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The rate of relative sea-level (RSL) rise at Sandy Hook, NJ (4.0 ± 0.5 mm/yr) was higher than The Battery,
NY (3.0 ± 0.3 mm/yr) from 1900 to 2012 despite being separated by just 26 km. The difference cannot be
explained by differential glacial isostatic adjustment (GIA; 1.4 ± 0.4 and 1.3 ± 0.4 mm/yr RSL rise,
respectively) alone. We estimate the contribution of sediment compaction to subsidence at Sandy Hook
using high-resolution grain size, percent organic matter, and porosity data from three upper Quaternary
(13,350 cal yr) cores. The organic matter content (<2%) is too low to contribute to local subsidence.
However, numerical modeling of the grain size-depth-age-porosity relationship indicates that compaction of deglacial silts likely reduced the column thickness by 10e20% over the past 13,350 cal yrs. While
compaction rates were high immediately after the main silt deposition (13,350e13,150 cal yrs BP), rates
decreased exponentially after deposition to an average 20th century rate of 0.16 mm/yr (90% Conﬁdence
Interval (C.I.), 0.06e0.32 mm/yr). The remaining ~0.7 mm/yr (90% C.I. 0.3e1.2 mm/yr) difference in
subsidence between Sandy Hook and The Battery is likely due to anthropogenic groundwater withdrawal. Historical data from Fort Hancock wells (2 km to the southeast of the Sandy Hook tide gauge) and
previous regional work show that local and regional water extraction lowered the water levels in the
aquifers underlying Sandy Hook. We suggest that the modern order of contribution to subsidence
(highest to lowest) appears to be GIA, local/regional groundwater extraction, and compaction of thick
Quaternary silts.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Global, regional, and local processes cause changes in relative
sea level (RSL). Global mean sea-level (GMSL) change describes
changes in sea surface height averaged over the whole ocean (e.g.,
Kopp et al., 2015). Due primarily to thermal expansion and
shrinking of land ice, GMSL rose at a rate of about 1.3 ± 0.2 mm/yr
during the 20th century (Hay et al., 2015; Kopp et al., 2016;
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Dangendorf et al., 2017), lower than previously published estimates of 1.5e1.9 mm/yr (e.g., Jevrejeva et al., 2008; Church and
White, 2011), and has risen at a faster rate of about 3 mm/yr
since 1993 (Chen et al., 2017). RSL is the vertical distance between
sea-surface height and the solid-Earth surface at a speciﬁc location
(Kopp et al., 2015). RSL may be falling or rising at a different rate
from GMSL and can be used to describe sea-level trends for areas on
regional (~100 km2) and local (single location; ~10 km2) scales.
Comparison of RSL rise at Sandy Hook, which lies on thick
compressible sediments, and nearby (26 km) at The Battery tide
gauge, New York City, which lies on incompressible bedrock, provides a natural experiment evaluating the natural and
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anthropogenic effects on compaction (Fig. 1).
The increasing availability of tide-gauge records and geologically based reconstructions of past RSL has made it possible to
analyze RSL change with ﬁner spatial resolution (e.g., Kopp, 2013;
Kemp et al., 2011; Horton and Shennan, 2009). These analyses
have shown it is possible, if not common, to have large variations in
rates of RSL change over relatively small (a few kilometers) distances. For example, spatio-temporal statistical analysis of tidegauge records estimated the rate of RSL rise at Sandy Hook between 1900 and 2012 to be 4.0 ± 0.5 mm/yr (Fig. 2). This rate is
signiﬁcantly higher than the 3.0 ± 0.3 mm/yr observed over the
same period at The Battery tide gauge, located just 26 km to the
northwest (Kopp, 2013).
RSL change can be inﬂuenced by many factors, including glacial
isostatic adjustment (GIA; Clark et al., 1978), mantle dynamic
topography (e.g., Gurnis, 1990), ocean dynamics (Yin et al., 2009),
and local processes including active tectonics (Simms et al., 2016),
€rnqvist et al., 2008; Brian
sediment loading, and compaction (To
et al., 2015). Both Sandy Hook and The Battery show 20th century
rates greater than the 1.3 ± 0.2 mm/yr of GMSL rise (Hay et al., 2015;
Kopp et al., 2016). The excess RSL rise above GMSL rise at these two
locations is mainly due to GIA (Clark et al., 1978). Kopp (2013)
estimated the GIA effect to be 1.3 ± 0.4 mm/yr at The Battery and
1.4 ± 0.4 mm/yr at Sandy Hook.
Accounting for the difference in GIA between Sandy Hook and
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The Battery leaves a 0.9 ± 0.5 mm/yr difference in RSL change
(Kopp, 2013). This difference cannot be attributed to regional processes, but must be due to unquantiﬁed local processes. Moucha
et al. (2008) showed that there is little or no difference
(0.003 mm/yr) between Sandy Hook and The Battery in RSL
change driven by mantle dynamic topography. Furthermore,
changes in ocean dynamics occur over spatial scales too large to
affect Sandy Hook and The Battery differently (Yin et al., 2009).
Similarly, spatial variation arising from the static-equilibrium
(gravitational, rotational, and deformational) effects of shifting
mass from land ice to or from the ocean occurs over distances
greater than the 26 km between Sandy Hook and The Battery (Kopp
et al., 2015). Based on models of long-term thermal subsidence and
compaction of pre-Quaternary strata (Kominz et al., 2008), these
effects are too low (<0.1 mm/yr difference between sites) to explain
the difference (Miller et al., 2013). Thus the 0.9 ± 0.5 mm/yr difference is likely due to sediment compaction.
Here we seek to quantify the sources of local subsidence to account for the high rate of local RSL rise at Sandy Hook. Potential
contributors include compaction of organic-rich strata and/or sili€rnqvist et al.,
ciclastic sediments due to natural effects (e.g., To
2008) and compaction induced by anthropogenic groundwater
withdrawal (e.g., Pope and Burbey, 2004). Locations with high rates
of RSL rise (~4.0 mm/yr) (e.g., Norfolk, Virginia and Atlantic City,
New Jersey) are typically the result of high rates of compaction due
to groundwater withdrawal (Pope and Burbey, 2004; Cronin, 2012;
Miller et al., 2013). In this study, we assess the RSL contributions
from compaction of Quaternary organic material and siliciclastic
sediments at Sandy Hook. We conduct sedimentological studies
(percent organic matter, grain size, and porosity) on a transect of
three cores drilled on Sandy Hook (Fig. 1). We use these data to
model the contributions of compaction in young unconsolidated
siliciclastic silts to local RSL changes and compare the residual to
rates of groundwater withdrawal. Our approach to quantify RSL
budgets is applicable to other regions.
2. Study area

Fig. 1. Sandy Hook Location Map. SH-NMY Sandy Hook North Maintenance Yard
Corehole, SH-SS Sandy Hook Salt Shed Corehole, SH-SMY-A Sandy Hook South
Maintenance Yard Corehole A. Inset map shows the Fall Line, B ¼ The Battery Tide
Gauge, AC ¼ Atlantic City Tide Gauge, CM ¼ Cape May Tide Gauge, and 1900e2012
average rates of sea-level rise at each of those locations including Sandy Hook (Miller
et al., 2013). A-A0 is the location of the cross-section in Fig. 3.

Sandy Hook is a sand spit extending 8 km north into Sandy Hook
and Raritan Bays between New York and New Jersey, USA (Fig. 1).
The spit has been growing northward into Raritan Bay at an average
rate of ~8 m/yr over the past two centuries (see supplementary
material for calculation). The Sandy Hook tide gauge is located near
the NW end of the spit, 26 km southeast of The Battery tide gauge in
New York, NY. Sandy Hook and The Battery are in different geologic
settings. The Battery is underlain by Paleozoic and Proterozoic
crystalline metamorphic bedrock (Lyttle and Epstein, 1987),
whereas Sandy Hook, in the New Jersey coastal plain, is underlain
by ~300 m of unconsolidated Cretaceous to Holocene marine, near
shore, and terrestrial sediments that onlap the bedrock seaward of
the fall line (Owens et al., 1998). The fall line, demarcated by a linear
series of waterfalls along rivers traversing the line, marks the
transition between unconsolidated sediments and more resistant
bedrock to the west (e.g., Owens et al., 1998, Fig. 1).
Miller et al. (2013) used tide gauge records to show that the 20th
century regional rate of sea-level rise along the fall line and to the
west in the Piedmont is ~3.0 mm/yr. Major cities including New
York (3.0 ± 0.3 mm/yr), Philadelphia (3.1 ± 0.3 mm/yr), Baltimore
(3.1 ± 0.3 mm/yr), and Washington D.C. (3.0 ± 0.5 mm/yr) are
located in this region. These rates closely match the sum of GMSL
rise and GIA-driven RSL change. Tide gauges located east of the fall
line in the coastal plain typically exhibit rates of rise of at least
3.5 mm/yr and can reach rates as high as 3.9 and 4.0 mm/yr in
locations such as Atlantic City, NJ and Sandy Hook, NJ, respectively
(Miller et al., 2013) and higher in Virginia (Pope and Burbey, 2004).
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While the coastal plain sea-level signal includes GMSL rise and GIA
similar to the bedrock sites, most coastal plain sites experience an
additional 0.5e1.5 mm/yr RSL rise.
3. Methods
3.1. Drilling
In order to study the effects of the underlying geology and
quantify the contribution of different processes on the local rate of
sea-level rise at Sandy Hook, a transect of three continuously cored
and logged holes were obtained on a N-S transect (1.6 km apart) on
the spit (Miller et al., 2018) (Figs. 1 and 3, and S1) in 2014 as part of
the ongoing Coastal Plain Drilling Project. The three core holes
(Figs. 4 and 5, and S2) were designated Sandy Hook North Maintenance Yard (NMY) at 40 28.1650 N, 74 00.2970 W, Sandy Hook Salt
Shed (SS) at 40 27.0520 N, 73 59.7930 W, and Sandy Hook South
Maintenance Yard A (SMY-A) at 40 25.9980 N, 73 59.202’ W
(Miller et al., 2018). Basic sediment and stratigraphic descriptions of
the cores were done onsite and subsequently along with preliminary interpretations of the depositional environments
(Stanford et al., 2015; Miller et al., 2018). Here we provide interpretations along with our new sedimentological data. More
detail is provided in the results and discussion.
3.2. Sedimentological analyses
We measured percent organic matter (%OM), grain size, radiocarbon ages, and porosity. The lithologic descriptions were synthesized into general lithology columns (Miller et al., 2018). We also
added quantitative and semi-quantitative lithology data. We
quantitatively measured weight percent mud (<63 mm), ﬁne sand
(63e125 mm), and medium-coarse sand (>125 mm) in washed
samples at ~1.5 m intervals. We semi-quantitatively estimated the
abundance of glauconite, shells, and mica in the sand fraction
(>63 mm) by splitting samples into aliquots and visually estimating
percentages on a picking tray. The semi-quantitative and quantitative percent data were combined and presented as “Cumulative
lithology” (Figs. 4 and 5, and S1); these clearly show distinct trends
in grain size and mineralogy and are particularly useful in showing

Fig. 2. A: Sea level from tide gauges at Sandy Hook, NJ (cyan) and The Battery, NY
(black dashed) compared to the global sea-level curve of Hay et al. (2015) (green). B:
31-year averaged rate of sea-level rise at Sandy Hook (black) and The Battery (blue)
compared to global (green; based on data from Hay et al., 2015). Shaded areas are 2s
uncertainty (Modiﬁed from Miller et al., 2013). (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)

ﬁning upward and coarsening upward trends not readily observable in the descriptive lithology (e.g., Fig. 4). Where available,
samples were taken at ~1.5 m intervals in all silts and ~3 m intervals
in the sands, with a higher sample density in zones of rapid sedimentological changes (Table ST1). Percentage organic matter (OM)
was measured using loss on ignition, following the method of Heiri
et al. (2001), at the Benthic Ecology Lab at Rutgers Department of
Marine and Coastal Sciences. The equivalent percent total organic
carbon is ~0.5 %OM (Vereş, 2002). Grain size analysis was performed on the <3 mm size fraction using a Malvern Mastersizer
3000 at the Sea Level Research Lab at Rutgers Department of Marine and Coastal Sciences. Radiocarbon dates were acquired using
mollusk shells and plant material. Porosity was measured volumetrically, using the mass of pore water to estimate pore volume
and the volume of grains to estimate matrix volume. More detailed
methods for determining grain size, %OM, and porosity are available in the supplementary material.
3.3. Radiocarbon ages and age models
The Quaternary chronology at Sandy Hook was established using radiocarbon dating, and an age model is developed and presented here in the Methods. The material dated was primarily plant
matter, supplemented by shell fragments (Table 1). The shell fragments were mainly Mercenaria mercenaria, Crassostrea virginica,
and indeterminate species. The plant material included wood
fragments, peats, and roots; we picked fragile or fresh-looking
organic matter that could not have been transported a long distance. All of the dated materials are from facies interpreted as
estuarine and equivalent to the modern back bay environments
(Raritan and Sandy Hook Bays). Although movement of material in
these environments is possible, it does not suffer from the
reworking issues of modern and Quaternary shelf and nearshore
environments because of rapid deposition at the NMY. The samples
were removed from the bulk substrate and adhered detrital material was removed from the sample under a microscope prior to
radiocarbon dating.
Samples were analyzed at the National Ocean Science Accelerator Mass Spectrometry (NOSAMS) Lab at Woods Hole Oceanographic Institute and the resulting radiocarbon ages calibrated to
calendar years using IntCal13 or Marine13 for terrestrial and marine samples respectively (Reimer et al., 2013). A DR value of
130 ± 60 was applied to samples determined to form in the marine
realm (i.e., marine mollusk and shell fragments) to account for local
marine reservoir effects. This DR value was obtained from the
closest known location available in Shark River, NJ (McNeely et al.,
2006).
Age models for the NMY and SS sites were developed using
radiocarbon dates and detailed core examination. From 55.11 to
84.25 m at the NMY, where radiocarbon dates were indistinguishable, we assumed constant deposition across the interval and
used the earliest and latest dates (13,347 and 13,152 cal yrs BP) to
establish our age model. These dates correlate the silts from 55.11 to
84.25 m with the Lake Iroquois outburst ﬂoods into the Hudson
River Valley at 13,350 cal yr BP (Rayburn et al., 2005; Donnelly et al.,
2005; Thieler et al., 2007; see discussion). We thus anchor the age
model at 13,350 cal yr BP. Above this, we applied linear trend lines
to the radiocarbon dates. At points of major (order-of-magnitude)
change in deposition rates, we compared the depths of those
changes to the depths of potential unconformities in the cores.
Where there appeared to be an unconformity, we evaluated the age
of the surface of discontinuity from above and below and compared
the two ages. The process was repeated for the SS. Error bars were
generated using Bacon Version 2.2 (Blaauw and Christen, 2011).
More details of the method and the errors are provided in the
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Fig. 3. Schematic cross section of Sandy Hook. Cretaceous sediments are shades of green and Quaternary sediments are shades of yellow. The basal Quaternary postglacial outwash
gravel deposit is shown in magenta. Unconformities are marked in red and the inferred glacial incised valley outline is magenta. The correlation between the gravels at the NMY and
SS is based on elevation, provenance, and ﬂuvial grade to outcropping terminal moraines in Staten Island, NY (Miller et al., 2018). We follow the nomenclatures of Stanford et al.
(2015), and Minard (1969). Modiﬁed from Stanford et al. (2015). Cross section location in Fig. 1. Inserts are cumulative percent plots from each of the cores, see Fig. 4 for explanation.
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

supplementary material and Figs. S3eS4.
3.4. Numerical modeling
Numerical modeling was employed to quantify the contribution
from compaction of siliciclastic sediments to the rate of RSL rise. We
sought to decompact the sediment column in discrete time steps.
We derived an equation for porosity and used it to model changes
in porosity through time and across changes in burial depth.
We tested multiple equations for porosity, changing both the
variables of grain size, age, and burial depth controlling porosity
and the form of the equation itself. Previously, Kominz et al. (2011)
identiﬁed strong relationships between grain size and porosity,
burial depth and porosity, and age and porosity. We used trends
visible in our data set (porosity vs. grain size and porosity vs. depth/
age) to design our equations.
Porosity data show a strong logarithmic dependency on median
grain size (Fig. S5). Porosities of sands are typically 40%. Quaternary
sediments composed primarily of silts had a porosity of ~50e55%.
This agrees with the divisions used by Kominz et al. (2011) when
describing porosity as a function of depth or age. Even within the
silt category (4e63 mm), there was a strong dependency of porosity
on grain size, with coarser sediments silts having a relatively lower
porosity (Figs. 4e5). This may have been, in part, be partly an
artifact of dewatering of coarse sections of the core before sampling. Dewatering was clearly visible in the coarsest sediments
(coarse sands and gravels). There is also a trend of decreasing
porosity in the silts with increasing burial depth/age (Fig. S6),
similar to the trend shown by Kominz et al. (2011). This is particularly evident when the Quaternary silts are compared to similar
silts in the Cretaceous section underlying the deglacial sediments at
the SS. The Cretaceous silts have a porosity of ~40% and are
assumed to have been fully compacted. Unlike the results of
Kominz et al. (2011), at Sandy Hook, porosity in sands (>63 mm) did
not exhibit a strong relationship with depth or age.
Kominz et al. (2011) also showed that there is greater potential

for compaction in ﬁner grained sediments, with young silts having
a porosity of ~75% decreasing to a minimum of ~30%. Alternatively,
sands start between 45 and 55% porosity and only decrease to 30%
(Kominz et al., 2011). In the coarser Sandy Hook samples, there was
very little change in porosity related to changes in burial depth or
age that could not be attributed purely to changes in grain size. As
such, we assumed that for the time scales seen on Sandy Hook,
anything with a median grain size 63 mm was relatively
incompressible.
Previously, Kominz et al. (2011) employed multiple equations to
describe changes in porosity. They separated samples based on
grain size into the categories clay, silt, and sand, with separate
equations for each. Within each category, they derived two equations, one as a function of depth and another as a function of age.
We sought to arrive at a single equation that described porosity
(por) as a function of grain size in mm (f), burial depth in meters (z),
and age in years (a). Using the available data from all three drill
sites, Equation (1) was created by regressing the natural logs of
median grain size, burial depth, and age against the porosity values
(r2 ¼ 0.67, Akaike Information Criterion (AIC; an estimator of the
relative quality of models for a given set of data) ¼ -115.9);

por ¼ 0:0158 lnðfÞ  0:0034 lnðzÞ  0:0138lnðaÞ þ 0:7132

(1)

To check our results, we performed a second regression that
described porosity as a function of only median grain size and
burial depth (Equation (2); r2 ¼ 0.35, AIC ¼ 93.9):

por ¼ 0:0315 lnðfÞ  0:0350 lnðzÞ þ 0:7385

(2)

The inputs used to constrain these equations are available in the
supplementary material (Table ST3). A data point taken from the
modern upper Hudson River Estuary, with the approximated values
of 70% porosity, 10 cm burial depth, and a median grain size of
33.5 mm, was used in the regression to constrain the younger,
shallowly buried portion of the curve (Woodruff et al., 2001).
Properties of the Cretaceous sediments at the SS site were used to
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Fig. 4. North Maintenance Yard (NMY) core properties including: recovery, blank spaces indicate unrecovered intervals; lithology; cumulative percent (see key); downhole gamma
log; grain size (mm); percent organic matter; porosity; radiocarbon ages in cal years, errors for radiocarbon ages are smaller than data points, BA ¼ Bølling-Allerød, YD ¼ Younger
Dryas (modiﬁed after Miller et al., 2018).
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Fig. 5. Salt Shed (SS) core properties including: recovery, blank spaces indicate unrecovered intervals; lithology; cumulative percent (see key); downhole gamma log; grain size
(mm); percent organic matter; porosity; radiocarbon ages in cal years, errors for radiocarbon ages are smaller than data points, BA ¼ Bølling-Allerød, YD ¼ Younger Dryas (modiﬁed
after Miller et al., 2018).
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Table 1
Summary of radiocarbon data. NM¼Not measured.
Lab Number Sample
Type
Depth (m)
North Maintenance Yard:
OS-115212 28.22
Plant/Wood
OS-115277 29.98
Plant/Wood
OS-115213 30.6
Plant/Wood
OS-115278 38.27
Plant/Wood
OS-121907 40.44
Mollusk
OS-121999 40.9
Plant/Wood
OS-115450 45.74
Mollusk
OS-115453 53.84
Mollusk
OS-121909 55.41
Plant/Wood
OS-115279 56.88
Plant/Wood
OS-121969 58.92
Plant/Wood
OS-121906 60.81
Plant/Wood
OS-115280 64.9
Plant/Wood
OS-115281 70.81
Plant/Wood
OS-121908 81.27
Plant/Wood
OS-115282 84.63
Plant/Wood
South Maintenance Yard:
OS-121910 20.3
Mollusk
OS-121911 23
Mollusk
OS-115287 23.17
Plant/Wood
OS-115288 23.22
Plant/Wood
Salt Shed:
OS-115283 39.26
Plant/Wood
OS-115284 44.7
Plant/Wood
OS-115285 52.23
Plant/Wood
OS-115286 58.61
Plant/Wood
OS-122000 49.59
Plant/Wood

13

C ( ‰)

14

C Age

Median age Midpoint 2 sigma error
DR DR Error Material Dated
(cal yr BP) (cal yr BP) (from midpoint)

17.42
24.44
25.51
29.27
NM
NM
0.83
0.87
NM
26.65

5020 ± 25
11900 ± 30
5990 ± 25
45200 ± 800
6050 ± 20
6920 ± 30
8830 ± 40
9580 ± 25
11500 ± 50
14150 ± 35

5771
13728
6829
48508
6337
7744
9365
10302
13349
17228

5775.5
13683
6820.5
48475
6338.5
7752.5
9347
10323.5
13354
17242.5

115.5
100
71.5
1525
132.5
72.5
164
152.5
102
182.5

NM
NM
27.39
27.33
NM
22.8

11500 ± 65
16500 ± 95
11350 ± 30
11450 ± 30
11300 ± 50
>48000 ± 3500

13347
19902
13194
13295
13152

13335.5
19886.5
13196
13297
13165.5

130.5
270.5
85
89
96.5

NM
NM
28.05
27.26

4220 ± 15
4136
5450 ± 20
5685
>48000 ± 0
>48000 ± 2700

4146.5
5712

194.5
141

NM
NM
27.24
28.9
NM

8350 ± 25
10300 ± 30
11100 ± 30
11400 ± 30
11450 ± 55

9376.5
12161.5
12957.5
13228.5
13290

77.5
213.5
114.5
78.5
133

9378
12076
12991
13241
13296

constrain porosities in the older, more deeply buried layers. Due to
erosion of overlying sediments, the maximum burial depths for the
Cretaceous sediments are unknown and we estimated the values at
~100 m below their current burial depth. The equations do not take
sorting into account. This is a potential source of error, as it likely
inﬂuences the compressibility of the sediments. The average spread
of grain sizes (10th percentile to 90th percentile) is ~130 mm at the
NMY. The ﬁner sediments tended to have a positive skewness in
grain size.
Equations (1) and (2) were used in two separate versions of the
numerical model to decompact Sandy Hook at the NMY. The
models divide the sediment column into discrete layers and
remove them sequentially from the top down, peeling away sediment and time. As each layer is removed, the underlying layers are
each decompacted. This is accomplished by calculating the porosity
of each layer before removing the top layer and then recalculating
the porosity for each layer after the top layer is removed (changing
both the burial depth and age of each underlying layer). The change
in porosity is then used to calculate a change in thickness for each
layer. This process is repeated one layer at a time from the top down
in order to account for changes in the thickness of the overlying
sediments when calculating the new porosity of each underlying
layer. In this way, each layer is able to respond to the removal of the
top layer and thickness changes in each layer remaining above it.
Because sands and larger particles are assumed to be relatively
incompressible on the time scales and depths found in the NMY
section, the model did not calculate porosity changes for sediments
>63 mm (illustrated by the vertical line in Fig. 7). This layer-by-layer
method makes it possible to see how the rate of compaction varies
through time and provides a more realistic estimate of the modern
contribution of compaction to the relative rate of sea-level rise at
the Sandy Hook tide gauge. The model scripts are available in the
supplementary material.

130 60
130 60
130 60

130 60
130 60

Leaf and wood fragments
Leaf and wood fragments
Wood fragments
Wood fragment
Shell fragment (indeterminate)
Wood fragment
Articulated Mercenaria mercenaria in shell bed
Crassostrea virginica shell
Small piece of decayed organic matter
Leaf, wood and charcoal fragments from
thin peat unit
Small piece of decayed organic matter
Fragile detrital organic material
Fragile detrital organic material
Fragile detrital organic material
Fragile detrital organic material
Wood fragments
Articulated (indeterminate) mollusk in shell bed
Fragmented (indeterminate) mollusk in shell bed
Bulk peat
Bulk peat
Wood and plant debris
Plant fragments and charcoal
Wood and charcoal fragments
Fragile detrital organic material
Fragile detrital organic material

4. Results
4.1. Drilling results
The cores were drilled to 86.9, 77.7, and 53.3 m at the NMY, SS, and
SMY-A sites respectively (Figs. 4 and 5, S1, and S2). At the NMY,
adjacent to the tide gauge, we recovered 84þ m of Quaternary sands
and silts overlying the inferred Quaternary/Cretaceous contact. At
the base, there was a thin (3þ m) layer of upper Pleistocene basal
gravels interpreted as a post-glacial ﬂuvial deposit (Figs, 3, 4;
Stanford et al., 2015; Miller et al., 2018) overlain by thick (25 m)
moderately organic-rich (up to 1.9%) sandy clayey silts. These sediments are a mix of thinly laminated planar, cross-laminated, and
massive layers and were deposited in deltaic/estuarine environments (Figs, 3, 4; Stanford et al., 2015; Miller et al., 2018). This unit is
separated from the overlying strata by a surface at 55.1 m marked by
sediment disturbance and possibly erosion. The surface is overlain
by 13 m of lower Holocene silty sands and sandy silts. At ~43.7 m,
benthic foraminiferal (Elphidium, Guttulina), diatoms, and sponge
spicules have all been identiﬁed leading to the interpretation that
these sediments were deposited in estuarine environments
(Stanford et al., 2015; Miller et al., 2018). Above these silty sands are
20 m of middle Holocene medium to well-sorted sands containing
frequent large wood fragments, lignite, and lithic fragments suggesting a strong riverine inﬂuence, supporting the interpretation of
an estuarine deposit (Miller et al., 2018). Thick (18 m) upper Holocene gravelly sands overlie these sands. The coarse nature of the
sediments indicates a higher energy environment supporting an
upper shoreface interpretation for the environment of deposition
(Stanford et al., 2015; Miller et al., 2018). The uppermost 5 m consists
of moderately well-sorted medium to coarse sands (past 1000 years,
Fig. 6) deposited contiguous with the modern prograding shoreface.
Recovery was very poor in the uppermost ~24 m.
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A similar succession of sediments occurs at the SS (Fig. 5) with
the Cretaceous/Quaternary contact at 59.2 m. Here, more competent compacted glauconite silts of the Merchantville Formation and
silty clays of the overlying Woodbury Formation are overlain by
~4 m of unconsolidated uppermost Pleistocene sands and gravels
interpreted as a glacioﬂuvial deposit covered by 16.5 m of alternating laminated and massive silts deposited in estuarine environments (Stanford et al., 2015; Miller et al., 2018). Above this are
8.2 m of Holocene medium to ﬁne silty sands. This unit is overlain
by 11.5 m of slightly clayey gravelly sands deposited in tidal channel
or estuarine environments (Stanford et al., 2015; Miller et al., 2018).
The uppermost 23 m consists of gravelly sands with some gravel
concentrated into distinct layers representing deposition in
shoreface environments contiguous with the modern spit. Recovery was limited though this interval.
At the SMY-A (Fig. S2), the Quaternary/Cretaceous contact was
at 47.1 m. It is overlain by 1.9 m of glacioﬂuvial gravel. The gravel is
overlain by 22.2 m of slightly silty sands that are in turn overlain by
3.7 m of slightly silty ﬁne sand deposited in estuarine environments
overlain by 19.3 m of slightly silty medium to coarse sand deposited
in tidal channel and shoreface environments.
4.2. Grain sizes
Grain sizes across all three cores generally ﬁne upward in the
lower section of Quaternary sediments and coarsen upward in the
upper section (Table ST5). At the NMY (Fig. 4), sediments generally
ﬁne upward from 84 to 72.5 m, with median grain sizes transitioning from gravels at the base to ~8 mm ﬁne silt. Above 72.5 m,
the sediments coarsen upward to ~70 mm (median grain size) at
63.5 m. Grain sizes then decrease to ~20 mm silts at 54.5 m. Above
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54.5 m, the sediments coarsen upward to coarse sand (1.2 mm) and
gravels in the uppermost 20 m. There is a ﬁne grained (~15 mm) bed
at 43.3 m. The SS (Fig. 5) shows similar trends in the Quaternary
section with a coarse basal section of ~300 mm sands ﬁning upward
to ~7 mm at 45 m. The section then coarsens to coarse sands
(~600 mm) and gravels around 33 m. The uppermost 30 m at the SS
is composed primarily of medium (350e400 mm) sands. The entire
Quaternary section at the SMY-A (Fig. S2) consists of medium sands
with median values between 250 and 450 mm, with a thin interval
of coarse silts and ﬁne sands (48e141 mm) from 19.2 to 23 m.
4.3. Percent organic matter
Organic matter content in the Quaternary sections (Figs. 4 and 5,
S2, Table ST6) is low, with values of ~0.4e1.5% and an average of ~1%
for most sands and ~1e6% with an average of ~4% in the silts. As
grain size decreases, the %OM typically increases. Aside from thin
(<~1 mm) laminae, the organic material is typically suspended in a
siliciclastic matrix. At the NMY, %OM decreases upsection from
peak values of ~5% in the upper Pleistocene and lower Holocene
silts. The %OM reaches 1.2e1.9% between 53 and 43 m before
decreasing to values of ~0.9e0.2% in the uppermost 43 m. At the SS
site, the basal Quaternary section from 59.21 to 54.40 m consists of
between 0.6 and 1.7% OM. Above 54.40 m, the %OM increases to
4.9% at 48.31 m before decreasing to 0.5% at 32.46 m. The uppermost 32.46 m have %OM values generally 0.5% with intervals of
1.3 and 2.2% at 34.56 and 11.12 m, respectively. Similar to grain size,
the SMY-A shows much less variability with samples throughout
the section generally containing between 0.3 and 0.5% organic
carbon.
4.4. Radiocarbon ages and age models
Radiocarbon age estimates (Table 1) indicate high mean sedimentation rates of 400e500 cm/kyr during the Holocene (Fig. 6). At
the base of the NMY there are 30 m of sediment with 5 radiocarbon
ages that range from 13,350e13,150 cal yrs BP. The best estimate is
that these silts were deposited in <200 years with a mean sedimentation rate of 15,000 cm/kyr and are associated with the Lake
Iroquois outburst ﬂoods (Rayburn et al., 2005; Donnelly et al., 2005;
Thieler et al., 2007). We interpret the previously described surface
at 55.1 m, directly above these rapidly emplaced sediments to be an
unconformity. Based on our age model, this surface represents a
hiatus from 13,150e11,060 cal yrs BP. Above the unconformity, the
sedimentation rate decreases to 500 cm/kyr.
At the SS, there is a similar section of sediments at the base of
the Quaternary with radiocarbon ages between 13,300 and
13,000 cal yrs BP, that we interpret to be the same time interval
represented by the 30 m package of sediments at the base of the
NMY. This results in a mean sedimentation rate of 7200 cm/kyr.
Above this unit, while there is no obvious surface visible in the lithology as seen at the NMY, we infer an unconformity at 44.8 m,
which, based on our age model, marks a hiatus from 13,150 to
12,130 cal yrs. This is supported by the rapid shift in mean sedimentation rates from 7200 cm/kyr below to 200 cm/kyr from 39.3
to 44.8 m and then 420 cm/kyr in the uppermost 39.3 m. Whereas
age resolution increases with depth at the NMY and SS, poor
organic preservation limits age control on the SMY-A core precluding any further analysis.
4.5. Porosity

Fig. 6. Age models for NMY and SS sites. Gray bars indicate 2s uncertainties in the
calibrated ages. BA ¼ Bølling-Allerød; YD ¼ Younger Dryas. Dates for events and time
periods are from Rasmussen et al. (2006), Deschamps et al., 2012, and Abdul et al.,
2016.

At the NMY site, porosity generally tracks grain size (Fig. 4,
Table ST7) increasing from 31.2% at the base to between 50 and 60%
from 83.37 to 60.55 m. Porosity decreases to between 34.9 and
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38.6% from 60.55 to 34.61 m before increasing to 44.6% at 33.09 m.
Values then decrease to 20.2% by 1.75 m.
At the SS site (Fig. 5), porosities are generally lower with a basal
porosity of 41.9% at 58.79 m in the upper Pleistocene. Values then
increase to 59.0% at 54.05 m before decreasing to 45.9% at 51.37 m.
Porosity then increases to 55.1% at 45.27 m, then porosity decreases
to between ~20 and ~30% for the uppermost 45.27 m.
Porosities at the SMY-A (Fig. S2) show little variability with
values between 46.5 and 31.1% for the entire section. There are no
strong trends, rather the porosity seems fairly steady between 36
and 38% with several excursions.
The error associated with the porosity measurements is generally low (4%). Error increases with grain size. In coarser samples
(>63 mm median grain size) the average error (1s) is ~4% with a
maximum of ~8% in some of the coarsest samples. For ﬁner samples
(<63 mm) the average error (1s) is closer to 1%. The error is sampled
in the numerical model to deﬁne the error in the model results.
5. Discussion
Local processes must be invoked to explain the 0.9 ± 0.5 mm/yr
additional, non-GIA-related RSL rise at Sandy Hook relative to The
Battery. The potential contributors to the locally high relative rate
of sea-level rise include compaction of organic material or peats,
compaction of inorganic silts and clays, and anthropogenic
compaction resulting from groundwater removal. This study
revealed that compaction of Quaternary silts and clays and
groundwater removal are the two primary factors controlling the
localized sea-level change at Sandy Hook. While organic material
has a negligible impact on the rate of RSL rise at Sandy Hook,
compaction of inorganic Quaternary sediments is a contributor, and
there is evidence that groundwater extraction may also be a key
factor.
5.1. Depositional environments
The majority of the non-anthropogenic compaction at Sandy
Hook is derived from the relatively young (<13,350 cal yr BP)
sediments (Fig. 3). We base the following history primarily upon
results from the NMY site, though the general trends are similar at
the SS site. The Quaternary sediments lie above an unconformity
separating Cretaceous and uppermost Pleistocene strata. The most
striking feature of the sedimentary record under Sandy Hook is the
thin (þ3 m) layer of gravels. Above the gravels there is ~25 m of
sediment deposited rapidly between 13,350e13,150 cal yrs BP. The
thick, rapidly deposited sediment unit drives compaction (Fig. 7)
and our interpretation of the deglacial history. Based on the
radiocarbon evidence from the overlying 25 m of silts, and the
timing of the incision of the Raritan and Hudson shelf valleys,
which border Sandy Hook (Stanford, 2010), we interpret the 3 þ m
of basal gravels to be post-glacial ﬂuvial deposits (<20 kyr). The
~25 m of overlying postglacial silts (Qmm2, Fig. 3) were then
deposited rapidly (13,350e13,150 cal yrs BP). Given the close match
of radiocarbon ages, we suggest that the silts are the result of
multiple ﬂoods that discharged from Glacial Lake Iroquois and
down the Hudson Valley at that time (Rayburn et al., 2005;
Donnelly et al., 2005; Thieler et al., 2007). Based on the presence
of occasional cross laminations and wavy bedding, the sediments
were deposited in an estuarine or deltaic environment. As the
sediment saturated waters of the Hudson River reached the mid to
lower estuarine environment near modern day Sandy Hook, there
was likely rapid deposition as seen in the modern Hudson Estuary
(Traykovski et al., 2004). Above these postglacial silts, is an

Fig. 7. Modeled compaction rate at NMY through time, calculated using a porosity
model (Equation (1)) that is a function of median grain size, burial depth, and age at
the NMY through time (solid red line) with 90% conﬁdence interval (red shaded area).
Compaction rate at any given time is strongly inﬂuenced by the grain size of the
sediments being deposited at that time (intermittent dashed line). Sediments with
grain size above 63 mm (vertical dashed line) were assumed to be incompressible. BA ¼ Bølling-Allerød; YD ¼ Younger Dryas. Dates for events and time periods are from
Rasmussen et al. (2006), Deschamps et al., 2012, and Abdul et al., 2016. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)

unconformity that, based on our age model, marks a hiatus from
13,150e11,060 cal yrs. Overlying the unconformity are 13 m
(11,060e8600 cal yrs) of mid-estuarine silty sands. Above this, 20 m
(8600e4600 cal yrs) of estuarine sediments coarsen upward from
silty sands to sands. This unit is overlain by 18 m
(4600e1000 cal yrs) of sands interpreted to be shoreface and
channel sands. The uppermost 5 m is composed of coarse sand
deposits of the modern (1000 cal yr BP-present) barrier island.
5.2. Minimal organic compaction
Previous studies of organic-rich Quaternary nearshore deposits
in England and the U.S. Gulf of Mexico (Horton and Shennan, 2009;
€rnqvist et al., 2008) have shown that compaction of organic rich
To
layers could make a signiﬁcant contribution to local subsidence.
During and after drilling, the cores were examined for thick peats,
deposits that could contribute signiﬁcantly to the subsidence at
Sandy Hook. While there are thin, millimeter thick organic-rich
laminae, there are no evident organic zones and the OM values
are relatively low (<2%). The error on the measurements (<3%) is
negligible (see supplement for uncertainty estimation). Even at the
high end of the error at the NMY, there is insufﬁcient organic
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material for the sediments to be classiﬁed as carbonaceous.
Furthermore, the dispersed nature of the organics and lack of thick,
concentrated bands of peats suggest that the compaction of the
organic material would be dependent on the compaction of the
siliciclastic matrix. The %OM values measured in this study
(0.4e1.9%), are within the range measured in modern estuaries
(~1e10%; Thornton and McManus, 1994; Andrews et al., 1998). This
suggests that the organic material is not undergoing decomposition. Based on this, we conclude that there is insufﬁcient organic
material present and it is not concentrated enough to be a signiﬁcant contributor to the subsidence at Sandy Hook.
5.3. Siliciclastic compaction
Compaction of siliciclastic sediment is another potential
contributor to Sandy Hook's subsidence history. Sandy Hook,
particularly near the tide gauge, is underlain by a thick (85 þ m)
Quaternary section, the lower ~40 m of which is dominantly silts
with the potential to compact nearly 50% due to porosity loss
through time and burial (Kominz et al., 2011).
Our regression models indicate that the rate at which a unit of
silt compacts decays exponentially through time as the unit approaches its minimum porosity (~40% based on the Cretaceous
section at the SS site). Without the addition of new silts, the rate of
compaction in the entire sediment column would eventually reach
~0 mm/yr. Note that this has been the case at the NMY since
~8500 cal yr BP, when the deposition of mud ceased; our forward
model indicates that the rate of compaction has decayed since this
time to the modern rate (Fig. 7). Due to the thick Quaternary section, the numerical model of porosity as a function of grain size,
burial depth, and age (Equation (1)) yields an average 20th century
compaction rate of 0.16 mm/yr (90% conﬁdence interval (C.I.)
0.06e0.32 mm/yr) that can be attributed to the natural compaction
of the siliciclastic sediments underlying the northern portion of
Sandy Hook. When porosity is modeled only as a function of grain
size and burial depth (Equation (2)), the rate is 0.19 mm/yr (90% C.I.
0.03e0.39 mm/yr; Fig. S7). Based on the lower AIC and higher r2
values of Equation (1) indicate that Equation (1) model is preferred.
The 90% C.I. of 0.06e0.32 mm/yr from Equation (1) ranges from
nearly zero impact to ~1/3 of the local rate of sea-level rise at Sandy
Hook. When the rate of compaction is subtracted from the local rate
of sea-level rise, the remaining rate is 0.7 mm/yr (90% C.I. 0.3e1.2
mm/yr). This suggests that there is still a signiﬁcant source of local
sea-level rise that is unaccounted for.
During deposition following the glacial outburst, rates of
compaction were on the order of 10s of mm/yr, peaking between
~40 and ~80 mm/yr. Compaction during this period was high due to
rapid (15,000 cm/kyr) deposition supplying a large amount of
highly compressible silts (Fig. 7). In addition to supplying silts, the
high sedimentation rate also means that the sediments were
rapidly buried. The rate is further augmented by the ability of
deposited silts to quickly lose porosity after deposition (Woodruff
et al., 2001).
The rates of compaction obtained from the model include not
only natural compaction but also compaction due to groundwater
pumping from the Quaternary units we sampled since groundwater extraction began and the subsequent compaction would
affect the porosity measurements. Thus, our model implicitly includes groundwater extraction from the Quaternary, though not
from older units. Historical records show that groundwater
extraction from the Quaternary sediments at Sandy Hook began in
the 1890's. Any drawdown in the groundwater levels resulting from
that pumping would have induced compaction and affect our
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porosity measurements. However, our model shows that the majority of natural compaction occurred during the early Holocene
and has decayed exponentially to present (Fig. 7). This concentrates
any model uncertainty due to porosity uncertainties in the early
portion of the record, resulting in a minimal inﬂuence on the
modeled 20th century rate. Also, most groundwater pumping effects would be expected from the much more heavily pumped
Cretaceous aquifers (see Section 5.4 below). While groundwater
effects may inﬂuence the modeled ~0.16 mm/yr Quaternary
compaction, the dominant effect controlling the modeled 20th
century compaction rate is the compaction of the deglacial silts
(Fig. 7).
Poor recovery in the uppermost ~24 m at the NMY adds some
uncertainty to the numerical model, particularly in the recent
portion of the model. However, poor recovery is associated with
coarse sands as indicated by the gamma log (Fig. 4), less cohesive
sediments that would be excluded from the model. Also, the log
signatures in the unrecovered intervals indicate coarse sediments
and shows that there are no signiﬁcant lithologic changes that
would have been missed in the unrecovered intervals, lending
additional support that the unrecovered intervals likely had a
negligible impact on the rate of compaction at Sandy Hook.
5.4. Groundwater withdrawal
With a 20th century natural compaction rate of 0.16 mm/yr (90%
C.I. 0.06e0.32 mm/yr) for siliciclastic sediments, there is 0.7 mm/yr
(90% C.I. 0.3e1.2 mm/yr) of subsidence at Sandy Hook that is unaccounted for. We hypothesize that groundwater withdrawal is
potentially a leading cause of this subsidence, making it the
dominant local contributor after GIA. Land subsidence due to
groundwater pumping in conﬁned aquifers is a well-documented
phenomenon of the 20th century (see review in Galloway et al.,
1999; Sun et al., 1999; Galloway and Burbey, 2011; Galloway and
Sneed, 2013). Pertaining to Sandy Hook, historical records of local
groundwater depletion and previous regional groundwater models
support this hypothesis, suggesting signiﬁcant drawdown of the
groundwater level underlying Sandy Hook (dePaul et al., 2008).
Regarding local effects, the Sandy Hook tide gauge is located
~2 km from the Ft. Hancock Pumping Station, adjacent to the SS site
(Fig. 1). The pumping station is the sole water source for facilities
located on Sandy Hook. It has also been the site of many wells
servicing Fort Hancock over the years. Construction of Fort Hancock
began in 1896 at which time 36 artesian wells were installed to
supply 150,000 gallons of water per day (Bearss, 1981). During
installation of one well point, the drillers encountered a pocket of
pressurized gas at ~45 m (~151 ft) that they described as carbonic
acid. The resulting ~15 m (50 ft) geyser of sand and water lasted for
more than 5 h. Once the artesian wells were established, they began
to show signs of depletion by 1905 and most were exhausted by
1907 (Bearss, 1981). This evidence shows that even before the base
reached its largest population during World War II (Fig. 8), Fort
Hancock caused a signiﬁcant drawdown of the local groundwater
level.
The population of Fort Hancock, a proxy for the local groundwater withdrawal, is shown with the regional groundwater pumpage from Monmouth County southwest of Sandy Hook (Fig. 8).
From the onset of signiﬁcant withdrawal on the mainland in the
early 20th century to 1980 aquifers underlying the northern
portion of Sandy Hook experienced a cumulative ~9e18 m
(30e60 ft) decrease in water level (Fig. 9) (dePaul et al., 2008).
The period between 1980 and 2000 saw no signiﬁcant change in
the water levels in the underlying aquifers, because withdrawals
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Fig. 8. Sea Level vs. Groundwater Withdrawal. A: Modeled 40 yr average rate of sea-level rise at Sandy Hook minus the rate at The Battery with 2s uncertainty (pink; see
supplementary section S1.9 for method), Annual sea level at Sandy Hook minus The Battery (cyan) and the sea level at Sandy Hook minus The Battery and modeled compaction with
2s uncertainty (black). B: The rate of regional groundwater withdrawal for Monmouth County (magenta) and the local population of Ft. Hancock (black), a proxy for groundwater
withdrawal (Bearss, 1981; T. Hoffman personal communication; Hoffman, T., An Old Army Town; Holgate et al., 2013; Permanent Service for Mean Sea Level, 2016; J. Shourds,
personal communication). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

were curtailed beginning in 1990 to prevent saltwater intrusion
(dePaul et al., 2008). The overlapping local and regional drawdowns
are likely sufﬁcient to reduce pore ﬂuid pressure in the underlying
strata, thereby allowing compaction and subsidence (Holzer and
Galloway, 2005). While there does appear to be a link between
the timing of changes in the local rate of RSL rise at Sandy Hook and
the events in the history of groundwater withdrawal (Fig. 8), it is
not straightforward. The disconnect may be due to a lag between
the drawdown of groundwater and the compaction of ﬁne grained
sediments in the conﬁning units above and below the aquifers as
documented by Sneed and Galloway (2000). Furthermore, the 40
year average for the rate of sea-level rise at Sandy Hook relative to
The Battery (Fig. 8A) also potentially introduces a lag. Future
groundwater modeling will attempt to test this hypothesis and
provide insight into the relative contributions of local and regional
groundwater withdrawal to the subsidence at Sandy Hook.
Our quantiﬁcation of contributions from global mean, regional
(especially GIA), and local (compaction due to natural and
anthropogenic change) effects can be applied to other regions using
the principles and compaction model developed here. Whereas the

greatest uncertainty in planning for regional and local projections is
the global response of thermal expansion and continental ice
sheets (Kopp et al., 2014, 2017), we show that not only can we
quantify the regional GIA response (Kopp, 2013; Miller et al., 2013;
Kopp et al., 2016), we can also quantify contributions from natural
compaction and attribute the remainder to compaction induced by
groundwater withdrawal. For example, our approach can be
applied used to make predictions for the entire Mid-Atlantic U.S.
region based on the local Quaternary geology and local/regional
groundwater withdrawal rates. By considering cones of depression
(e.g., Fig. 9; dePaul et al., 2008) and considering groundwater
extraction rates, we predict that lower rates of local subsidence
would be experienced from Cape May, NJ south through much of
the Delmarva peninsula.
6. Conclusion
After accounting for GIA, tide gauge records from Sandy Hook,
NJ and The Battery, NY, show a 0.9 ± 0.5 mm/yr difference in the
20th century rates of sea-level rise experienced at two locations
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Fig. 9. Estimated groundwater level changes pre-development to 1980. A: The Middle Potomac Formation, B: The Upper Potomac and Magothy Formations. Modiﬁed from dePaul
et al. (2008).

within 26 km of each other. Based on the low organic matter in our
corehole transect, we eliminate compaction of organic material as a
signiﬁcant contributor at Sandy Hook. Based on our porosity, grain
size, and age constraints, we model natural subsidence due to
compaction as 0.16 mm/yr (90% C.I. 0.06e0.32 mm/yr). The
remaining 0.7 mm/yr (90% C.I. 0.3e1.2 mm/yr) is likely due to
anthropogenic groundwater withdrawal. Future work will attempt
to constrain the relative contributions of both regional and local
groundwater withdrawal to Sandy Hook's subsidence history.
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