideration of the full range of effects that model-based assessments of MDT
imply, especially as it pertains to the stratigraphy of the margin. Undoubtedly, the observations of
the stratigraphy are the most tangible, reliable, and accurate source of data used within this
exercise, and the models of MDT need to conform to the constraints defined by these strata.
The modeling here shows that ‘no MDT’ or MDT-driven uplift over the past 23 Myr do
facilitate conditions that allow our numerical model to realistically reconstruct the strata of the
US mid-Atlantic margin. The “V2” MDT model of (Moucha et al., 2008), which invokes ~105 m
of uplift since 23 Ma, facilitates a model output that is approximately equivalent in terms of fit to
the stratigraphy to a model run with no MDT. The estimate of MDT calculated by Schmelz et al.
(2021), which represents the MDT-driven vertical land motion that most parsimoniously
reconciles global estimates of GMGSL and estimates of GMGSL sourced from the US midAtlantic margin, also facilitates a fit to the data that is approximately equivalent to that of the
Moucha et al. (2008) model and no implied MDT. These results likely represent the range (0-105
m of uplift) of the MDT effect on the US mid-Atlantic margin over the past 23 Myr. We prefer
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the middle to lower-end of this range of MDT-driven uplift as less thermal subsidence is required,
and the estimate made by Schmelz et al. (2021) do, again, both fit the stratigraphic data and
parsimoniously reconcile the discrepancy in GMGSL estimates. Consequently, the GMGSL
estimates and errors derived from by Schmelz et al. (2021) represent our best estimate of GMGSL
derived from the stratigraphy of the US mid-Atlantic margin considering that the vertical land
motion derived from that study applied within this modeling exercise fit the stratigraphic data
well. However, we acknowledge the possibility that the estimate of GMGSL could be higher or
lower considering that ‘no MDT’ or MDT-driven uplift according to Moucha et al. (2008) fit the
stratigraphic data as well or slightly better. Additional work exploring the probability of the
stratigraphic model output parameters is needed to quantitatively evaluate this relatively
subjective assessment.

5.4.3 Potential implications of regional MDT-driven variation in the geoid

We do not account for local to regional variations in the geoid that MDT may
generate because we are primarily interested in exploring whether there is an artifact of
MDT nested within the estimates of GMGSL derived from backstripping studies of US
mid-Atlantic margin stratigraphy. MDT-driven vertical land motion that coincides with
an equivalent variation in the geoid does not produce a variation in RSL through time.
Therefore, if the geoid perfectly covaried with MDT-driven vertical land motion, the
subsidence effects pertinent to extracting a GMGSL signal would be largely accounted
for through backstripping. Therefore, we test that concept with the assumption that MDT
does not alter the geoid, to offer a conceptual possibility that MDT does affect
backstripped estimates of GMGSL by generating vertical land motion and variations in
RSL that are independent of GMGSL change and are not properly accounted for.
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Conversely, our model run with no effect of MDT serves as a de-facto representation of
MDT occurring with a perfectly corresponding variation in the geoid. That is, it is
plausible to hypothesize that the motions of the entire continental platform and the water
above it move in concert with MDT until these masses come to rest in their present
positions, with GMGSL driven variations in water level superimposed and recorded by
the sediments within that interval of time. Conceptually, that would not cause an MDT
generated offset from the estimates of GMGSL change derived from the sediments of the
US mid-Atlantic margin through backstripping and the true value of GMGSL change.
Ultimately, we cannot truly test whether MDT occurred. We can only test whether MDT
affects estimates of GMGSL derived from the stratigraphy of the US mid-Atlantic
margin. Specifically defined, our modeling suggests that there was likely ~0 to ~105 m of
MDT-driven uplift from 23 Ma to present relative to a hypothetical geoid datum that
responds only to GMGSL change.

5.5 CONCLUSION
We present a numerical experiment that uses a forward stratigraphic model to test
the probability that five scenarios of MDT-driven vertical land motion affected
sedimentation on the US mid-Atlantic margin since 23 Ma. The stratigraphic model run
with two MDT scenarios that called for uplift or one that called for no effect of MDT at
all generated a higher metric of probability, defined by the fit of the model output to data
and the likelihood of the parameters used to create that output, than the model run with
two MDT scenarios that invoked subsidence. The models run with ~105 m of MDTdriven uplift and ‘no MDT’ best fit the data. The model run with ~60 m of MDT-driven
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uplift concentrated offshore also realistically reproduced the strata, albeit with a slightly
lesser posterior probability estimate. The two models run with ~80 and ~130 m of MDTdriven subsidence produced too much accommodation in the onshore and nearshore
portions of the modeled cross-section transect. This produced stratal geometries and
isopach thicknesses in these locations that do not match the stratigraphic data. As a result,
our modeling suggests that the US mid-Atlantic margin experienced ~0 to ~105 m of
MDT-driven uplift over the past 23 Myr. Notably, this range of outcomes containts the
MDT scenario that parsimoniously reconciles global GMGSL estimates and those from
the US mid-Atlantic margin (Schmelz et al., 2021). More work is needed to establish a
discrete estimate of the effect of MDT through time and the uncertainty on that estimate.
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5.6 SUPPLEMENTARY INFORMATION
5.6.1 Data used to fit stratigraphic model

5.6.1.1 Seismic stratigraphic interpretations

We use stratigraphic interpretations of the marine (MCS) profiles (Figure 5.32) as
the primary data source defining the spatial position and depth of isochronographic
surfaces for the Miocene to present strata deposited on the US mid-Atlantic margin. The
first seismic interpretations of the Miocene sediments offshore New Jersey were made by
Schlee (1981). Schlee (1981) evaluated thousands of kilometers of seismic profiles
collected by the USGS that canvassed the shelf regions of the mid-Atlantic margin,
identifying the Miocene sediments as progradational and deltaic. Greenlee et al. (1992)
developed a higher resolution sequence stratigraphic interpretation for the shelf, relative
to Schlee (1981), by defining 9 Miocene to Pliocene sequences with an age resolution of
1-2 Myr using legacy seismic data collected by Exxon and well data collected for
exploration on the outer continental shelf. The Ew9009 seismic profiles (Mountain et al.,
2013), collected in 1990 and interpreted thereafter, offered higher vertical resolution
imaging, and therefore facilitated a higher-order interpretations of the sequences defined
on the legacy industry data (Miller et al., 1994, Miller et al., 1998a). Further progress was
made using the CH0698 (Mountain et al., 2005), and OC270 (Mountain, 2015) data
(Monteverde et al., 2008, Miller et al., 2018a, Monteverde et al., 2000, Fulthorpe and
Austin Jr, 2008). The seismic data integrated with the onshore and offshore wells
facilitated confidence in the correlations of sequences onshore to offshore (Monteverde et
al., 2000, Iscimen, 2014, Gallegos, 2017), as well as interpretations of the three-
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dimensional distribution of the Miocene sequences through time (Fulthorpe and Austin
Jr, 1998, Monteverde et al., 2008). The surfaces we fit using the stratigraphic model (SI
Figure 5.37 and Table 5.10) represent a combination of interpretations made over the
past 20 years using the Ew9009 (Mountain et al., 2013), CH0698 (Mountain et al., 2005),
and OC270 (Mountain, 2015) seismic data (Miller et al., 2013a, Miller et al., 2013b,
Monteverde et al., 2000, Iscimen, 2014, Gallegos, 2017, Monteverde et al., 2008). The
seismic surfaces, originally documented in two-way travel time of the seismic signal,
were converted to depth using the relationship established by Mountain and Monteverde
(2012) and Schmelz et al. (2020b) (SI Figure 5.38).

5.6.1.2 Well data

In 2009, core data were collected at three sites on the middle shelf (~35 m of
water depth) offshore New Jersey during IODP Expedition 313 (Mountain et al., 2010),
in part, to sample the sequences visible on the seismic images and, specifically, the
foresets and bottomsets of the topsets of those same sequences that were drilled updip on
the New Jersey Coastal Plain. An integrated sequence stratigraphic method was applied
to evaluate the position of the sequence boundaries and systems tracts within the cores
(Miller et al., 2013b) - and the integration of the core data largely confirmed the seismic
interpretations (Miller et al., 2013a, Miller et al., 2013b). The chronology in these cored
offshore sequences is relatively well constrained (Table 5.10) and correlated across the
three sites - and thereby across the margin (Monteverde et al., 2008) including the
onshore strata (Monteverde et al., 2000) - by integrating seismic stratigraphy, strontium
isotopic stratigraphy, and biostratigraphy (Browning et al., 2013). The uncertainties
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associated with the dating of the sequences and the hiatuses are dependent on the timedependent error of the strontium isotope dating, the length of the hiatuses, and the length
of the biozones that the sequences fall into (Browning et al., 2013). The resolution of
some of the Miocene sequences can be greater than +/- 1 Myr, but is generally +/- 0.5
Myr and can be as good as +/- 0.25 Myr (Browning et al., 2013). The relevant errors in
the estimation of sequence age at the core site, made using core material, are
compounded for practical application within our modeling effort by any error in the depth
conversion of the seismic data. Fortunately, the depth conversion of the seismic data is
very accurate in this region for these data (Mountain and Monteverde, 2012), and
strontium isotope data at the core sites represent similar ages at depth when compared to
the estimated ages and depth of the depth-converted seismic stratigraphic sequences (SI
Figure 5.38). Moreover, given the notably high-resolution and accuracy of the age
control, an evaluation of the biofacies (coupled with lithological indicators) within the
sequence stratigraphic framework facilitated reliable estimations of paleodepths (SI
Figure 5.38) through time at each of the cored sites (Katz et al., 2013).

5.6.1.3 Input estimates of sea-level change and its uncertainty

The estimate of sea level relevant to our study is GMGSL (Gregory et al., 2019),
or colloquially known as eustasy. This datum is measured relative to a reference
ellipsoid, and generally represents the global average elevation change relative to the
ellipsoid driven by changes in in the volume of the world’s oceans and global changes in
the shape of the ocean basins. The difference in the variation of GMGSL and RSL on the
mid-Atlantic margin is attributable to vertical land motion (along with other factors like
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variations in the geoid; SI Figure 5.36). Given our knowledge of paleodepth variations
on the mid-Atlantic margin (SI Figure 5.38) derived from the analysis of foraminiferal
assemblages (Katz et al., 2013), an independent estimate of GMGSL can serve as a prior
for the sea level input to the stratigraphic model and facilitates reconciling GMGSL with
the variations in vertical land motion, paleodepths, and the sedimentary architectures
observed on the mid-Atlantic margin within the stratigraphic modeling framework. To
obtain a prior estimate of GMGSL, we simplify the contributing factors (SI Figure 5.36)
to include only BSL change attributable to changes in water storage within continental
ice sheets (Miller et al., 2020a) and tectonic variations, or OBVSL (Wright et al., 2020).
We add the contributions of BSL change derived by (Miller et al., 2020a) to the estimate
of OBVSL calculated by (Wright et al., 2020), and propagate errors on each of those
estimates, to estimate a well-informed GMGSL prior that serves as an input to the
forward stratigraphic model (SI Figure 5.40).

5.6.1.4 Input estimates of MDT through time

We fit the stratigraphic model while applying vertical land motion driven by four
distinct representations of MDT on the NJ margin over the past 23 Myr (SI Figure 5.41),
as well as a fifth scenario that assumes no vertical land motion occurred because of MDT.
The first potential MDT scenario we test represents the “V2” modeled estimate of MDT
calculated by Moucha et al. (2008). The model predicts ~105 m of uplift for the US midAtlantic Margin since 23 Ma. The variations in topography were only provided for a
single location described as the New Jersey margin and, as a result, this variation was
applied consistently across the margin in our stratigraphic modeling (SI Figure 5.41a).
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The second potential MDT scenario we apply within our stratigraphic model predicts ~60
m of uplift concentrated offshore NJ (Schmelz et al., 2021). The third scenario assumes
no vertical land motion occurring because of MDT. And, the fourth and fifth MDT
scenarios are applied to test whether it is likely that MDT-driven subsidence occurred
since 23 Ma, as predicted by Müller et al. (2008). The fourth scenario is the “s20rts”
MDT model from Müller et al. (2008) that predicts ~80 m of MDT-driven subsidence
since 23 Ma, and the fifth scenario is the “ngrand” MDT model (Müller et al., 2008) that
predicts ~125 m of MDT-driven subsidence since 23 Ma. There are minor spatial
variabilities in these latter two MDT models, but the subsidence does not vary by more
than 15 m along the transect we model here. We extract the MDT signal directly from the
original sources at 2500 m intervals along the stratigraphic model transect, and we apply
the extracted MDT effects as an input to our stratigraphic model.

5.6.2 Detailed Methods for components of stratigraphic modeling

5.6.2.1 Shape and movement of the equilibrium profile through time

The first step in applying our stratigraphic model is to generate the geometric
form of the “equilibrium profile”. Generalizing its form depends on the characteristics of
sedimentation in different physiographic regions across the continental margin. For
example, the “equilibrium state” geometric form of the coastal plain differs significantly
from that of the continental slope. Since the space we aim to model covers the extent of
the continental margin from the fall-line onshore New Jersey to the base of the
continental slope offshore New Jersey, the boundaries between
physiographic/sedimentary regimes need to be identified and accounted for. We divide
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the stratigraphic surfaces in our model into three distinct regions, the coastal plain, the
clinoform topset, and the clinoform foreset. The boundary between the coastal plain and
the clinoform topset is designated by the intersection of the subaerial land surface with
sea level. The location of this boundary is allowed to vary, moving landward and
shoreward distances linearly related to changes in relative sea level, loosely adhering to
the Bruun rule (Bruun, 1962). The distance of shoreline retreat or seaward advance per
unit change in sea level is controlled by a model parameter, B. In fitting the model, this
parameter was allowed to have a value between 250 and 2000 m of shoreline movement
per m of sea-level change, but this was set to be constant at a value within those
constraints for any given 23 Myr model run. The initial position of this boundary is set as
model parameter S0. We allowed the model to search for the initial position of the
shoreline between 20 and 140 km along the profile. At this boundary, the slope of the
stratigraphic surface changes from the slope of the coastal plain, to a slope associated
with the clinoform topset. This topset slope value is a model parameter, θshelf, that is
allowed to fluctuate between 1:500 to 1:1500 depending on the best fit to the
observational data (but maintained as a constant value through time). The boundary
between the clinoform topset and the clinoform foreset is also accompanied by a change
in slope. The slope of the clinoform foreset is a model parameter, θslope, that can fluctuate
between 1:20 and 1:60. Therefore, there are four free parameters that directly control the
structure of the equilibrium profile: 1) the starting location of the shoreline, S0; 2) the
“Bruun” multiplier that relates movement of the shoreline to rises and falls in sea level,
B; 3) the slope of the clinoform topset, θshelf; and 4) the slope of the clinoform foreset,
θslope. There are 6 additional parameters that set the elevation of the topo-bathymetric
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profile at the initial time step. These parameters, Z0,d [d = 0, 50, 100, 150, 200, 250],
define the initial elevation of the profile at 50 km intervals of distance, d.
In response to these parameters, the equilibrium profile’s shape is altered by
variations in sea level. As sea level rises in the model, the shoreline location retreats
landward and the clinoform topset surface rises. When sea level falls, the shoreline
location moves seaward and the clinoform topset elevation falls. Absent the effect of
subsidence, these variations in sea level control accommodation. Generally, as sea level
rises positive accommodation is created across the margin. The form of the modeled
coastal plain and the modeled clinoform topset are defined by slope and this space is
filled by the amount of sediment supplied to the margin from rivers inland of the
landward-most point within our model. In this framework, the location of the boundary
between the clinoform topset and the clinoform foreset is determined by the amount of
sediment supplied to the margin. That is, the clinoform rollover point in any time-step
with positive accommodation will be located further seaward if there is more sediment
supplied and, conversely, it will occur at a more landward location if there is less
sediment supplied. As sea level falls, absent subsidence, conditions for erosion will be
created. In our model, the strata will be eroded to the level of the equilibrium profile,
both subaerially and subaqueously. The amount of sediment eroded is then distributed
seaward to the nearest area of sufficient positive accommodation. This sediment is
conserved and deposited like sediment supplied to the margin, and the clinoform rollover
point is determined by the combined amount of sediment supplied and the amount of
sediment eroded updip. In the area seaward of any deposition from sediment sourced
updip, either supplied to the model from the origin point or erosion along the modeled
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profile, pelagic sedimentation is simulated at a constant parameterized rate, w. We fit the
model allowing the rate of w to fluctuate between 0.01 to 4 cm/kyr between model
iterations, which is representative of a very low to approximately average pelagic
sedimentation rate. This sediment is simply added to the applicable length of the profile
within each time step. To reduce the number of parameters used to fit the model, this
value remained constant through each 23 Myr model run despite the fact that the pelagic
sedimentation rate undoubtedly changes through time.

5.6.2.2 Variations in GMGSL and sediment supply

Changes in sediment supply and GMGSL define a set of parameters that serve as
an input to the stratigraphic model. Within the model itself, there are 231 time-steps over
23 Myr and a sea level and sediment supply value are required for each to define the
shape and position of the equilibrium profile and to subsequently fill it with sediment. In
fitting the model, we reduce the number of sea level and sediment-supply parameters to
47 by sampling their value at 500 kyr intervals, then applying linear interpolation to
obtain data values for the intervening model time steps. This results in 94 sediment
supply and sea level parameters that serve as input to the model. We experimented with
representing sediment supply and sea level in the model with greater and fewer
parameters, but found that sampling those variables at a 500 kyr interval represented the
optimal compromise between representing high-resolution variations in sea level and
sediment supply and achieving expedience in fitting the model to the data. As a starting
point to finding the sediment supply values that would yield the best model fit, we
decompact the sediments across the margin and calculate the average volume and mass of
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sediment through time (SI Figure 5.39) and use those values to generate priors (Table
5.13) for the 47 sediment supply parameters used in the model. For sea level, we add the
contributions of BSL change derived by Miller et al. (2020a) to the estimate of OBVSL
calculated by Wright et al. (2020) to obtain an estimate of GMGSL (SI Figure 5.40).
That estimate and its error serves as a GMGSL prior (Table 5.12) that is an input to the
forward stratigraphic mode.

5.6.2.3 Accounting for compaction

While the space to fill accommodation is an area, the sediment supplied to the
margin is a mass. As such, the sediment supplied to the margin within our model is
registered as a mass. Moreover, the area that might represent the positive accommodation
does not represent the area of sediment that would fill the accommodation to the
elevation of the equilibrium profile because the underlying sediments will compact. Our
model accounts for this compaction within each time step. Compaction has been
empirically tested using offshore New Jersey well and core data, and Kominz et al.
(2011) and Van Sickel et al. (2004) provide regression coefficients relating lithology
dependent compaction to depth. These data analyses look primarily at porosity, φ, or the
volumetric space that sediment occupies relative to spore space. Using Eq. SI 1, which
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defines pore space available with depth on the US mid-Atlantic margin, we calculate the
mass of sediment that comprises the a given isopach thickness per square meter of area.
−1

φ(𝑧) = .595 ∗ 𝑒 −𝑧∗1833

[SI 1]

Relating the porosity curve, Eq. SI 1, to a map of mass for isopachs of a given
thickness at a given depth (SI Figure 5.42) allows for the quick calculation of how much
sedimentary mass needs to be deposited on top of the sediment surface to achieve a new
surface elevation, or the isopach thickness between two surfaces where a given mass of
sediment was deposited in a previous model time step. This allows for the quick
calculation of how much sediment is required to fill positive accommodation, or the
quick adjustment of isopach thicknesses as sediments are buried through time. The mass
of sediment in the entire sediment column at each spatial step within the model is
recorded using the porosity curve to sedimentary mass transform at each time-step in the
model. Therefore, the difference between the mass of sediment required to reach the
elevation of the equilibrium profile relative to the basement surface and the mass of
sediment within the modeled stratigraphy is the mass needed to fill accommodation
accounting for compaction. If a given amount of sediment is supplied to the margin, the
clinoform rollover is moved landward or seaward to exhaust the specified mass of
sediment while maintaining the constraints associated with the geometric form of the
equilibrium profile and adhering to the concept of accommodation. Sedimentary mass
balance is maintained through these methods.

5.6.2.4 Flexural isostatic compensation and thermal subsidence
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In addition to sea level, accommodation is also affected by subsidence from
buoyant or flexural compensation from a load of deposited sediments resting on the
lithosphere and mantle, 𝐹𝑓𝑙𝑒𝑥𝑢𝑟𝑒 , or thermal contraction of the lithosphere, 𝐹𝑡ℎ𝑒𝑟𝑚𝑎𝑙
(Steckler and Watts, 1978). Accommodation increases as sediment is deposited the
elastic lithospheric plate is flexurally loaded and deformed, and as the crust thermally
subsides. Equations and data that govern/represent these large-scale processes are readily
available. Numerical representations of the thermal (e.g., Parsons and Sclater, 1977,
McKenzie, 1978) and flexural (e.g., Sleep and Snell, 1976, Watts et al., 1982) subsidence
processes are well established and have been applied to the New Jersey margin. Here, we
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apply flexure generated by the sediment load, P𝑠 (𝑥, 𝑡), by modifying the equations of
Watts et al. (1982) and Turcotte and Schubert (2002), Eq. SI 2-6.

𝑧

P𝑠 (𝑥, t i ) = (ρg − ρw ) ∗ ∫0 t0 φ(𝑥, 𝑧) 𝑑𝑧 ∗ 𝑔 [SI 2]

𝐷=

𝐶=

𝐸∗ 𝑇𝑒3
12∗(1−𝑣 2 )

[SI 3]

𝐷∗ 𝑘 4

[SI 4]

ρm −(ρg −ρ𝑤 )

Φ𝑒 (k) =

1

[SI 5]

1+𝐶

𝑦𝑠 (𝑥, t i ) =

𝐹 −1 [𝐹[P𝑠 (𝑥,ti )]∗Φ𝑒 (k)]
(ρm −(ρg −ρ𝑤 ))∗𝑔

[SI 6]

The flexure generated by varying the water load on the margin via sea-level
change and thermal subsidence was accounted for by modifying the load calculation, Eq.
SI 2. The modified equation, Eq. SI 7, accounts for the force applied to the lithosphere
by the water mass placed or removed from the margin due variation in RSL that is
attributable to change in GMGSL and thermal subsidence, ℎ. The load associated with
any change in RSL due to sedimentation is accounted for in Eqs. SI 2-6. Since the infill
replacing mantle is water rather than sediments, the grain density parameter, ρg , was
replaced with water density in the degree of compensation, Eq. SI 4, and deflection
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calculations, Eq. SI 6. These equations are replaced with Eq. SI 8 and Eq. SI 9,
respectively, for the calculation of the deflection generated by the water load.
P𝑤 (𝑥, t i ) = ρw ∗ (ℎ𝑥,ti − ℎ𝑥,t0 ) ∗ 𝑔

𝐶=

𝐷∗ 𝑘 4

[SI 8]

ρm −ρ𝑤

𝑦𝑤 (𝑥, t i ) =

[SI 7]

𝐹 −1 [𝐹[P𝑤 (𝑥,ti )]∗Φ𝑒 (k)]
(ρm −ρ𝑤 )∗𝑔

[SI 9]

Several of the constants within these equations are parameterized within our
model and are calibrated using the observed stratigraphic surfaces. The free parameters
include: 1) the elastic thickness of the lithosphere, 𝑇𝑒 , which is allowed to vary between 8
and 65 km; 2) the value of Young’s modulus, 𝐸, which is allowed to vary between 0.5 x
1010 and 1.0 x 1012; 3) the value of Poisson’s ratio, 𝑣, which is allowed to vary between
0.25 and 0.5; and 4) the density of the mantle, ρm , which is allowed to vary between
3300 and 3500 kg/m2. The negative of the sum of Eq. SI 6 and Eq. SI 9, Eq. SI 10,
defines the amount of flexural subsidence the margin experiences at any given time step.
The subsidence generated due to loading is applied after sediment is deposited within a
time step, and thereby influences the accommodation in the subsequent time step.
𝐹𝑓𝑙𝑒𝑥𝑢𝑟𝑒 (𝑥, t i ) = −1 ∗ [ 𝑦𝑠 (𝑥, t i ) + 𝑦𝑤 (𝑥, t i )] [SI 10]
We apply thermal subsidence, 𝐹𝑡ℎ𝑒𝑟𝑚𝑎𝑙 , by modifying an exponential decay
function for oceanic crust defined by Katz et al. (2003). The amount of thermal
subsidence the margin experiences at the seaward end of the margin, defined as greater
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than 200 km from the origin point of the modeled transect, is assumed to subside at an
exponentially decaying rate like oceanic lithosphere (Eq. SI 11).

𝐹𝑡ℎ𝑒𝑟𝑚𝑎𝑙,𝑜𝑐𝑒𝑎𝑛𝑖𝑐 (t i ) = 𝐴 ∗ (e

−1∗(𝑇0 −𝑡𝑖 )
τ

− e

−1∗(𝑇0 −(𝑡𝑖−1 ))
τ

)

[SI 11]

We vary the thermal subsidence across the margin assuming that the lithosphere
subsides thermally at a greater rate in this location of oceanic crust than it does at the
origin point of the profile onshore, where the sediments experience continental
subsidence. We make the simple assumption that there is no thermal subsidence at the
origin point of the modeled transect, Eq. SI 12, and landward of a free parameter defined
as the ‘hinge zone’ (𝐻𝑍).
𝐹𝑡ℎ𝑒𝑟𝑚𝑎𝑙,𝑐𝑜𝑛𝑡𝑖𝑛𝑡𝑎𝑙 (t i ) = 0.0

[SI 12]

Linear interpolation is applied to determine the thermal subsidence rate along the
modeled transect between the distance defined by free parameter 𝐻𝑍 and the 200 km
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boundary that delineates where the thermal subsidence is assigned to be highest (Eq. SI
13).
𝐹𝑡ℎ𝑒𝑟𝑚𝑎𝑙 (𝑥, t i ) =
𝐹𝑡ℎ𝑒𝑟𝑚𝑎𝑙,𝑐𝑜𝑛𝑡𝑖𝑛𝑡𝑎𝑙 (t i )

; 𝑥 ≤ 𝐻𝑍

200 𝑘𝑚−𝑥

𝐹𝑡ℎ𝑒𝑟𝑚𝑎𝑙,𝑐𝑜𝑛𝑡𝑖𝑛𝑡𝑎𝑙 (ti )∗200 𝑘𝑚−𝐻𝑍+
𝑥−𝐻𝑍

𝐹𝑡ℎ𝑒𝑟𝑚𝑎𝑙,𝑜𝑐𝑒𝑎𝑛𝑖𝑐 (ti )∗ 200 𝑘𝑚−𝐻𝑍

{ 𝐹𝑡ℎ𝑒𝑟𝑚𝑎𝑙,𝑜𝑐𝑒𝑎𝑛𝑖𝑐 (t i )

; 𝑥 > 𝐻𝑍 𝑎𝑛𝑑 𝑥 < 200 𝑘𝑚

[SI 13]

; 𝑥 ≥ 200 𝑘𝑚

5.6.3 Notable stratigraphic model limitations

Modeling a system as complex as the basin-scale deposition and preservation of
sediments over 23 Myr is a challenging task. An obvious concern is that simplifications
of certain processes may ultimately deviate too far from reality to produce information
relevant to the reconstruction of the true sedimentary history. We note four primary
limitations and simplifications made in our approach: 1) we do not dynamically model
the erosion, transport, and deposition of sediments across the margin; 2) we account for
compaction with a single lithology-independent porosity curve; 3) our model does not
account for sediment supplied or erosion generated from forces initiated out of plane; and
4) we do not explicitly account for processes like slope failure. Each of these factors
affects how accommodation is filled within the model and could affect the distribution of
sediments across the margin through time. For the large-scale subsidence-budgeting
objectives outlined in this paper, we do not believe the limitations alter the primary
conclusions. However, addressing them does offer opportunity to assess characteristics of
the system and the history of sedimentation in greater detail.
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The model we employ is geometric in nature. To facilitate a viable experiment,
the geometric profile needed to vary in very predictable, rule-defined ways. We applied a
modification of the well-established Bruun rule to generate reasonable and conservative
variations in the equilibrium profile through time in response to variations in sea-level.
Applying an advection-diffusion based erosion, transport, and deposition routine may
offer a better solution to assessing dynamic change to the topo-bathymetric profile and
may facilitate a better fit of the model to data. The computational simplicity of the
geometric profile proved more important for this initiative, but finer-scale analyses that
assess smaller areas or smaller amounts of time may benefit from this approach.
Accounting for compaction was necessary to accurately model the deposition of
these strata. We account for compaction from calculations that rely on a depth-dependent
porosity curve. Here we do not account for the lithology dependent nature of porosity.
This can potentially adversely affect the accuracy of the reconstructed model as the
lithology becomes finer grained moving away from a sediment source. This can result in
spatial biases in the porosity curve as it relates to depth. This affects compaction, likely to
a minor degree. It also will affect the estimation of the sediment load and flexure.
Sensitivity tests on the impact of variations in porosity should be undertaken in future
work.
We also assume that all sediment is provided to the margin from an updip
sediment source, and is deposited filling accommodation sequentially downdip. This is
not necessarily the case as sediment can be transported alongshelf by currents or
deposited as a part of a secondary deltaic system or lobe that does not prograde parallel to
the modeled cross-section. This effect could generate stratal geometries that would be
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difficult for the model we have constructed to replicate. Similarly, we do not account for
processes like slope failure or headward erosion on foresets. These processes
undoubtedly shape the stratigraphy we observe offshore New Jersey. And, by extension,
their effects would alter the preserved geomorphological expression of stratal boundaries
we fit the model output stratigraphy to. However, we believe that these effects would not
significantly alter our calculations budgeting subsidence as it relates to MDT, it would
simply negatively affect the fit of the output strata to the data in all model runs.
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5.7 FIGURES

Figure 5.32 Map of seismic, core, and well log data that have been used to define the Cretaceous
to Quaternary stratigraphy of the US mid-Atlantic continental margin. Modified after Schmelz et
al. (2020).
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Figure 5.33. The minimum of the negative of the natural log of posterior probability for the 50
best model runs for each of the tested MDT scenarios plotted against the number of model runs
applied. The models run with no MDT and a relatively small amount of MDT that can be
characterized by offshore uplift ultimately fit the data better than the models run with a large
amount of MDT-driven subsidence expressed across the margin.
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Figure 5.34. Stratigraphic model output fit to sequence stratigraphic surfaces observed on
seismic profile OC629. The black lines represent output surfaces at ages that bound the hiatuses
of stratigraphic sequences, and the red lines correspond to the stratigraphic surfaces interpreted
on seismic data and converted to depth. The five panels (A-E) show the best fit output of the
stratigraphic model to the data for the tested MDT scenarios. The model output stratigraphy with
MDT-driven uplift, via estimates from Moucha et al. (2008) and Schmelz et al. (2021), are
shown in Panel A and Panel B, respectively. The model output with no MDT effect applied is
shown in Panel C. Panel D and Panel E show the best fit output of the stratigraphic model
applied with subsidence extracted from the “s20rts” and the “ngrand” MDT models of Müller et
al. (2008).
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Figure 5.35. Total thermal (red line) and flexural (blue line) subsidence required to fit the
stratigraphic model with ~105 m of MDT (purple line) driven uplift (Panel A), ~60 m of uplift
offshore NJ (Panel B), no MDT effect (Panel C), ~80 m of MDT-driven subsidence across the
margin (Panel D), and ~125 m of MDT-driven subsidence (Panel E).
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SI Figure 5.36. Scaled diagram of
relationships between mechanisms of
local/regional and global sea-level change.
Modified after Gregory et al. 2019. See
Table 5.1.
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SI Figure 5.37. Sequence stratigraphic interpretations of strata deposited over the past 33 Myr
using MCS line 529, collected as a part of the OC270 cruise (Mountain, 2015), and cores from
IODP Exp. 313 (Mountain et al., 2010).
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SI Figure 5.38. Age and depth indicated by Strontium isotopic data at the three Exp. 313 core
sites (Panels A-C). These data compare favorably with the estimated age and estimated depth of
interpreted seismic surfaces at the location of those three core sites. In addition to well-defined
constraints on the age of the sediments, the Exp. 313 cores provide constraints on paleodepths
along the modeled transect over the past 23 Myr (Panels D-F).
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SI Figure 5.39. Panel A) Depth converted seismic surfaces plotted in space relative to the origin
point of our modeled stratigraphic transect. Panel B) Decompacted sedimentation rate through
time that is represented as a mass of sediment preserved between bounding surfaces, which are
the sequence boundaries delineated on the OC270 (Mountain, 2015) seismic data and
specifically line OC629. The blue line shows linear interpolation of the rate using the bounding
surfaces and the hiatuses assigned to them as timelines. The orange line is moving average with a
500 kyr search window of the rate through time, this smoothing corresponds to the sampling
interval of the sediment supply parameters used to fit the model.
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SI Figure 5.40. BSL (Panel A; Miller et al., 2020) and OBVSL (Panel B; Wright et al., 2020)
data used to create an estimate of GMGSL change (Panel C) over the past 25 Myr. This estimate
and its uncertainty serve as a prior for GMGSL, or ‘eustatic’ sea-level, change applied within the
model.
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SI Figure 5.41. Topographical variation generated within four estimates of MDT along the
transect used to fit the stratigraphic model to stratigraphic data. The estimates of MDT are taken
from Moucha et al. (2008), Schmelz et al. (2021), and two from Muller et al. (2008). The
estimates of MDT from Moucha et al. (2008) and Muller et al. (2008) are based on mantle flow
simulations, whereas Schmelz et al. (2021) estimates the effect of MDT using backstripping
records on the US mid-Atlantic margin. The Moucha et al. (2008) and Schmelz et al. (2021)
estimates predict relative uplift since 23 Ma. Moucha et al. (2008) predicts ~105 m of uplift in
this time for the area offshore New Jersey, and the trend defined within Moucha et al. (2008;
their Figure 3b) is applied uniformly across the margin. Schmelz et al. (2021) predict a
maximum of 65 m of uplift since 23 Ma, but the effect of MDT is spatially variable with the
greatest uplift spanning the area from the modern shoreline to about 100 km offshore. Both
Muller et al. (2008) estimates predict subsidence over this time and space. The two Muller et al.
(2008) differ in their estimation of mantle heterogeneity. The “s20rts” model predicts a
maximum of 79 m of subsidence since 23 Ma, compared to a maximum of 132 m for the
“ngrand”. These estimates are spatially variable, but there are only small spatial variations along
the transect we apply the stratigraphic model to.
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SI Figure 5.42. Relationship between the upper bounding depth of a package of sediment, the
thickness of the isopach, and the sedimentary mass for the percent porosity curve defined by:
−1
59.51 ∗ 𝑒 −𝑑𝑒𝑝𝑡ℎ∗1833 . This relationship is mapped and interpolated to quickly calculate new
sedimentary depths through the sediment column as new sediment mass is deposited onto the
sediment surface.

210

SI Figure 5.43. Average output model water depths compared to paleodepth measurements
made by Katz et al. (2013) at M27 (red), M28 (blue), and M29 (purple) for the 50 best fit
stratigraphic model runs for each of the tested MDT pathways. These averaged model output
water depths at these sites are plotted for the model applied with ~ 100 m of MDT driven
uplift (Column A), ~ 60 m of uplift (Column B), no MDT (Column C), ~80 m of MDT
driven subsidence (Column D), and ~125 m of MDT driven subsidence (Column E).
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SI Figure 5.44. GMGSL variations and sediment supply required to fit the stratigraphic model
with ~105 m of MDT-driven uplift (Column A), ~60 m of uplift offshore NJ (Column B), no
MDT effect (Column C), ~80 m of MDT-driven subsidence across the margin (Column D), and
~125 m of MDT-driven subsidence (Column E).
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SI Figure 5.45. The output of the stratigraphic model applied with ~105 m of MDT-driven uplift
(Row A), ~60 m of uplift offshore NJ (Row B), no MDT effect (Row C), ~80 m of MDT-driven
subsidence across the margin (Row D), and ~125 m of MDT-driven subsidence (Row E) plotted
in age and depth at core sites M27, M28, and M29. The modeled surfaces are plotted alongside:
1) the Sr87 age data collected at core sites M27, M28, and M29; and 2) the depth converted
seismic surfaces that represent the sequence boundaries identified and dated using integrated
sequence stratigraphic methods at the locations of those sites.
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5.8 TABLES

Table 5.1. Listing and description of sea-level terms used herein and displayed graphically SI
Figure 5.36.
Term

Description of term/mechanism of sea-level change

Barystatic sea level (BSL)
Thermosteric sea level (θ)
Global mean sea level (GMSL)
Ocean-basin volume sea level (OBVSL)
Global mean geocentric sea level (GMGSL)
Sea surface height (η)
Local change in sea-floor height (𝐹)
Relative sea level (RSL)
Backstripping estimates of GMGSL

Change in mass of water in the ocean
Change in thermally driven density changes
Change in the volume of the ocean (BSL + θ)
Sea level effect of change in mean ocean sea-floor height and area
Global average change in sea-level height from a fixed datum
GMGSL + geoid (G’) and ocean dynamic sea-level (ζ) variations
Due to flexure, thermal subs., compaction, GIA, MDT, or other tectonics
Local change in sea-level height relative to a fixed datum (𝐹 + η)
Estimates of GMGSL from measurement of RSL and accounting for F

Table 5.9
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Table 5.10. The spatial extent of and duration of the hiatuses interpreted for seismic surfaces
observed on line OC629.
Surface name

Hiatus

Spatial extent

Begin (Ma)

End (Ma)

Seafloor

0.0

0.0

Purple

0.1

0.1

Blue

0.3

0.3

Green

0.5

0.5

Yellow

0.8

0.8

M1

12.0

11.8

M3

12.6

12.3

M4

12.7

12.7

M4.1

12.9

12.9

M4.2

13.1

13.0

M4.3

13.2

13.2

M4.4

13.4

13.4

M4.5

13.6

13.5

M5

14.8

13.7

M5.1

14.9

14.8

M5.2

15.6

15.3

M5.3

16.6

15.9

M5.4

17.8

17.7

M5.45

17.8

17.8

M5.47

17.9

17.9

M5.6

18.6

18.6

M5.7

19.1

18.8

M5.8

20.7

20.1

M6

23.0

20.9

Start (m)

End (m)
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Table 5.11. Prior estimates of parameter values that characterize the flexural and thermal subsidence and the geometric equilibrium
profile used to fit the numerical stratigraphic model to the seismic stratigraphic data.
Parameter

Te
(km)

E

v

ρm
(kg/m3)

‘A’

τ

T0
(yrs)

HZ
(km)

S0
(km)

B

θshelf

θslope

w
(m/kyr)

Z0,0
(m)

Z0,50
(m)

Z0,100
(m)

Z0,150
(m)

Z0,200
(m)

Z0,250
(m)

High

65

1.0E+12

0.5

3500

6000

90

2.5E+08

150

140

2000

2000

80

0.04

70

50

25

0

0

0

Low

8

2.5E+10

0.25

3300

1000

20

1.0E+08

10

20

250

500

20

0.001

30

0

-25

-500

-1000

-1500
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Table 5.12. Prior estimates of parameter values that characterize GMGSL change (m) at each
timestep.
Age (Ma)
Value

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

Low

-34

-20

-12

-4

-2

4

18

32

34

29

24

23

23

22

24

24

High

-86

-73

-65

-57

-56

-50

-36

-22

-19

-24

-29

-30

-29

-30

-27

-28

Age (Ma)
Value

8

8.5

9

9.5

10

10.5

11

11.5

12

12.5

13

13.5

14

14.5

15

15.5

Low

15

8

7

16

28

31

32

31

40

36

35

33

53

51

60

50

High

-37

-45

-48

-38

-26

-23

-22

-23

-14

-18

-18

-20

0

-2

7

-5

Age (Ma)
Value

16

16.5

17

17.5

18

18.5

19

19.5

20

20.5

21

21.5

22

22.5

23

Low

52

50

40

35

35

23

18

18

25

28

34

44

27

29

31

High

-4

-7

-17

-22

-22

-35

-40

-40

-34

-36

-32

-21

-36

-35

-34
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Table 5.13. Prior estimates of parameter values that characterize the sediment supplied (tons per
100 kyr) to the margin at each timestep.
Age (Ma)
Value

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

Low

2768

2320

1000

160

160

160

160

160

160

160

160

160

160

160

160

160

High

346

290

125

16

16

16

16

16

16

16

16

16

16

16

16

16

Age (Ma)
Value

8

8.5

9

9.5

10

10.5

11

11.5

12

12.5

13

13.5

14

14.5

15

15.5

Low

160

160

160

160

160

160

160

160

1291

3877

3328

1173

470

225

900

1238

High

16

16

16

16

16

16

16

13

161

485

416

147

59

28

112

155

Age (Ma)
Value

16

16.5

17

17.5

18

18.5

19

19.5

20

20.5

21

21.5

22

22.5

23

Low

644

163

163

503

529

839

1015

638

425

1023

952

160

160

160

160

High

81

20

20

63

66

105

127

80

53

128

119

0

0

0

0

218

Table 5.14. The natural logarithm of the maximum posterior probability for each of the three
individual model optimizations for the five MDT model scenarios.
Optimization
run

Moucha et al.
(2008) “V2”

Schmelz et al.
(2021)

No MDT

Muller et al.
(2008) “s20rts”

Muller et al.
(2008) “ngrand”

Maximum ln of
probability

16890

17814

17315

18986

19954
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Table 5.15. Posterior estimates of flexural and thermal subsidence parameter values used to fit
the numerical stratigraphic model to the seismic stratigraphic data.
“V2” MDT model (Moucha et al., 2008)
Parameter

Te
(km)

E

v

ρm
(kg/m3)

‘A’

τ

T0
(yrs)

HZ
(m)

Mode

24

1.78E+11

0.37

3383

5345

81

1.26E+08

48984

16th %ile

22

1.35E+11

0.35

3359

5283

79

1.23E+08

36019

84th %ile

26

2.24E+11

0.40

3406

5402

83

1.28E+08

58663

MDT inversion from NJ margin backstripping records (Schmelz et al., 2021)
Parameter

Te
(km)

E

v

ρm
(kg/m3)

‘A’

τ

T0
(yrs)

HZ
(m)

Mode

15

2.54E+11

0.34

3434

4164

64

1.43E+08

105017

16th %ile

13

2.20E+11

0.30

3404

3749

59

1.35E+08

96345

84th %ile

18

2.82E+11

0.37

3469

4634

71

1.56E+08

112012

No MDT
Parameter

Te
(km)

E

v

ρm
(kg/m3)

‘A’

τ

T0
(yrs)

HZ
(m)

Mode

10

3.84E+11

0.39

3402

3259

46

1.36E+08

113899

16th %ile

9

3.37E+11

0.35

3376

2630

36

1.27E+08

105925

84th %ile

10

4.34E+11

0.42

3427

4012

56

1.44E+08

121794

“s20rts” MDT model (Muller et al., 2008)
Parameter

Te
(km)

E

v

ρm
(kg/m3)

‘A’

τ

T0
(yrs)

HZ
(m)

Mode

59

8.69E+11

0.39

3462

4707

74

1.06E+08

124690

16th %ile

57

7.76E+11

0.36

3450

4542

68

1.02E+08

121971

84th %ile

60

9.48E+11

0.41

3475

5084

79

1.08E+08

128053

Parameter

Te
(km)

E

v

ρm
(kg/m3)

‘A’

τ

T0
(yrs)

HZ
(m)

Mode

60

6.78E+11

0.42

3401

5606

69

1.15E+08

124456

16th %ile

59

5.82E+11

0.39

3366

5391

64

1.08E+08

122428

84th %ile

61

7.45E+11

0.46

3433

5920

73

1.20E+08

126675

“ngrand” MDT model (Muller et al., 2008)
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Table 5.16. Posterior estimates of parameter values that characterize the geometric equilibrium
profile through time that were used to fit the numerical stratigraphic model to the seismic
stratigraphic data.
“V2” MDT model (Moucha et al., 2008)
Parameter

S0
(m)

B

θshelf

θslope

w
(m/kyr)

Z0,0
(m)

Z0,50
(m)

Z0,100
(m)

Z0,150
(m)

Z0,200
(m)

Z0,250
(m)

Mode

83832

1706

1509

35

0.037

44

24

-15

-143

-374

-875

16th %ile

82003

1605

1497

33

0.036

39

17

-19

-149

-381

-910

84th %ile

86018

1788

1555

37

0.038

50

30

-11

-136

-365

-848

MDT inversion from NJ margin backstripping records (Schmelz et al., 2021)
Parameter

S0
(m)

B

θshelf

θslope

w
(m/kyr)

Z0,0
(m)

Z0,50
(m)

Z0,100
(m)

Z0,150
(m)

Z0,200
(m)

Z0,250
(m)

Mode

95498

1450

1108

34

0.038

44

19

-14

-231

-448

-947

16th %ile

92047

1406

1060

31

0.038

38

12

-17

-252

-469

-988

84th %ile

98667

1512

1166

37

0.038

50

28

-11

-218

-429

-919

No MDT
Parameter

S0
(m)

B

θshelf

θslope

w
(m/kyr)

Z0,0
(m)

Z0,50
(m)

Z0,100
(m)

Z0,150
(m)

Z0,200
(m)

Z0,250
(m)

Mode

96287

1486

1154

35

0.039

44

22

5

-222

-502

-1042

16th %ile

93422

1442

1104

32

0.039

41

18

2

-235

-510

-1078

84th %ile

98408

1553

1201

38

0.039

47

27

10

-211

-490

-1006

Parameter

S0
(m)

B

θshelf

θslope

w
(m/kyr)

Z0,0
(m)

Z0,50
(m)

Z0,100
(m)

Z0,150
(m)

Z0,200
(m)

Z0,250
(m)

Mode

112913

380

1423

36

0.039

44

32

6

-190

-299

-665

16th %ile

110736

351

1169

33

0.039

38

29

0

-201

-321

-713

84th %ile

114604

420

1614

39

0.039

50

35

17

-179

-273

-626

Parameter

S0
(m)

B

θshelf

θslope

w
(m/kyr)

Z0,0
(m)

Z0,50
(m)

Z0,100
(m)

Z0,150
(m)

Z0,200
(m)

Z0,250
(m)

Mode

118328

383

1329

35

0.038

60

33

0

-91

-209

-494

16th %ile

115446

273

1217

30

0.037

56

26

-5

-105

-231

-525

84th %ile

120702

509

1455

40

0.039

65

42

5

-76

-191

-469

“s20rts” MDT model (Muller et al., 2008)

“ngrand” MDT model (Muller et al., 2008)
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