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Science, Louisiana State University, Baton Rouge, LA, USA, *Department of Earth and Environmental Sciences, Tulane
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Abstract We present the first investigation of subsidence due to sediment compaction and consolidation

in two laboratory-scale river delta experiments. Spatial and temporal trends in subsidence rates in the
experimental setting may elucidate behavior which cannot be directly observed at sufficiently long

timescales, except for in reduced scale models such as the ones studied. We compare subsidence between

a control experiment using steady boundary conditions, and an otherwise identical experiment which has

been treated with a proxy for highly compressible marsh deposits. Both experiments have non-negligible
compactional subsidence rates across the delta-top, comparable in magnitude to our boundary condition relative
sea level rise rate of 250 pm/hr. Subsidence in the control experiment (on average 54 pm/hr) is concentrated

in the lowest elevation (<10 mm above sea level) areas near the coast and is likely related to creep induced by

a rising water table near the shoreface. The treatment experiment exhibits larger (on average 126 pm/hr) and
more spatially variable subsidence rates controlled mostly by compaction of recent marsh deposits within one
channel depth (~10 mm) of the sediment surface. These rates compare favorably with field and modeling based
subsidence measurements both in relative magnitude and location. We find that subsidence “hot spots” may be
relatively ephemeral on longer timescales, but average subsidence across the entire delta can be variable even
at our shortest measurement window. This suggests that subsidence rates over a short time frame may exceed
thresholds for marsh platform drowning, even if the long term trend does not.

Plain Language Summary Coastal and deltaic wetlands sit very near sea level. They accumulate

a compressible mixture of organic material and mud which is deposited by tides and/or overbank flooding

from rivers. As a result, these wetland environments can rapidly build elevation to keep pace with a significant
amount of relative sea level rise. Over time, more sediment is delivered on top of the initially porous surface
layers and they become compacted as they are buried, contributing to a downward movement of the land
surface known as subsidence. Subsidence is a hazard that threatens infrastructure and worsens coastal flooding.
Here we examine the spatial and temporal patterns of subsidence in a small (about 2 m?) physical delta
experiment which includes a compressible proxy for wetland sediments. We find that subsidence is significantly
higher where these wetland sediments have recently been deposited and driven by their compaction in the very
shallow subsurface.

1. Introduction

Subsidence, the downward directed movement of the Earth surface, exerts a fundamental physical control on
river deltas. Summed with changes in eustatic sea level, subsidence increases relative sea level rise (RSLR)
which controls the equilibrium size of a delta, and the dynamics of its channels and marshes (Liang et al., 2016;
Moodie & Passalacqua, 2021; Morton et al., 2006). Sediment deficits and projections of future sustainability
of deltas often include subsidence as one of the largest uncertainties (Sanks et al., 2020; Shirzaei et al., 2021).
Hence, subsidence affects these dynamic ecosystems and several hundred million people that live on river deltas.

The stability of coastal wetlands is closely coupled to subsidence because they exist within the intertidal zone
and accrete as a function of elevation relative to sea level (Cahoon et al., 2019; Morris et al., 2002). These
threatened environments provide valuable ecosystem services including storm surge protection, carbon sequestra-
tion, and water quality regulation (Engle, 2011). Wetland retreat is expected to respond non-linearly with future
RSLR projections (Kirwan & Guntenspergen, 2010; Mariotti, 2020). In South Louisiana alone, over 5,000 km?
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of coastal wetlands have been lost since 1930 (Couvillion et al., 2017), largely due to high, spatio-temporally
variable subsidence rates from the compaction of highly compressible marsh deposits in the shallow subsurface
(Nienhuis et al., 2017; Tornqvist et al., 2008). On modern river deltas, subsidence within the top several meters
of stratum, often including a significant amount of organic material, can dominate background RSLR (eustatic
sea level rise plus tectonic regional subsidence) over large areas by as much as an order of magnitude, at least on
short timescales (Erban et al., 2014; Jankowski et al., 2017; Zumberge et al., 2022).

Measured subsidence rates on river deltas worldwide are both highly spatially and temporally variable. While
subsidence rates over annual to decadal timescales can approach, and even exceed, a centimeter per year on the
Mississippi (Nienhuis et al., 2017), Mekong (Erban et al., 2014; Minderhoud et al., 2017) and Ganges-Brahmaputra
(Steckler et al., 2022) Deltas, there is disagreement about the upper bound of annual subsidence rates and
whether or not subsidence maxima correlate with geologic controls such as Holocene deposit thickness (Byrnes
et al., 2019; Jankowski et al., 2017). Millennial scale subsidence rates are consistently estimated to be signif-
icantly lower (Chamberlain et al., 2021; Kooi & de Vries, 1998; Meckel et al., 2006; Tornqvist et al., 2008;
van Asselen, 2011). It remains unclear if areas of high subsidence can persist on century and longer timescales
due to a lack of direct measurement going back further than about 15 years. Additionally, the overprinting of
several possible subsidence mechanisms including sediment compaction, faulting, anthropogenic soil drainage,
and deep fluid withdrawal make it difficult to understand which processes are driving the complexity of observed
subsidence rates (Chang et al., 2014; Dokka, 2006; Yuill et al., 2009). Understanding the degree to which natu-
ral processes and human activity each impact different subsidence mechanisms is crucial to proposed land loss
mitigation plans such as sediment diversions and wetland restoration, which are planned on decadal to centennial
timescales.

Our understanding of the co-evolution between delta morphodynamics, marsh growth, and coincident subsidence
remains relatively limited. This incomplete understanding can be attributed to our inability to directly observe
the processes of delta evolution (i.e., aggradation, channel incision, avulsion) and marsh platform growth over
sufficiently long “meso-timescales” (102-10° years), as well as difficulty isolating the various forcing conditions
that drive morphodynamic change and mechanisms that contribute to coastal subsidence (Hoyal & Sheets, 2009;
Yuill et al., 2009).

Here we describe the autogenic subsidence behavior of two laboratory scale delta experiments, one treated with a
proxy for marsh deposits (TDWB-19-2, hereafter called the treatment experiment) and one untreated experiment
(TDB-18-1, hereafter called the control experiment), in order to better understand how the coupling between
deltas and marshes impacts the spatio-temporal variability of subsidence rates throughout delta evolution.
Reduced-scale experiments are effective at creating analogous kinematics and spatial architecture to autogenic
behavior observed in field deltas (Paola et al., 2009). They are a particularly useful tool to understand “meso-scale”
delta evolution that cannot be fully captured by continuous field measurement during active morphodynamic
changes, nor reconstructed by stratigraphic interpretation (Paola et al., 2009). Our setup is designed to dissociate
background RSLR applied as a boundary condition (RSLR,; meant to represent both tectonic subsidence and
eustatic sea level rise) from spatially and temporally variable subsidence (o,) that emerges within the experiment.

This study is part of a larger project (including Sanks et al. (2022a)) which aims to assess the impact of marshes
on a wide range of deltaic processes, from delta-top kinematics to stratigraphic patterns. No studies have previ-
ously described autogenic subsidence due to sediment compaction (hereafter, just subsidence) in a delta experi-
ment. We hypothesize that the addition of the marsh proxy in the treatment experiment will generate significant
subsidence across the portion of the delta that regularly receives marsh deposits. In this case, subsidence rates
will likely be correlated with underlying marsh deposit thickness. If subsidence rates are sufficiently large over
long enough timescales, they could influence a wide range of geomorphic processes including marsh drowning,
channel kinematics (Liang et al., 2016; Moodie & Passalacqua, 2021), and delta progradation (Chamberlain
etal., 2021).

2. Methods
2.1. Experimental Setup

We analyze two delta experiments conducted at the Tulane Sediment Dynamics and Stratigraphy Lab. The exper-
iments have identical boundary conditions, and approached a dynamic equilibrium state under constant forcing
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Table 1
Boundary Conditions of Both Experiments
Delta experiment Experiment run time (hr) 0., (m?/s) 0, (kg/h) RSLR, (mm/h) Sediment mixture
Control TDB-18-1) 560 1.72 x 1074 1.40 0.25 Strongly cohesive mixture (Straub et al., 2015)
Marsh (TDWB-19-2) 560 1.72 x 10~ 1.40 0.25 Strongly cohesive mixture (Straub et al., 2015);

EPK marsh proxy (~200 g/2 hr)

conditions of sea level rise rate (RSLR,), basin geometry (2.8 m across with an open seaward boundary), and
water (Q,) and sediment discharge (Q,) listed in Table 1. Each experiment was allowed to prograde for 120 hr
before hour zero of run time. The treatment experiment differed only in that a proxy for marsh sedimentation
was applied to regions near sea level (=9 to 5 mm relative to sea level, hereafter RSL), resulting in about 8% of
the final deposit mass and 15% of the final deposit volume (Sanks et al., 2022a). Therefore, significant statistical
differences in subsidence rates can be attributed to the impact of the marsh proxy deposits.

Topography was measured with a Lidar scanner to create digital elevation models (DEMs) with a 5 X 5 mm plan-
form grid, and a sub-mm vertical resolution (Supporting Information S1). In the control experiment, scans were
collected at the beginning of each run hour. In the treatment, scans were collected at the beginning of every even
run hour directly before the marsh proxy was dispensed, as well as 48 min into each run hour. Changes in eleva-
tion through time with respect to the stationary Lidar scanner are attributable to sediment deposition, erosion,
and/or subsidence (6,). RSLR, is generated by gradually raising the water level in the basin rather than lowering
the basin itself, so base level changes are not captured in Lidar measurements. Screening out areas of fluvial
sediment deposition and erosion (e.g., locations with surface water present, including subaqueous areas) allows
for measurement of subsidence (o,) at the two-hour timescale in both experiments, as well as the initial thickness
of each marsh deposit in the treatment experiment. This procedure is described in Section 2.2.

The marsh proxy was distributed based on a simple conceptual model relating primary production in salt marshes
to elevation relative to sea level (Morris et al., 2002). As such, the distribution patterns here are primarily intended
to mimic marshes present in coastal settings, but may also represent tidal mud flats or other coastal areas that
accumulate fine-grained sediment as a function of elevation relative to sea level. Every 2 hr, a DEM was averaged
at the 0.015 m? scale on a hexagonal grid in order to identify suitable elevations for marsh deposition (Figure 1a).
The marsh proxy (Edgar Plastic Kaolin, or EPK) was distributed to each hexagon each distribution cycle (every
2 hr) as a function of this averaged elevation (mm) RSL at that time step. All binned locations with an average
elevation between —9 and 5 mm RSL (hereafter referred to as the “marsh window”) at a given time received
marsh sediment from a vibrating sieve (Figure 1a). On average, 200 g of marsh proxy were deposited during each
distribution cycle, but the amount varied due to the number of hexagons within the marsh window at a given time,
and to a lesser extent, mechanical imprecision in distributing the prescribed deposit thickness (Figure 1b; Sanks
et al., 2022a). The order in which distribution hexagons were queried was alternated from basin left to basin right
in order to mitigate spatial biases over timescales longer than a single distribution cycle.

The proxy's porosity when settling through water was measured in pre-experiment trials to be >90% when first
deposited. This gives it significantly more compaction potential than the fluvially introduced clastic sediment
which had approximately 75% initial porosity. The sediment mixture delivered by river transport to both experi-
ments ranges in grain size from coarse sand to clay and contains a polymer to increase sediment cohesion. It has
been described in Straub et al. (2015).

This setup was not meant to imitate any particular field setting, but designed to create a steady-state scenario
where the unstable (=9 to —5 mm RSL) and stable (0—5 mm RSL) marshes would inevitably lose elevation in
the absence of mineral sediment nourishment, while maximally productive (=5 to 0 mm RSL; Figure 1b) areas
would outpace RSLR,, at least over short timescales. Similarly to the Morris et al. (2002) model, the highest
(i.e., “stable”) and lowest (i.e., “unstable’) elevation marshes accrete slower than optimal elevation marshes (i.e.,
“maximum production”) which fall in between. Tides are not physically present in this experiment, so accretion
rates are schematized as a function of elevation RSL rather than operating as a function of their position in the
tidal frame, as Morris et al. (2002) described. Sediment accretion (both through marsh proxy deposition and
fluvial transport), erosion, RSLR,, and 6, combine to dynamically alter delta morphology through time and allow
each location to move in, out, and across the marsh window. Locations sitting between —9 and —5 mm RSL
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Figure 1. (a) An image of the treatment experiment during a marsh distribution cycle. The metal apparatus is a sieve
mounted to a low-frequency vibrator which shakes out marsh proxy. The darker brown sediment is exposed marsh deposits.
White hexagons represent the grid pattern that marsh proxy was distributed over. (b) Elevation based rules for marsh
deposition rates. Mean values of marsh deposition relative to RSLR, for each zone are depicted as horizontal blue and
green lines. The dashed black line represents Lidar measured values of initial marsh thickness for subaerial deposits (see
Section 2.2). Deposition occurs every 2 hr of run time during the treatment experiment. The maximum production marsh
region (=5 to 0 mm RSL) aggrades faster than RSLR,, while unstable (well below sea level) and stable (above sea level)
regions aggrade slower than RSLR,. Subsidence measurements were collected in subaerial locations via repeated Lidar
measurements.

and 0-5 mm RSL accreted marsh proxy at 0.67 times RSLR, on average, and locations in the —5 to 0 mm RSL
elevation range accreted marsh proxy at 1.33 times RSLR,, based on measurements of flux through the marsh
sediment dispenser (Figure 1b). An overall mean surficial marsh deposit thickness for the “stable” marsh was
collected via repeat Lidar scans (see Section 2.2), showing a comparable but slightly lower aggradation rate of
0.58 times RSLR,, (dashed line in Figure 1b) compared to the accretion rate estimated via sediment flux through
the marsh dispenser (0.67 times RSLR,). These accretion rates are simply meant to create a situation where maxi-
mally productive marshes generally maintain their elevation in response to RSLR, while marshes at the higher
and lower extremes of the elevation window they can habitate do not. This situation would arise in a real world
setting where a marsh platform is roughly in equilibrium with RSLR and neither systematically drowning nor
prograding.

2.2. Subsidence and Marsh Thickness Maps

Subsidence maps for both experiments were generated by differencing DEMs and screening out areas that were
flooded by sea level or that received surface water flow at some point during the time step. This was done to
remove all sediment transport processes and isolate subsidence in “quiescent” areas. Areas covered by surface
water were removed by a color threshold screen. Differenced DEM values lower than —1,000 pm or greater than
5,000 pm were considered erroneous and removed from the data set.

Control experiment DEMs were differenced by appropriately screening each scan, subtracting the previous scan
from a given scan, and then summing the resulting two-hour DEMs of difference. The treatment experiment
DEMs were differenced by subtracting a scan collected 48 min into each 2-hr time step from each scan collected
every even hour of experimental run time (72 min later). This was done to exclude marsh accretion in the first
48 min of each two-hour period of run time. The resulting subsidence maps were then multiplied by a correction
factor of 120/72 to account for “lost” time and make them equivalent to two-hour DEMs of difference. Therefore,
subsidence rates can be compared between the experiments at a two-hour temporal resolution. The linear correc-
tion factor applied to the treatment experiment measurements may be conservative given that the highest rates
of compaction occur shortly after deposition. However, the estimate of initial marsh proxy porosity (90%) was
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Figure 2. (a) Time series of the delta area where Lidar-based subsidence measurements were possible. Note that the number
of measurements for the treatment was sufficiently large that error was always less than 25 pm, and generally less than 10 pm.
(b) Distributions of spatially averaged subsidence rate for each 2 and 10-hr time step for both experiments. Boxplots span

the 25th to 75th percentile values, and whiskers extend up to 1.5 times the interquartile range. These subsidence rates are
generally greater in the treatment experiment than the control.

taken from samples allowed to settle for a similar amount of time, so calculations involving this assumption (e.g.,
Figure 7) are consistent with Lidar based measurements. Subsidence rates were also compared at ten-hour time
steps by summing consecutive two-hour subsidence maps and excluding points which did not return a value each
time step. Analyses of subsidence rates in “low elevation areas” of the delta top were also conducted by restricting
the subsidence maps to locations between 0 and 15 mm RSL (Figure 3). See Supporting Information S1 for more
details on the procedures described above and SI materials for videos of subsidence maps through time.

An initial thickness map of each surficial marsh deposit was separately quantified by differencing the scan taken
right after distribution (48 min into an hour) and the scan taken right before, then screening out areas outside of
the marsh window. Areas receiving surface water were excluded in the same manner as in the subsidence maps.

Marsh maps derived from Lidar scans were stacked to create a “synthetic stratigraphy” representing the total
uncompacted thickness of the marsh maps at each location. The marsh maps do not account for submarine
marsh deposition, so they do not equate to total initial marsh deposit thickness, only the thickness of subaerially
deposited marsh. However, this marsh thickness can be normalized by the thickness of the final deposit to yield a
synthetic marsh fraction which is comparable to the directly measured marsh thickness from stratigraphy.

2.3. Measurements of Marsh Seams in Stratigraphy

At the end of the treatment experiment, the delta was sectioned along strike parallel to the entrance channel at
10 cm intervals. The thicknesses of buried marsh seams were measured at a several geographic locations with
varying burial depths (n = 8). Each data point is displayed in Figure 7a. Measurements of porosity (used to
calculate void ratio) were taken from individual seams of preserved marsh proxy at various ultimate burial depths
(Figure 7a). This was done by taking cores, freezing them, cutting out marsh seams of known thicknesses, and
then weighing the seams to produce a bulk density which could be converted to porosity (n) and then void ratio (e)
by the equation e = n/(1 — n). The cumulative marsh thickness at each location was divided by the entire deltaic
deposit thickness to get the marsh fraction in stratigraphy.

This experimental proxy for compressible marsh sediments compacted to less than 25% of its initial thickness
under the minor loading (<1 kPa) experienced in the experiment. While this mimics the compaction found in
real deltas, the exhaustion of primary consolidation potential observed within Holocene strata (Keogh, 2020;
Keucher, 1994) was not achieved. Additionally, organic-rich field samples experience a high degree of secondary
compression due to the collapse of peat particles (Mesri et al., 1997), as well as volumetric losses from oxida-
tion (Chambers et al., 2019). Our marsh proxy is entirely mineral sediment. Even so, the autogenic compac-
tion patterns produced sediment compaction over thicknesses less than a channel depth, providing a compelling
comparison to the field.
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Figure 3. (a) Overhead image of control experiment at hour 180 overlain with subsidence map (5 mm X 5 mm resolution) of the previous 10 hr. Dashed white line
here and in panel b represents 15 mm elevation RSL contour, or the top of the “low elevation zone.” (b) Overhead image of treatment experiment at hour 520 overlain
with subsidence map of the previous 10 hr. (c) Time series of average subsidence rates in the low elevation zone (spanning 0—15 mm RSL) for each 10-hr time step for
both experiments. Subsidence rates are variable through time, but do not exhibit a temporal trend. Mean subsidence rates in the 0—15 mm RSL region for the control
and treatment are marked by dashed lines. The time steps displayed in panels (a) and (b) are marked. (d) Time averaged profiles of subsidence as a function of elevation
above relative sea level for both experiments. The window of active marsh deposition for the treatment experiment is shaded orange, and the upper boundary of the low
elevation zone is delineated by a dashed black line.

3. Results
3.1. Overall Subsidence Trends

Both experiments exhibit measurable subsidence in unchannelized subaerial portions of the delta over timescales
of 2 and 10 hr. The quiescent region of measurement varied with delta top channel dynamics, but averaged 0.27
and 0.40 m? on the 10 hr timescale for the control and treatment respectively, resulting in uncertainties less
than 25 pm for each experiment (Figure 2a, Supporting Information S1). Both experiments also exhibit signif-
icant spatial and temporal variability. However, the treatment experiment has a significantly higher delta-wide
mean subsidence rate of 126 + 108 pm/hr compared to 54 + 103 pm/hr for the control experiment (over 10 hr;
Figure 2b). A paired-sample #-test indicates that delta-wide subsidence rates are statistically distinct between the
two experiments at both the two-hour and ten-hour timescales (p < 0.01).

Subsidence rates in low elevation areas of the delta top (0—15 mm RSL) do not show a significant temporal trend
over either experiment (Figure 3c), but regularly fluctuate by more than 100 pm/hr across the delta top. The
deposit aggrades from 25 to 165 mm thick at the shoreline throughout the experiment, so the lack of a gradual
increase in rates demonstrates that subsidence is uncorrelated with total deposit thickness. Average subsidence
rates rarely approach imposed RSLR (RSLR, = 250 pm/hr) for the treatment and never do in the control when
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Figure 4. (a) Profile of the control experiment topography along transect C-C” from Figure 3a at hours 160, 170, 180, and 190. Significant bed lowering occurs above
sea level and landward of a subaerial slope break. (b) Profile of the treatment topography along transect T-T” from Figure 3b at hours 500, 510, 520, and 530. No
subaerial slope break is present here. The profile is net aggradational everywhere over this time period in spite of subsidence because of marsh deposition (especially

from 200 to 350 mm along transect).

averaged over 10-hr periods. Therefore, most of the total RSLR is created by imposed rising base level, as
opposed to compactional subsidence in both cases.

Subsidence varies in both experiments as a function of elevation relative to sea level. Subsidence is highly
concentrated near the coastline in the control experiment, but more dispersed throughout the subaerial delta and
highly spatially variable on short timescales in the treatment experiment (Figures 3a and 3b). Subsidence in the
control is clearly related to elevation above sea level (Figure 3d). Subsidence rates peak at 7-8 mm above sea level
and become minimal at around 10 mm above sea level. This subsidence peak moves with the shoreline through
transgressions and regressions. It is associated with a slope maximum (Figure 4a), which consistently occurs
5-10 mm above sea level and backsteps as base level rises. In contrast, the treatment experiment subsidence rates
are relatively consistent. Subsidence rates are slightly higher in the window of active marsh deposition, as well
as slightly above it in areas that had often recently been in the marsh window. Subsidence rates only decrease by
20%—40% in the 20 mm above the marsh window. The subaerial slope break observed in the control (Figure 4a)
is notably absent in the treatment (Figure 4b), where slopes on the order of several degrees only occur below sea
level.

3.2. Treatment Experiment Subsidence Pattern and Mechanism

The spatiotemporal subsidence patterns in the treatment experiment are more complex than in the control. We
study the persistence of subsidence across the delta over a 2-hr timescale. Correlations are drawn by gridding
each subsidence map into 50 mm X 50 mm blocks, averaging values within every block, and plotting the subsid-
ence rate at each block against either the subsidence rate at each block 2 hr later or the immediately preceding
surficial marsh deposit thickness at each block. Subsidence rates are highly transient through time at the 2-hr
scale, with subsidence rarely showing significant correlation (R > 0.5) over subsequent maps (n = 280; orange
histogram in Figure 5). This means that subsidence “hot spots” rarely persist through repeated measurements at
the same location.

Spatially distributed subsidence rates correlate somewhat better with the thickness of the most recent marsh
deposit (blue histogram in Figure 5), with correlations (R) typically ranging from 0.3 to 0.6 for a 2-hr time
step. This marginal correlation declines when comparing 2-hr subsidence to deposition rates averaged over four
or 6 hr (not shown). Consequently, short-term subsidence rates are somewhat higher where recent marsh deposits
are thicker.

Despite limited short timescale predictability, there is a better correlation between marsh presence and subsid-
ence evaluated over the entire experiment. The fraction of the total stratigraphic package comprised of marsh

ZAPP ET AL.

7 of 14

8518017 SUOILIOD 3A 181D 8ol idde ayy Aq peuenob aJe ssjolie VO '8sn JO S9|n. 1o} Afeid18UIIUO AB]IM UO (SUORIPUO-pUB-SLUBI/LID A8 | 1M Afe.d 1 |Bu [UO//ST1Y) SUORIPUOD pue SWwe 1 8L3 88S *[£202/TT/ST] uo Ariqiauluo A|im ‘WiH AisAIUN 8Ue|n L Aq 85Z/00-CEZ02/620T OT/10p/wiod A8 im Areiqjput|uo'sgndnBey/sdny woly pepeojumoq ‘TT ‘€202 ‘TT0669TZ



-~
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Earth Surface 10.1029/2023JF007238

0.25 L - 2 hour Marsh-o_ Correlation
- Correlation of o (t) to o (t+2h)

Median = 0.46

I
I
I
I
I
I
0.2 |
I
|
I

Median = 0.18

probability
©
o

017

0.05

-1 -0.8 -06 -04 -0.2 0 0.2 04 0.6 0.8 1
Pearson R

Figure 5. Histograms showing the distribution of correlation coefficients (Pearson R) between all local subsidence rates
from one time step to the next (in orange), and between all local subsidence and the most recent marsh deposit thickness (in
blue) in the treatment experiment. Median Pearson R values for both histograms are also shown.

deposits is measured both directly (Section 2.3), and by summing all individual surficial marsh deposit thick-
nesses. Though the summed marsh map approach excludes marsh deposited below sea level, and thus underesti-
mates marsh fraction, the two methods follow a similar trend (Figure 6b). Both methods also correlate well with
average subsidence rates throughout the experiment as a function of distance downstream of the entrance channel
pictured in Figure 1a (Figure 6a). Each measurement type peaks around the average shoreline position, which is
located about 1,100 mm from the entrance channel (Figure 6a; Sanks et al., 2022a). In other words, long-term
subsidence rates are higher where marsh deposits are thicker.

Stratigraphic measurements of porosity (transformed to void ratio, e) collected from marsh stratigraphy are used
to constrain the vertical profile of subsidence due to marsh compaction. The void ratio of marsh seams decreases
with burial depth (z; in mm). It is well fit by an exponential decay function e(z) = 13.21715% with an R? of 0.76
(Figure 7a). Under conservation of mass and assuming a constant marsh aggradation rate equal to RSLR,, the
compaction rate s at any z is s = RSLR, * de/dz, and the total subsidence at any elevation is s integrated from
maximum depth (here 170 mm) to depth z:

o5(2) =/ sdz. (@))]
max(z)

Subsidence rates calculated in this way assume a steady input of uncompacted marsh (90% porosity) every 2 hr.
Marsh aggradation is estimated to be equal to RSLR, (which is the average of stable/unstable and maximum produc-
tion values) to represent a long-term value for a given seam which likely passed through different productivity bins
and may have experienced some reworking before its ultimate preservation. If the likelihood of marsh deposition is
assumed to be unchanging through time, areas that received marsh 50% of the time would have 50% of the calculated
subsidence rate in this steady-state compaction model. Compaction of fluvial sediment is neglected in this calculation.

The majority of the subsidence in the treatment experiment is associated with the compaction of marsh deposits within
20 mm of the surface, and nearly half occurs above one typical channel depth (Figure 7b). Surface subsidence rates
in the compaction model agree well with 10-hr Lidar measurements of surface subsidence clipped to areas actively
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Figure 6. Subsidence rate, marsh fraction from stacked marsh maps, and marsh fraction measured from stratigraphy are compared as a function of distance downbasin
from the entrance channel. (a) Each parameter peaks around the average shoreline position of 1,100 mm downstream of the entrance channel. (b—d) Pair-wise
correlation between the three measurement types in (a).

receiving marsh deposition. Agreement is particularly good when the compaction model assumes marsh deposition
comprises 25%-50% of aggradation with the remainder being fluvial sediments. Much of the delta is comprised of
15%-30% marsh deposits (Figure 6a; Sanks et al., 2022a). The somewhat higher values from Lidar measurements
(mean rate of 126 pm/hr) compared to the marsh compaction model assuming 25% marsh deposition (81 pm/hr at the
sediment surface) is likely due to fluvial sediment compaction. These two independent measurement techniques yield
a consistent picture of shallow subsidence in the treatment experiment.

4. Discussion

The experimental results presented in this paper suggest that the spatial and temporal structure of shallow subsidence
rates are strongly influenced by the presence of compressible marsh deposits in low elevation areas of river deltas. The
control experiment exhibited a tight band of subsidence just above sea level. Subsidence patterns in the treatment exper-
iment are widely dispersed and temporally unpredictable at short timescales, but they are somewhat locally controlled
by the thickness of the most recent marsh deposit. Over longer timescales, subsidence rates are well predicted by the
presence of marsh deposits. Scaling subsidence rates by background RSLR over the duration of the experiment (c/
RSLR,), we see that the control experiment is 0.2, the treatment experiment is 0.5, and some modern field meas-
urements range between 0.95 and 3.8 (Table 2). Experimental values may be smaller than field values because the
marsh proxy is likely less compressible than real world deposits for the reasons described in Section 2.3. Nevertheless,
the experimental treatment increased compactional subsidence to be on the same order as measurements from some
field-scale deltas, and can similarly exceed RSLR, on shorter timescales (Figure 2b).
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Figure 7. Subsidence within marsh deposits calculated from measurements of void ratio within the final deposit. (a) Void
ratio as a function of depth. Circles indicate measurements, with exponential fit (see Section 2.3). (b) Subsidence rate with
depth for marsh deposits calculated from Equation 1. 100% marsh deposition represents a scenario where marsh is always
deposited equal to RSLR,, and never eroded. Spatially averaged, 10-hr subsidence rates from Lidar measurements for all areas
within the marsh window and average channel depth in the treatment experiment are also shown.
Table 2
Relative Importance of Compactional Subsidence (o) Versus Background Relative Sea Level Rise (RSLR,) for Field Scale,
Experimental, and Modeled River Deltas at a Range of Timescales
Compensation
6, (mm/yr)  RSLRb (mm/ 6/RSLR,  Timescale of measurement, timescale, 7,
Delta (*pm/hr) yr) (*pm/hr) ©) Lineas (YD), (¥hr) (yr), (*hr)
Control (TDB-18) *54 *250 0.22 *2-10 *58.4
Treatment (TDWB-19-2) *126 *250 0.50 *2-10 *53.6
Modern Mississippi 7.1 4.3 1.66 10 ~10°
Modern Mekong 16 4.2 3.81 ~10 ~3 x 10*
Modern Po 4 4.2 0.95 ~10 ~2 x 10*
Holocene Mississippi 1-5 ~1.5 0.67-3.33 ~103 ~10°
Hydrodynamic Model 0.1-1 ~1 0.1-1 ~5x 10* ~10°
Note. Rates for Mississippi (Nienhuis et al., 2017), Po (Bruno et al., 2017; Syvetski et al., 2009), and Mekong (Erban
et al., 2014; Ishii et al., 2021) are based on modern measurements. Millennial scale rates for the Mississippi (Térnqvist
et al., 2008) and longer timescale rates from a hydrodynamic compaction model (Kooi & de Vries, 1998) are included to
compare subsidence measurements at different timescales. RSLR, were estimated for field deltas by adding 1 mm/yr of
deep-seated subsidence to eustatic sea level rise rates. The compensation timescale is defined as the mean channel depth
divided by the long term aggradation rate (or RSLR, in the experiments).
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We did not anticipate any subsidence in the control experiment, yet it revealed a well-organized signature. We
interpret the apparent subsidence in the control experiment to be at least partially due to soil creep, slumping,
or mudflows near sea level. Mudflows can be triggered due to a rising water table in clay rich soils (such as the
overbank fraction of the fluvial sediment mixture) at comparable slopes to those seen at the shoreline of the
control experiment (5°; Vallejo, 1980). The water table rises with RSLR,, so mudflow is deemed the most likely
mechanism triggering the “subsidence” band. This localized phenomenon may be semi-continuous or punctuated
but occurring more frequently than the two-hour timescale of subsidence map collection. As such, it is effectively
a kind of soil creep at this scale. The relative contributions of vertical compaction (which would classically be
included as a subsidence mechanism) and lateral creep/mudflow (which may not be strictly classified as subsid-
ence) to this feature remain unquantified. Local downslope bed level increases are smaller than the volume of
sediment removed (Figure 4a), so compaction must be a significant component. For this reason, we continue to
describe the bed lowering observed in the control experiment as subsidence.

Remarkably, the strong elevation-controlled signature of the control experiment is damped in the treatment. This
could be because marsh sedimentation decreases the average delta slope by 50% in the marsh window (Sanks
et al., 2022a), potentially reducing creep-based subsidence. Overall, it seems that marsh sedimentation decreases
the slope of the delta, removing the near-shore creep failure mechanism, and adding a more spatially variable
mechanism of marsh deposit compaction/consolidation.

Where can we expect to find this creep-style subsidence beyond our control experiment? It is likely to be found
in other laboratory delta experiments with rising sea levels, and particularly those using fine-grained sediment.
These deltas are constructed by flows that have a higher sediment to water ratio than field-scale systems, result-
ing in higher delta slopes and significantly altered morphodynamics (Sanks et al., 2023). Delta topset slopes
tend to be multiple orders of magnitude lower than those observed in the control experiment, with similar slopes
only widespread on the subaqueous foreset (Edmonds et al., 2011; Sanks et al., 2022a). While creep has been
observed in coastal environments, we know of no field data that shows such tight elevation-control of subsidence
rates.

By comparison, the treatment experiment produces subsidence that is larger in magnitude (Figure 2b) and more
widespread than the control (Figure 3). Non-negligible subsidence rates extend from sea level to at least 25 mm
RSL. Because the addition of marsh is the only change between experiments, this suggests that marsh sedimenta-
tion is influencing subsidence outside the active marsh window. This is unexpected because subsidence is shallow
and weakly correlated with recent deposit thickness. This discrepancy can be explained by the fact that a large
portion of subsidence in the treatment experiment is controlled by near surface compaction of clay layers, but a
degree of marsh deposit compaction continues to occur for some time post-burial (Figure 7).

The behaviors described above establish that the experiments, and particularly the treatment experiment, have
strong spatiotemporal variation in compactional subsidence rates. This is despite the fact that local average subsid-
ence rates across the entire treatment experiment are controlled by the overall fraction of marsh in the subsurface
(Figure 6). Therefore, the hot spots of above-average subsidence found at one time step do not predict continued
above-average subsidence at the 2 hour timescale (Figure 5). Similar subsidence hot spots have been found on the
Mississippi (Jankowski et al., 2017; Karengar et al., 2015; Morton et al., 2003), Ganges-Brahmaputra (Higgins
et al., 2014), and Po (Teatini et al., 2011) deltas. While groundwater pumping and land use can cause persistent
subsidence hotspots (Jones et al., 2016), our results show that there may be significant natural temporal variability
in compactional subsidence as well.

Recent research comparing bulk densities of Mississippi River Delta sediments over a wide range of lithologies
and burial depths shows that most subsidence occurs due to compaction within the upper 10 m of sediment
(Jankowski et al., 2017; Keogh, 2020; Zumberge et al., 2022), or even deposits less than 100 years old and well
within a meter of the surface (Keogh, 2020). Similarly, compactional subsidence rates in the Ganges-Brahmaputra
Delta decay exponentially with depth, with the majority occurring within approximately 1-2 channel depths, or
about 25-50 m (Steckler et al., 2022). These findings match well with the exponential decay in subsidence rates
with depth found in the treatment experiment (Figure 7). In both field and experimental settings, at least half
of the total subsidence is occurring in recent marsh deposits shallower than about one channel depth. This near
surface bed lowering is continuously replenished by new marsh accretion and therefore does not contribute much
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to the long-term generation of accommodation space, as o, accounts for only about one quarter of RSLR, below a
channel depth (Figure 7b). Field (van Asselen, 2011) and modeling (Kim et al., 2010; Liang et al., 2016; Moodie
& Passalacqua, 2021; Xotta et al., 2022) studies have repeatedly shown the potential influence of subsidence on
surface morphology and kinematics by causing differential compaction and steering channels. However, the treat-
ment experiment, along with notable examples from field-scale deltas (e.g., Keogh, 2020; Steckler et al., 2022),
suggest that compactional subsidence is often too shallow to significantly impact surface processes in this way.

The treatment experiment represents a first pass at understanding coupling between river deltas and marshes.
Future work will link dynamic subsidence rates to marsh platform stability, delta top kinematics, and stratigraphic
stacking patterns of coal seams. Continued field and numerical modeling efforts will extend our ability to relia-
bly predict subsidence rates in low elevation coastal zones past the decadal timescale, where they likely remain
spatially and temporally variable even under natural conditions.

5. Conclusion

This paper represents the first detailed analysis of subsidence within a compacting experimental delta deposit.
Subsidence rates across the delta top of experiments both treated and untreated with a marsh proxy are
non-negligible. The control experiment experienced rapid bed lowering slightly landward of the coast, likely
triggered by localized soil creep. Nevertheless, the marsh proxy treatment produced subsidence rates that were on
average twice as large as in the control experiment. Subsidence patterns in the treatment experiment more closely
resemble field scale measurements from some global deltas in their spatial and temporal heterogeneity over short
timescales, contribution to total RSLR, and mechanism of shallow compaction. The compaction of deeply buried
marsh deposits appears to be relatively less important than surficial compaction in the experimental setting.
These experimental results give valuable predictions of shallow subsidence in space and time that can inform
management, modeling, and sustainability initiatives for global deltas.
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