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Abstract Sea-level changes are of wide interest because they provide information about Earth’s internal
structure and the sensitivity of ice sheets to climate change. Here we illustrate the sensitivity of sea level to
marine sedimentary water storage by modeling sea-level responses to a synthetic global sediment
redistribution history in which rates and patterns of erosion and deposition are similar to those at present and
steady in time from the Last Interglacial to present. Our simulations show that if sediment redistribution were
accounted for but sedimentary water storage were neglected, modeled sea-level changes could be
overestimated by ~2 ± 1 m of global mean sea-level equivalent, a significant fraction of published estimates
of 6–9 m of global mean sea-level change since the Last Interglacial. These results show that sedimentary
water storage may significantly contribute to changes in Earth’s long-term seawater budget over >105 year
timescales and underscore the importance of accounting for it in modeling long-term sea-level changes.

Plain Language Summary Sea-level changes are of wide interest because they reflect changes in
climate and affect coastal flooding hazards. Recent advances in sea-level modeling now make it possible to
compute how sea-level changes are affected by the storage of water in the pore space of seafloor sediment, an
effect that had not been included in previous models. To illustrate this effect, this study computes sea-level
responses to simulated global erosion and deposition histories over a single ice-age cycle, from the Last
Interglacial (~120,000 years ago) to the present. These simulations show that if sea-level models accounted
for sediment deposition but neglected water storage in seafloor sediment, modeled sea-level changes since
the Last Interglacial could be overestimated by the globally averaged equivalent of about 2 ± 1 m. This is
a significant fraction of published estimates of globally averaged sea-level change (6–9 m) since the Last
Interglacial. These results imply that water storage in sediment can significantly affect Earth’s seawater
volume over geologic time and demonstrate the importance of accounting for this effect in modeling
long-term sea-level changes.

1. Introduction
1.1. Effects of Sediment Redistribution on Sea-Level Change

Changes in sea level are of wide interest because they influence coastal flooding hazards (Woodruff et al.,
2013), provide insight into Earth’s viscoelastic structure (e.g., Cathles, 1975; Paulson et al., 2007), and reflect
the sensitivity of ice sheets to climate change (e.g., Dutton & Lambeck, 2012; Kopp et al., 2009, 2013).
Because changes in ice loading, dynamic topography, Earth rotation, and sediment redistribution all induce
local sea-level changes, interpretations of global mean sea-level changes must be interpreted in light of all
these processes. These considerations have motivated the continued refinement of gravitationally self-
consistent sea-level models, which, since the classic study of Farrell and Clark (1976), have included
extensions to account for shoreline migration (Johnston, 1993; Milne, 1998; Milne et al., 1999; Peltier,
1994), Earth rotation (Milne & Mitrovica, 1996, 1998), 3-D variations in Earth structure (Latychev et al., 2005;
Martinec, 2000; Wu & van der Wal, 2003; Zhong et al., 2003), dynamic topography (Austermann &
Mitrovica, 2015), and sediment redistribution (Dalca et al., 2013; Ferrier et al., 2017).

Sediment redistribution can generate sea-level changes in several ways. The primary effect of sediment
deposition is to directly change local sea level by modifying the elevation of the solid surface, which is the
sum of the crustal elevation, grounded ice thickness, and sediment thickness (Dalca et al., 2013), and which
therefore increases during deposition and decreases during crustal subsidence and sediment compaction.
Because newly deposited marine sediment occupies space that had previously been occupied by water,
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deposition induces a redistribution of seawater and an increase in the global mean sea surface elevation
(Conrad, 2013; Harrison, 1990, 1999; Harrison et al., 1981; Miller et al., 2005; Müller et al., 2008; Southam &
Hay, 1977). Over long timescales, these effects can be large. Temporal variations in deposition rates over
the Cenozoic, for example, have been estimated to be responsible for increasing sea level by 60 ± 20 m
(Conrad, 2013).

A second effect of deposition is on the gravitational equipotential surface that sets the sea surface elevation.
Sediment depositionmodifies the surface load and the gravity field, with large deposits drawingwater toward
them and locally increasing the sea surface elevation (Dalca et al., 2013). Recent studies in the Mississippi,
Indus, and Yellow River systems suggest that perturbations in the elevation of the sea surface equipotential
are small but nonnegligible, with amplitudes reaching ~5% of the magnitude of crustal deformation induced
by sediment loading (Ferrier et al., 2015; Pico et al., 2016; Wolstencroft et al., 2014).

A third effect is the incorporation of water into the pore space of deposited sediment, which reduces the
volume of water displaced by sediment (Southam & Hay, 1981). The effects of continental groundwater
storage on sea level have been examined in a number of studies (e.g., Ingebritsen & Manning, 2002; Veit &
Conrad, 2016; Wada et al., 2010), but the effects of water storage in marine sediment, while widely
recognized, have only recently been incorporated into gravitationally self-consistent sea-level models
(Ferrier et al., 2017). For this reason it is not well known how sedimentary water storage affects sea-level
changes or how those changes are spatially distributed. The net effect of sediment redistribution can be
locally significant over sufficiently long timescales, with sea-level perturbations near the outlets of large rivers
exceeding 100 m over a single ~120 kyr glacial cycle (Ferrier et al., 2015; Kuchar et al., 2017; Pico et al., 2016;
Wolstencroft et al., 2014).

1.2. The Magnitude of Marine Sedimentary Water Storage

A rough calculation suggests that changes in marine sedimentary water storage may be a significant
component of sea-level changes over the ~105 year timescales between interglacials. Global surveys of
sedimentary deposits imply a global land-to-ocean sediment flux of ~21 Gt year�1 (Wilkinson &
McElroy, 2007). If marine sedimentary water storage were neglected, this flux combined with a mean sedi-
ment deposit density of 1,500 kg m�3 (e.g., Brain et al., 2012) would imply a displacement of ~1.4 · 1015 m3

of water over the ~105 year timespan between interglacials, equivalent to ~4.5 m of global mean sea level
(GMSL). Field measurements show that marine sediments gradually compact after being deposited with a
high porosity (50–90%), such that a sediment column several kilometers thick retains a vertically averaged
mean porosity of ~20–40% after compaction (e.g., Bahr et al., 2001; Goldobin, 2011; Mondol et al., 2007;
Spinelli et al., 2004; Spinelli & Underwood, 2004). This implies a significant influx of water into deposited sedi-
ment, and a commensurately smaller displacement of water by the deposited sediment. A mean porosity of
20–40%, for instance, would imply a net flux of water of ~3–6 · 1014m3 intomarine sediment over 105 years, or
a net removal of water from the oceans equivalent to ~1–2 m GMSL. Both this water trapped in sediment and
the remaining ~2.5–3.5 m of water displaced by sediment are significant relative to estimates of GMSL at the
Last Interglacial (LIG) at ~130–115 ka (>6.6m abovemodern GMSL at 95% confidence; Kopp et al., 2009, 2013;
6–9mabovemodernGMSL; Dutton & Lambeck, 2012). Note that this rough calculation neglects subsidence of
the ocean crust under sediment as well as gravitational or deformational effects and that including these
effects in rigorous sea-level simulations is the purpose of this study.

The rough calculation in the preceding paragraph suggests that sedimentary water storage may also be a
significant component of Earth’s long-term seawater budget. The volume flux of water into sediment calcu-
lated above corresponds to a mass flux of 3–6 · 1012 kg year�1, larger than rates of seawater loss by subduc-
tion (74–288 · 1010 kg year�1; Bebout, 1995; Wallmann, 2001; Jarrard, 2003; Parai & Mukhopadhyay, 2012) and
seawater gain by volcanism (21–174 · 1010 kg year�1; Bounama et al., 2001; Fischer, 2008; Hilton et al., 2002;
Ito et al., 1983; Shinohara, 2013).

Themagnitude of these effects motivates a detailed study of the effects of sedimentary water storage on sea-
level changes and the global water budget. That is our goal here. In this study, we apply the gravitationally
self-consistent sea-level model in Ferrier et al. (2017) to quantify the sensitivity of sea-level changes—both
in magnitude and spatial pattern—to marine sedimentary water storage. Our simulations show that marine
sedimentary water storage can significantly affect sea level and the ocean water balance over 105 year
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timescales and therefore can affect interpretations of paleo-ice volumes at the LIG if sediment redistribution
were accounted for but sedimentary water storage were neglected.

2. Modeling Sea-Level Responses to Global Sediment Redistribution
2.1. Model Overview

To quantify the effects of marine sedimentary water storage on sea level, we apply the gravitationally self-
consistent sea-level model in Ferrier et al. (2017), to which we refer the reader for model details. This model
computes temporal changes in sea level, ΔSL, by computing elevation changes in the sea surface equipoten-
tial (ΔG) and the crustal surface (ΔR) under applied changes in the thickness of grounded ice (ΔI) and
sediment (ΔH).

ΔSL ¼ ΔG–ΔR–ΔI–ΔH (1)

In this model, sediment is deposited with an initial porosity ϕmax and compacts at a rate proportional to the
difference between the lithostatic and hydrostatic stresses (Table S2). Water is incorporated into sedimentary
pore space and affects the global water balance (equation (2)), in which changes in ocean water volume are
balanced by changes in ice volume and water storage in sediment (Ferrier et al., 2017).

∫∫ΩΔSj dΩ ¼ � ρI
ρw

∫∫ΩΔIj dΩ� ∫∫Ω ϕj f wjHj � ϕ0f w0H0
� �

dΩ (2)

Here the double integral overΩ is an integral over the Earth’s surface; ΔSj and ΔIj are the changes in the thick-
nesses of ocean water and grounded ice from tj to t0, respectively; Hj and H0 are the thicknesses of sediment

at tj and t0, respectively;ϕj andϕ0 are the vertically-averaged mean porosity of the sediment column at tj and

t0, respectively; fwj and fw0 are the fraction of the sedimentary pore space in the sediment column that is filled
with water at tj and t0, respectively; and ρw and ρI are the densities of water and ice, respectively.

2.2. Model Inputs

We apply this model to rigorously quantify the effect of marine sedimentary water storage on changes in sea
level, and use the time from the LIG (~122 ka) to the present as an illustrative case study. Because our goal is
to isolate the sensitivity of sea-level changes to marine sedimentary water storage, in these simulations we
maintain a temporally constant ice distribution equal to that at present in ICE-5G (Peltier, 2004) and drive
the sea-level model with only sediment redistribution histories. For this reason, the resulting simulations
should not be considered representations of the true sea-level history over the last glacial period; instead,
they should be considered simulations aimed at isolating the sensitivity of sea-level changes to marine sedi-
mentary water storage.

We constructed two global sediment transfer scenarios to quantify the sensitivity of sea-level responses to
marine sedimentary water storage. These sediment transfer scenarios are constrained to have a total
land-to-ocean sediment flux of 20 Gt year�1, comparable to the measured global flux (Wilkinson &
McElroy, 2007), and are assigned spatial and temporal variations in erosion and deposition rates that are
intentionally highly simplified relative to the true variations. This approach is useful for isolating the sensitivity
ofmodeled sea-level changes to sedimentary water storage, because, as we showbelow, the effects of marine
sedimentary water storage are primarily sensitive to the magnitude of the global sediment flux and are
relatively insensitive to spatial and temporal variations in sediment redistribution. We emphasize that
this approach is valid only for isolating the effects of sedimentary water storage and that accurately
modeling sea-level responses to sediment redistribution everywhere on Earth would require accounting
for the complex spatial and temporal variations in erosion and deposition across the planet
(e.g., Ferrier et al., 2015; Pico et al., 2016; Wolstencroft et al., 2014).

The first scenario (Scenario A) is designed to account for the effects of sedimentary water storage. This is the
standard scenario against which we compare other simulations. Here we use the global fluvial flux compila-
tion of Milliman and Farnsworth (2011) to assign erosion rates to all river basins with a mass flux Fb of at least
10 Mt/year (n = 105), using predam fluxes for rivers with reported predam fluxes. Geographic extents for
these basins were taken from U.S. Geological Survey HydroSHEDS, GRDC, and Watersheds of the World data-
bases (Global Runoff Data Centre, 2007; Lehner et al., 2006; Revenga et al., 1998) and resampled to a global
grid of 512 latitudinal by 1,024 longitudinal grid points. Erosion rates were assigned to be spatially invariant
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within each basin and scaled such that the sediment flux from each basin equaled the river’s modern
sediment flux for an eroded bedrock density of ρs = 2650 kg m�3 (Table S1). These 105 drainage basins
have a total mass flux of 10.56 Gt/year, or 53% of the global flux of 20 Gt/year adopted in this simulation
(Wilkinson & McElroy, 2007). Erosion rates in regions with grounded ice were set to zero. Subaerial regions
outside the mapped basins and grounded ice were delineated as those above modern sea level using
ETOPO2 (United States Department of Commerce National Oceanic and Atmospheric Administration
National Geophysical Data Center, 2001) and assigned a spatially uniform erosion rate of 47.55 m/Myr, such
that the globally integrated land-to-ocean sediment flux totaled 20 Gt/year. To highlight the role of water sto-
rage in marine sediment, we neglect changes in continental groundwater storage by assigning the eroded

sediment to be dry (i.e., ϕ = 0 and fw = 0 in equation (2)).

To ensure that sediment mass is conserved between the eroded and deposited sediment, we generated a
marine deposit near each basin’s outlet with the same integrated sediment mass accumulation rate as the
basin’s mass flux. Deposition rates in each basin’s deposit were modeled as a paraboloid with a circular base
and a vertically parabolic cross section, the locations of which are given in Table S1. This sediment was depos-
ited atop the local seafloor topography given by ETOPO2 (United States Department of Commerce National
Oceanic and Atmospheric Administration National Geophysical Data Center, 2001), such that the seafloor
topography within these deposits was continually modified by a paraboloidal sediment deposition rate and
sediment compaction. The angular radius rangular of each deposit’s base was computed as rangular = a(Fb)

1/3

with a = 0.004 °/(t year�1)1/3, such that a fluvial mass flux of 109 t year�1 (comparable to that in the largest
rivers; Table S1) would generate a deposit with a basal radius of 4°. The deposition rate at the center of the
deposit was calculated as Bcenter = 2Fb(πr

2ρs(1 � ϕmax))
�1, where r is the linear radius of the deposit base.

Deposition rates elsewhere in the deposit decrease parabolically with distance d from the center of the
deposit as B = Bcenter (1 – d

2/r2). Deposits generated in this manner that were too wide for the locally available
seafloor were laterally truncated by the shoreline and rescaled to ensure that the deposit occupied only ocea-
nic grid cells and that the deposit’s sediment mass accumulation rate matched the associated basin’s mass
flux. Aside from constraining the synthetic deposits to lie entirely on the seafloor, the deposits were con-
structed independently of the local seafloor bathymetry. After generating deposits for each river, we assigned
a spatially uniform deposition rate of 25.17m/Myr to the remainder of the seafloor such that the globally inte-
grated deposition rate equaled the globally integrated erosion rate (20 Gt/year). To focus on the role of water
storage in marine sediment, we assigned full saturation to marine sediment (i.e., fw = 1).

We used the resulting map of erosion and deposition rates (Figure 1) to construct a sediment transfer
scenario over the past 122 kyr. Erosion rates and deposition rates were held constant in time during the
simulation. Following Ferrier et al. (2017), sediment is deposited with an initial porosity of ϕmax = 0.6, and
sediment thickness, bulk sediment density, and sedimentary water storage evolve over time under
deposition and compaction (Table S2).

Figure 1. Erosion rates (blue) and deposition rates (red) used to create the sediment redistribution Scenarios A and B.
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The second scenario (Scenario B) is designed to neglect marine sedimentary water storage but to be other-
wise as similar as possible to Scenario A. Scenario B is assigned the same spatial and temporal patterns in
sediment thickness and vertically averaged sediment density ρH as Scenario A, which ensures that changes
in the sediment load are identical in Scenarios A and B. Unlike Scenario A, Scenario B is assigned a porosity
of zero in the deposited sediment to ensure that no water is stored in the sediment deposits, which mimics
the behavior of previous models that did not account for sedimentary water storage (Dalca et al., 2013). The
critical difference between Scenarios A and B is that the load in the marine deposits in Scenario A is due to a
mixture of sediment particles and water-filled pore space, while in Scenario B it is due to sediment alone. This
permits us to isolate the effect of water storage on ΔSL without introducing the potentially complicating
effects of differences in loading from the sediment deposits. In both Scenarios A and B, sediments are depos-
ited atop impermeable crust that does not contribute to the global water balance.

We computed responses to these sediment redistribution scenarios using a spherically symmetric Earth
model with elasticity and density profiles given by the Preliminary Reference Earth Model (Dziewonski &
Anderson, 1981), modern topographic data given by ETOPO2 (United States Department of Commerce
National Oceanic and Atmospheric Administration National Geophysical Data Center, 2001), and a radial visc-
osity profile known as VM2 with an elastic lithosphere that is 90 km thick (Peltier, 2004). Because marine sedi-
mentary water storage is primarily sensitive to the global sediment flux and sediment porosity—factors that
are independent of the Earth model—the effects of sedimentary water storage on sea level are largely insen-
sitive to the choice of Earth model. Thus, in the following analysis, we illustrate the effects of sedimentary
water storage using a single Earth model.

3. Results

Figures 2a–2c show ΔSL, ΔG, and ΔR at the end of the 122 kyr simulation in Scenario A, which we term ΔSLA,
ΔGA, and ΔRA, respectively. Figures 2d–2f show ΔSL, ΔG, and ΔR at the end of the 122 kyr simulation in
Scenario B and are termed ΔSLB, ΔGB, and ΔRB, respectively. Figures 2g–2i show the differences in these
quantities between Scenarios A and B and are the errors associated with neglecting marine sedimentary
water storage. We term these differences ΔSLB-A, ΔGB-A, and ΔRB-A, respectively.

4. Discussion
4.1. Implications for Modeled Sea-Level Changes

Figure 2g shows that neglecting marine sedimentary water storage produces values of ΔSL that are higher
everywhere than they would be if sedimentary water storage was accounted for. These errors, ΔSLB-A, have
a mean of 2.13 m over oceans and 1.61 m over land. The positive values indicate that neglecting sedimentary
water storage produces modeled changes in ΔSL that are higher than they should be.

Superimposed on this nearly bimodal pattern are secondary patterns around coastlines. In the ocean
~400 km west of the coast of British Columbia, for instance, ΔSLB-A is as large as 2.21 m, about 4% larger than
the average ΔSLB-A over the oceans. Mirroring this pattern on land, ΔSLB-A is as small as 1.51 m approximately
400 km inland of the same coast, about 3% smaller than ΔSLB-A in the North American interior. This is the sig-
nature of continental levering (Mitrovica & Milne, 2002), in which changes in loading on the ocean litho-
sphere induce uplift and subsidence on either side of coastlines due to the migration of the mantle under
the oceanic and continental lithosphere. After the roughly bimodal difference between land and oceans, this
continental levering signal is the largest spatially variable component in ΔSLB-A.

Figures 2h and 2i show that the errors in ΔSL stem from two sources. First, in Scenario B, the constraint ϕ = 0
prevents water from being stored in the sediment deposit, such that all seawater is forced to lie above the
deposit. This contrasts with Scenario A, where some water is stored in the deposit. Because the deposit thick-
ness is constrained to be identical in each scenario, this results in a larger combined thickness of the deposit
and overlyingwater—and thus a higher sea surface equipotential—in Scenario B (ΔGB>ΔGA). This error inΔG
averages 1.97 m and varies from 1.86 to 2.07 m across the Earth’s surface in a pattern that reflects rotational
effects on the sea surface (Milne & Mitrovica, 1996, 1998). This error in ΔG is the largest source of error in ΔSL.

The second source of error in ΔSL stems from the error in the combined load of water and sediment on the
ocean crust, which is larger in Scenario B than in Scenario A. This occurs because the globally averaged
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change in the overlying water thickness is�2.13m in Scenario A (Figure 2a) and zero in Scenario B (Figure 2d),
while changes in the deposit load (ρHΔH) are identical in Scenarios A and B. This produces in Scenario B a
larger downward deflection of the ocean crust (i.e., a larger negative ΔR in the oceans), which in turn
generates a larger upward deflection of the continental crust (i.e., a larger positive ΔR on land). This is also
the source of the continental levering signal. This error in ΔR averages �0.15 m over the oceans and
0.36 m over land, or 7–18% of the magnitude of the average error in ΔG in Scenario B.

Figure 2. Effects of marine sedimentary water storage onmodeled sea-level changes. (a–c) ΔSL, ΔG, and ΔR, respectively, at the end of a 122 kyr simulation driven by
Scenario A, which accounts for sedimentary water storage. (d–f) ΔSL, ΔG, and ΔR, respectively, at the end of a 122 kyr simulation driven by Scenario B, which neglects
sedimentary water storage but is otherwise identical to Scenario A. (g–i) The differences between these scenarios in ΔSL, ΔG, and ΔR, respectively, are the errors
introduced by neglecting marine sedimentary water storage in Scenario B. Note that the color scheme in panels a, c, d, and f varies logarithmically.
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4.2. Implications for the Global Water Budget and Inferences of Paleo-Ice Volume

A by-product of the incorporation of water into marine sediment is the reduction in the volume of free ocean
water. This has implications for modeling Earth’s long-term seawater budget. Themagnitude of this effect can
be illustrated by applying the global water balance (equation (2)) to Scenario A. Here the simulation has been
driven only by sediment redistribution, such that there are no changes in the water budget from changes in
ice. Despite the absence of changes in ice volume, however, changes in ocean water volume are not zero. The
integrated change in ocean water volume at the end of the simulation is �7.7 · 1014 m3, or �2.1 m GMSL.

This flux of 7.7 · 1014 m3 over the 122 kyr simulation translates to a water flux into sediment of ~630 · 1010 kg/
year. This is ~4–30 times larger than published estimates of water fluxes into the ocean from volcanism
(21–174 · 1010 kg/year; Ito et al., 1983; Bounama et al., 2001; Hilton et al., 2002; Fischer, 2008;
Shinohara, 2013) and ~2–8 times larger than water fluxes into the mantle by subduction (74–288 · 1010 kg/
year; von Huene & Scholl, 1991; Parai & Mukhopadhyay, 2012). We do not explore these additional water mass
fluxes in this study, nor the expulsion of water from sediments in accretionary prisms (Moore & Vrolijk, 1992;
Screaton et al., 2002; Spinelli et al., 2004; Spinelli & Underwood, 2004; von Huene & Scholl, 1991), although we
note that the sea-level model is general enough to accommodate such processes in future studies. While
there are substantial uncertainties on all these fluxes, the rate of water incorporation into sediments relative
to these processes implies that a complete seawater budget over ~105 year timescales must account for
changes in sedimentary water storage. The potential magnitude of these effects serves as motivation for
collecting further measurements of water fluxes into and out of sediments, especially over long timescales.

These simulations have implications for inferences of changes in paleo-ice volume drawn from modeled
changes in sea level. An illustrative example of this is given by Scenario A. Since changes in sedimentary
water storage are not negligible in this scenario, they need to be accounted for when inferring ice volume

change from changes in the global water budget, as in equation (2) (∬ΩΔIjdΩ ¼ � ρw=ρIð Þ∬ΩΔSjdΩ� ρw=ρIð Þ
∬Ω ϕj f wjHj � ϕ0f w0H0

� �
dΩ). Applying this expression to Scenario A would result in an inference of no change

in global ice volume, as expected for a simulation with a temporally constant ice distribution. If, however, the
change in ice volume had been inferred only from the change in ocean water volume (i.e., ∬ΩΔIjdΩ = � (ρw/
ρI)∬ΩΔSjdΩ), as is common in models that neglect sedimentary water storage (e.g., Dalca et al., 2013), this
would have led to the incorrect inference that global ice volume had increased by ~2 m GMSL over the dura-
tion of the simulation. An error of this magnitude would be significant in the context of published estimates
of 6–9 m GMSL changes from LIG to present based on elevation differences between LIG paleoshorelines and
modern shorelines (Dutton & Lambeck, 2012; Kopp et al., 2009, 2013). While these studies do not include the
effect of sediment redistribution, we show here that simulations that do account for sediment redistribution
but neglect water storage would overestimate the change in ice volume since the LIG by ~2 m GMSL. Such
simulations would mistakenly attribute modeled changes in ocean water volume only to changes in ice
volume, rather than partly to water fluxes into sediment and partly to changes in ice volume. We stress that
the size of such an error would depend on the magnitude of the global sediment flux and sedimentary pore
volume and therefore would be subject to uncertainties in both of these quantities, as described below.

4.3. Uncertainties in the Effects of Sedimentary Water Storage

The primary uncertainty in the effects of marine sedimentary water storage on ΔSL is the uncertainty in the
magnitude of the global sediment flux. Estimates of modern global sediment fluxes range from 8.3 to 51.1 Gt/
year (mean and standard deviation of these estimates: 18 ± 9 Gt/year; Willenbring et al., 2013). Since the
modeled water volume stored in marine sediment depends approximately linearly on the global sediment
flux for a given geometry of deposition (Figure S1), uncertainties in the effects of sedimentary water storage
should scale roughly linearly with uncertainties in the global sediment flux. To the extent that the ~50% stan-
dard deviation in published global sediment fluxes reflects uncertainties in the true global sediment flux, this
suggests that marine sedimentary water storage in Scenario A should be ~2 ± 1 m. This lends importance to
accurately quantifying past and present global sediment fluxes (e.g., Kirchner & Ferrier, 2013; Larsen et al.,
2014; Wilkinson & McElroy, 2007; Willenbring et al., 2013).

A secondary control on the effects of sedimentary water storage on ΔSL is the spatial pattern of sediment
redistribution. Globally, there are large uncertainties in the spatial distribution of deposition and erosion
(e.g., Syvitski et al., 2005). These uncertainties, however, translate to relatively small uncertainties in the
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effects of sedimentary water storage on GMSL, because the errors associated with neglecting sedimentary
water storage are primarily sensitive to the total volume of deposited sediment, and only secondarily sensi-
tive to how it is distributed in space (Figure 2g). To illustrate this sensitivity further, in Figure S2, we present
additional simulations with spatial patterns of erosion and deposition that are as different as possible from
those in Figure 1, and which, like Figure 2g, do not show strong correlations between the locations of sedi-
ment redistribution and the errors in ΔSL. These show that it is primarily the magnitude of the errors in ΔSL,
rather than their spatial pattern, that is sensitive to the spatial patterns of erosion and deposition.

The magnitude of the errors in ΔSL is weakly sensitive to the spatial patterns of erosion and deposition
because the amount of water incorporated into a sedimentary deposit depends on the geometry of the
deposit. In the parameterization for compaction applied here, porosity decreases at a rate that scales with
sediment thickness. If a given mass of sediment were deposited over a small area, it would be relatively thick
and would compact quickly. Over a given time period, such a deposit would evolve toward a relatively small
mean porosity and a relatively small volume of stored water. By contrast, if the same mass of sediment were
deposited over a broad area, it would be relatively thin and would compact slowly, which would result in a
relatively large mean porosity and a relatively large volume of stored water. This implies that the effects of
sedimentary water storage on ΔSL should be sensitive to factors that influence the geometry of deposition,
such as seafloor bathymetry and ocean currents (e.g., Gibbs, 1976; Storlazzi & Field, 2000), which highlights
the need for accurate measurements and models of marine sediment transport and deposition.

As noted in section 2, in these simulations, we neglect any water stored in marine sedimentary pore space
before the beginning of the model run. Including this effect will slightly reduce the net amount of water flow-
ing into marine pore space due to water expulsion from underlying sediments that undergo compaction. The
theory described here can incorporate this effect but would require detailed maps of global sediment thick-
nesses and estimates of their porosity to estimate its effects.

Temporal variations in sediment fluxes during a simulation should also influence the effects of sedimentary
water storage, but only to the extent that they influence the mean porosity of the sediment deposits at the
end of the simulation. Temporal variations in regional sediment fluxes during the last glacial period have been
observed in a number of places over a range of timescales (Cartapanis et al., 2016; Dosseto et al., 2010;
Goodbred & Kuehl, 2000a, 2000b; Herman et al., 2013; Herman & Champagnac, 2016; Hidy et al., 2014;
Koppes et al., 2015; von Blanckenburg et al., 2015; Willenbring & Jerolmack, 2016), which suggests that the
global sediment flux likely varied during the last glacial period, too. We are unaware of empirical constraints
on temporal variations in the global sediment flux over the past glacial cycle, however, and therefore do not
model the effects of such temporal variations here. Instead, we note that themodel results in Figure 2 present
motivation for obtaining stronger constraints the past history of global sediment fluxes.

A final implication of this analysis is that sedimentary water storage should continue increasing under contin-
uous deposition. As long as deposition continues building larger deposits, the impact of sedimentary water
storage on ΔSL should continue to increase. This implies that sedimentary water storage should be sensitive
to changes in global rates of sediment delivery to the oceans. An illustrative case in point comes from surveys
suggesting that terrigenous sedimentation rates were ~3.1 times faster during the most recent 5 Myr interval
(31.22 · 1021 g) than during the previous 5 Myr interval (10.15 · 1021 g; Hay et al., 1988; Molnar, 2004). All else
equal, this implies that roughly three times more water should have been introduced to terrigenous
sedimentary pore space during 5–0 Ma than during 10–5 Ma. Even if the true temporal variations in sediment
fluxes were smaller than this—for instance, if apparent deposition rates were biased by stochastic deposition
or artifacts in sediment preservation (Sadler & Jerolmack, 2015; Willenbring & Jerolmack, 2016; Willenbring &
von Blanckenburg, 2010)—the magnitude of the stored water sink implies that minor variations in global
sediment fluxes can have significant effects on the global seawater budget over million-year timescales
(e.g., Conrad, 2013; Miller et al., 2005).

5. Conclusions

Themain contribution of this study is to demonstrate how the storage of water in marine sediment can affect
modeled changes in sea level. To illustrate this, we used a gravitationally self-consistent sea-level model that
has recently been extended to account for sedimentary water storage, and drove the model with a sediment
redistribution history in which the rates and patterns of erosion and deposition are comparable to those at
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present and temporally steady over a glacial-interglacial cycle. Under this sediment redistribution scenario,
modeled changes in sea level and global ice volume since the LIG would be in error by ~2 m GMSL if
sediment redistribution were included but sedimentary water storage were neglected. Such an error would
be significant in the context of published estimates of sea-level changes since the LIG (>6.6 m;
Kopp et al., 2009; 6–9 m; Dutton & Lambeck, 2012). These simulations also demonstrate that the magnitude
of global water fluxes into marine sediment are likely larger than the magnitude of water fluxes into and out
of the ocean by volcanism and subduction. These results underscore the importance of accounting for
sedimentary water storage in modeling sea-level changes over >105 year timescales.
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