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Abstract Land-surface subsidence is a major contributor to land loss in many river deltas. New approaches
yielding high-resolution data are needed to parse the relevant driving forces. In 2016, we established a

novel “subsidence superstation” ~2 km from the Mississippi River in coastal Louisiana (USA) to measure
compaction in a global reference frame as a function of depth in Holocene sediments and deeper subsidence.
The site features three borehole optical fiber strainmeters to obtain continuous records of displacement between
~1.3 m below the surface and depths of ~11, 25, and 38 m. These data are complemented by an adjacent
station providing hydrologic data and near-surface compaction. We also installed three GPS antennas, one

of which is mounted to a rod cemented into the Pleistocene basement. A core from one of the boreholes
provides insight into the sediment properties of the entire Holocene succession. Five years of records reveal the
compaction rate in the material between 1.3 and 38 m is likely less than 0.25 mm/yr. The GPS records yield

a subsidence rate of 2.5 mm/yr regardless of the depth of the anchor, thus corroborating the low compaction
rates observed by the strainmeters. The new instrumental records show that current subsidence at this location
is governed mostly by deformation of the Pleistocene or underlying strata rather than compaction of Holocene
material, with the exception of the uppermost meter. The methodology represents an important new approach to
mapping subsidence rates at varying depths, providing insight into the mechanisms governing delta subsidence.

Plain Language Summary It is important to learn about the rate and causes of land subsidence
along low-lying coastlines and deltas where a large fraction of the world's population lives. In the Mississippi
Delta, sediment deposited during the last ~11,000 years (Holocene) has gradually compacted under its

own weight. Constraining the path of the Mississippi River with levees over the past century has prevented
deposition of new sediment over most of the delta, causing the land surface to drop with respect to sea level,
increasing the threat from inundation by seawater. We measured the compaction of a nearly 40 m thick
sediment layer at one site in the Mississippi Delta using a combination of optical fiber strainmeters in boreholes
to several depths and GPS antennas mounted near the land surface and to deeper points. We found that the
subsidence at our site, which occurs at a rate of several mm per year, is caused by very shallow (of order 1 m)
and very deep (below 40 m) processes and is not driven by compaction of the bulk of the 38 m thick Holocene
layer.

1. Introduction

Coastal lowlands and river deltas, which rise less than 10 m above sea level, are particularly vulnerable to the
climate-change effects forecast for the 21st century and beyond, including the threat of inundation by accelerating
sea-level rise and increases in the severity of tropical storm surges. Most large deltas are receiving insufficient
sediment to maintain themselves (Giosan et al., 2014). These threats coincide with a worldwide surge in human
population in coastal areas. Coastal population centers include multiple megacities, whose inhabitants exceed
10 million. Many of these coastal megacities are located on river deltas that are also hubs and hot spots for
agriculture, fisheries, transportation, and hydrocarbon production. Most deltas are subsiding, in many cases at
rates exceeding the rate of sea-level rise (e.g., Ericson et al., 2006; Jelgersma, 1996; Syvitski et al., 2009). The
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risk to infrastructure and economies is global and directly affects the nearly 350 million people residing in deltas
(Edmonds et al., 2020).

Relative sea-level rise, the combined effect of land subsidence and geocentric sea-level rise, constitutes one of the
largest climate-related threats to many deltas, and it is now fully recognized that subsidence is a major if not the
dominant factor (Fox-Kemper et al., 2021; Oppenheimer et al., 2019). Nevertheless, the most recent assessment
report of the Intergovernmental Panel on Climate Change (IPCC-AR6; Fox-Kemper et al., 2021) indicates low
to medium confidence in projections of vertical land motion (including glacial isostatic adjustment) and stresses
the need for more detailed studies at the regional scale. Despite numerous recent efforts to better understand the
processes that contribute to coastal subsidence, progress has been hindered by the fact that different measure-
ment techniques sometimes produce seemingly conflicting results (e.g., Brown & Nicholls, 2015; Frederick
et al., 2019; Steckler et al., 2022), presenting an obstacle to disentangling subsidence drivers. For example, even
separating the effect of anthropogenic processes (e.g., groundwater vs. hydrocarbon extraction) may be challeng-
ing (Candela & Koster, 2022). To alleviate these problems, multidisciplinary approaches by larger research teams
are needed (e.g., Allison et al., 2016; Shirzaei et al., 2021). While it has been recognized for some time that the
integration of several complementary monitoring techniques holds the key to significant advances, such efforts
have been slow to materialize.

Consequently, there is a pressing need to understand what drives coastal subsidence. Here we report our approach
and progress on research at a novel “subsidence superstation” in the Mississippi Delta. The purpose of the subsid-
ence superstation is to integrate multiple methods to monitor subsidence at a single site—something that has to
date rarely happened. Notable exceptions are recent studies in the Venice Lagoon (Zoccarato & Da Lio, 2021)
and the Ganges-Brahmaputra Delta (Steckler et al., 2022). Here, we build on this work by means of a dedicated
experiment where multiple instruments are located at the same site. Our goal is to collect precise measurements
of Holocene sediment compaction as a function of depth using vertical strainmeters, augmented by GPS antennas
anchored both near the surface and to the Pleistocene basement. We contextualize our findings by examining
the local stratigraphy at and near the superstation and compare our results with a long record from a nearby rod
surface-elevation table-marker horizon installation. Figure 1 shows the location of the superstation; Figure 2
displays the instruments that were installed. Environmental setting, instrumentation, and the results of the obser-
vations are provided below.

Our findings are not only relevant to understand ongoing subsidence rates and mechanisms at this site, which
is broadly representative of substantial portions of the Mississippi Delta. The superstation site was deliberately
chosen due to its proximity to what will be the world's largest river diversion (Mid-Barataria Sediment Diversion)
planned in the near future (Coastal Protection and Restoration Authority of Louisiana, 2017). This diversion is
likely to rapidly increase clastic deposition in the area around the superstation, and will potentially accelerate
compaction rates.

2. Environmental Setting

The subsidence superstation is located in a brackish marsh ~2 km from the bank of the Mississippi River near
Mpyrtle Grove, Louisiana (Figure 1). It is near Coastwide Reference Monitoring System (CRMS) installation
0276, data from which are available at http://lacoast.gov/crms2/home.aspx (Steyer et al., 2003). CRMS sites
record hydrological data, including water height in the marsh, and shallow compaction (generally the uppermost
20-25 m) using rod surface-elevation table-marker horizon (RSET-MH) installations (see Webb et al., 2013, for
further details on RSET-MHs).

A marsh drill rig was hired in early 2016 to drill three boreholes at the site (its tracks are visible in the Google
Earth view in the inset of Figure 1¢). The first borehole is 15 cm in diameter and yielded a continuous core (79.5%
recovery) to a depth of about 38 m. The other two boreholes have smaller diameters and terminate at depths of
about 25 and 11 m. Optical fiber strainmeters were installed in all three boreholes and each borehole also hosts a
GPS station (see Figure 2 and the Instrumentation section).

The shallow stratigraphy of the area near the superstation is shown in a cross section (Figure 3). This is based
on hand-drilled cores down to 10-12 m depth. Outside of the artificial levee along the Mississippi River, a
~1 m-thick surficial peat bed occurs throughout this area. Below that, about 10 m of mud-dominated proximal
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Figure 1. The subsidence superstation and its surroundings. In (a) orange hexagon markers show locations of the water level stations operated by the Coastwide
Reference Monitoring System (CRMS), the blue line marks the location of the cross section shown in Figure 3. The top inset shows the location of the study area on
the central US Gulf Coast. The dashed red rectangle in the bottom inset outlines the map area shown in (a) and (b) the black triangles indicate the locations of nearby
air pressure stations. In (b) a satellite image (from Google Earth) shows the map area in (a). In (c), a close-up image of the outlined box in (b) shows three GPS and
strainmeter stations labeled MGW1, MGW2, and MGW3, the solar panels, labeled SP, and a close-up of the CRMS site.

overbank deposits from the modern Mississippi River and a precursor are encountered. This unit also contains a
sand bed near its base, along with an intercalated organic-rich unit at 7-8 m depth.

The underlying succession was recovered in the deepest borehole and consists of consolidated Pleistocene mud
at the base, overlain by a thin peat bed that reflects the initial rise of the water table due to sea-level rise. It gives
way to a thin, sandy bed with abundant shells (Figure S1 in Supporting Information S1). Overlying this is a thick
unit of 20-25 m of relatively homogenous clay, interpreted as a shallow marine mud, the uppermost portion of
which is shown in the cross section.

3. Instrumentation

The basic components and operation in an optical fiber strainmeter are described in DeWolf et al. (2015) and
Zumberge et al. (2018). We review the principles here and describe some details unique to this deployment.

An optical fiber strainmeter consists of a thin (3.8 mm) cable having a sealed stainless-steel tube at its core hous-
ing two optical fibers, epoxied to the inside of the cable at both ends. The cable is attached to the bottom of a
borehole through a fixture cemented into the base. Then the cable is put under tension to stretch it enough that the
enclosed optical fibers are elongated by a small fraction of their length, an amount greater than the negative strain
expected to accumulate during the deployment. For this installation, in which we thought significant compaction
could occur, we tensioned each fiber cable to 40 pounds, which elongates them by about 0.22% (an 8 cm stretch of
the longest one). Changes in the optical fiber lengths caused by displacement of the upper portion of the borehole
relative to the base are tracked interferometrically. A laser diode injects light into an optical fiber coupler—part
of the light travels along the borehole fiber to a mirror at the bottom end, which reflects the light back up to the
coupler. Another portion of the light is sent to a reference fiber wound onto a fused silica mandrel, having a mirror
on its end and a length equal to that of the stretched strain-sensing fiber. The combined, reflected light rays inter-
fere with one another in a Michelson configuration, changing from maximum intensity to minimum intensity as
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Figure 2. Illustration of the instruments installed at the subsidence superstation. The deepest borehole, which also produced a continuous core, houses two PVC
casings: one for an optical fiber strainmeter and a second one for a long rod, which anchors a GPS antenna to the Pleistocene basement. The GPS antennas on the other
two boreholes are mounted to pipes welded to the upper ends of the steel surface casings. The heights of all three casings were tracked in a local leveling survey relative
to two 1.3 m deep anchor screws a few tens of meters away (see Supporting Information S1). Since no motion was observed between the Earth anchors and the steel
casings, the upper limit of the interval tracked by the strainmeters is inferred to be 1.3 m below the surface.

the round-trip optical path changes by one-half wavelength of laser light. In our system, we use 3 X 3 couplers
to generate two fringe signals in quadrature to track increasing and decreasing strain unambiguously (Zumberge
et al., 2004). A second interferometer parallels the main interferometer except the fiber in it (inside the same
cable) has a different thermal response, allowing us to determine optical length change caused by temperature
change and that due to real strain.

As shown in Figure 2, the optical fiber components and the reference mandrel are housed in a sealed sonde 10 cm
in diameter and 47 cm in length. The sonde is suspended from a 1.8 m long stainless-steel rod attached to a plate
mounted at ground level inside the surface borehole casing. The upper end of the rod is threaded—a mating nut
above the plate allows a controlled displacement to be imparted to the sensing cable, establishing a calibration.
Six optical fibers run through a sealed, flexible conduit to a second sonde of the same size which houses the laser,
photo-detectors, and fringe-signal processing electronics. The processing electronics sample the interferometer
fringe signals 50,000 times per second and extract the optical phase. The data are filtered and decimated to a 20
sample per second rate and streamed to a data server at UCSD for examination in near real time and recording.
The samples are time-stamped with respect to a GPS-disciplined oscillator within the fringe-signal processing
unit. We also record the temperatures of the reference mandrel and the diode laser. This allows correction from
signals caused by laser wavelength fluctuation which could result from an imperfect length match between the
reference and the strain sensing fibers.

The steel casings cemented into the ground near the surface extend to depths of 2.5 m for the two longer strainme-
ters and to 3.3 m for the third one. It is difficult to know the exact depth of the top of the effective strain-sensing
interval with this arrangement. However, leveling measurements of the heights of the exposed casing tops with
respect to two reference points each at a depth of 1.3 m show no significant (i.e., within 1 or 2 mm) displace-
ment over the 5-year course of the experiment (see supporting information Figures S2 and S3 in Supporting
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Figure 3. Cross section that includes the Myrtle Grove I core (corresponding to MGW 1 in Figure 2) at the subsidence
superstation plus adjacent hand-drilled cores, oriented perpendicular to the Mississippi River (location shown by the blue
line in Figure 1a). Note the ~1 m thick peat bed at the surface outside the levee, which likely formed after levee construction
when the wetland was isolated from the sediment source.

Information S1). Thus it is safe to say that the two surface GPS antennas mounted directly to the casings and the
optical fiber strainmeters are equivalently anchored at a depth of 1.3 m. That is, deformation that occurs below
1.3 m would be visible in the GPS and strain records. Compaction of material above 1.3 m would not be detected.

All three borehole strain sensors are powered from solar-charged batteries; each sensor requires around 5 W. A
cellular system modem transmits the data over the internet to the central server. The data are held in a ring buffer
in the processing electronics to accommodate short interruptions to the data connection. Longer gaps in the
records resulted from various failures, sometimes associated with the power system, which in one instance was
flooded during Hurricane Barry (July 2019). Gaps present a problem in that the displacement record is relative—
there is no way to recover whatever displacement accumulates during a gap when the sensor is unpowered other
than aligning the records before and after the gap during a data editing process.

As noted above and shown in Figure 2, three GPS antennas, one associated with each strain sensor, are used to
record absolute position. Two of the antennas are mounted to the surface casings. The third, on the deepest bore-
hole, is mounted to a 1.6 cm diameter stainless-steel rod routed through its own PVC conduit to the bottom of the
borehole where it is cemented in place. The rod was assembled on site by screwing together 3 m long segments.
The uppermost segment exits the borehole casing lid through a low-friction guide and is attached to the third
GPS antenna. The receivers used are Trimble NetR9s. The data are collected over the internet and stored at the
UNAVCO data archive (ftp://data-out.unavco.org/pub/rinex/obs).

The deepest and shallowest strain sensors were deployed in July 2016, the three GPS antennas and receivers were
added in August of the same year. The third strainmeter, to intermediate depth, was installed in May 2017. During
installation of each strainmeter, a known displacement was imparted to check the calibration by advancing the nut
on the threaded rod that supports the interferometer housing. Not long after the third sensor was put in, a different
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Figure 4. (a) Displacement and (b) strain records for a time interval of ~1 hr on 2 June 2017, capturing a magnitude 6.8
earthquake 8,000 km away, with arbitrary offsets added for clarity. Records are bandpass filtered between 0.01 and 0.2 Hz.
Note that in these plots, and in subsequent plots showing displacement, arbitrary constant values have been added to each data
series, shifting the traces vertically for display clarity (in actuality each begins at zero).

form of instrument check was provided by an M6.8 earthquake in the Aleutian peninsula, southwest Alaska,
USA, on 2 June 2017. Figure 4 shows the ~1 hr records from all three sensors capturing the event ~8,000 km
away. The upper traces are in units of displacement; these are converted to strain—expected to be the same for all
three—in the lower plot.

Some intermediate term results (periods of hours to days) are shown in Appendix A. This includes an interesting
relationship between the marsh water level and vertical strain. First, though, we concentrate on the long-term
results from the strainmeters and the GPS stations.

4. Long-Term Results From the Optical Fiber Sensors

Figure 5 shows the long-term results from all three optical fiber sensors. The dominant short-period signal in each
sensor is related to the local marsh water height, described in detail in Appendix A. There is a clear annual cycle,
also associated with the water height. Over the 5-year duration of the experiment, the compaction in the material
encompassed by the strainmeter array accumulates to about 1 mm. As stated above, the depth range covered by
these measurements begins at 1.3 m below the surface. All three sensors appear to be in agreement with this
result, although the intermediate depth sensor did not recover from the power outage associated with Hurricane
Barry. A second damaging hurricane (Ida) on 29 August 2021, destroyed the solar power and data telemetry
infrastructure. Consequently, our data set ends on that date, slightly more than 5 years since its beginning.

To determine the average slopes of the three strainmeter records in Figure 5, we first subtracted principal compo-
nents having annual and semiannual periods, to remove the seasonal signals. Then a linear least squares regres-
sion was used to fit the remaining time series. The resulting slopes for the shallow, intermediate, and deep
strainmeters are —0.06 + 0.1 mm/yr, —0.06 + 0.1 mm/yr, and —0.19 + 0.27 mm/yr, respectively. Uncertainty
estimates are described next.

As an important goal of the experiment was to determine the rate of compaction of the Holocene succession, a
discussion of the uncertainty in the maximum compaction rate is important. There are two factors which contrib-
ute to the uncertainty. One is from the gaps in the time series, the second is from a problem with the temperature
compensation in one of the three sensors that started around the beginning of 2020.
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Figure 5. Displacements determined by the three optical fiber strainmeters are shown in (a) with arbitrary offsets added for
clarity. Deviations are correlated with water level in the marsh (b); the ground surface rises as the water level rises until the
marsh island becomes inundated, after which rising water level causes the elevation to decrease. The most noticeable case is
the storm surge from Hurricane Barry in mid-2019, during which the marsh water level rose by ~1.5 m in a few hours and the
surface height dropped by about 1.2 mm with respect to 38 m depth (shown in more detail in Appendix Figure A1). Plot (c)
shows the temperature at a depth of about 2 m inside the three water-filled surface casings.

One data gap, in the shallow sensor, was caused by a problem with a memory card in its signal processor; the
other two long gaps were caused by interruptions to the power system and/or the data transmission system. Hurri-
cane Barry caused a storm surge that increased the local water level in the marsh by nearly 1.5 m, flooding the
solar power battery charging circuitry. All three sensors show a ~1 mm depression of the ground surface caused
by the load from the surface water just before the hurricane-induced power failure (see the Appendix A). Editing
the data across the gaps is fairly subjective—one aligns the time series after the gap with the series preceding it,
trying to avoid the introduction of an artificial offset while observing the trends that might be expected from other
years during the annual cycle. We estimate that the uncertainty from each gap is no larger than ~0.25 mm, hence

the total uncertainty accumulated from the three major gaps amounts to about \/5 X 0.25 mm = 0.43 mm. Thus,
we believe the uncertainty in the slope averaged over 5 years is of order 0.1 mm/yr.

The second problem occurred in the deepest sensor. To understand its level of significance, an explanation of
the temperature compensation scheme is required. As described in Zumberge et al. (2018), the temperature
coefficient contrast in the two fibers in each strainmeter is fairly small. The temperature correction is derived
from observing the difference in displacement recorded by the two fibers. Normally, this difference is not large.
However, beginning in 2020 we noticed the temperature inferred from this method showed an unreasonably large
drift in the deep strainmeter, indicating that one of its two fibers was producing a slightly erroneous displacement,
amplifying the temperature correction to an unrealistic level. We therefore eliminated the temperature correction
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for this instrument. Prior to 2020, the difference between the temperature-corrected and non-temperature-cor-
rected slopes is about 0.25 mm/yr. Because of this we increase the uncertainty in the 5-year slope of the deepest
sensor to 0.27 mm/yr (the quadrature sum of 0.1 mm/yr and 0.25 mm/yr).

We have some confidence in the long-term stability of the optical fibers. One example comes from a 250 m long
tensioned fiber in a borehole at Pifion Flat Observatory in the California desert described in DeWolf et al. (2015).
It has been in continuous operation for 7 years and it shows no secular displacement larger than 0.12 mm/yr.
Further stability evidence comes from a 575 m test fiber wrapped on a mandrel and kept isolated in one of our
basement labs since 1998; it has been stable in length to 0.1 ppm per year during that time, that is, 0.06 mm/yr.

While there is no way to know if the anchor points at the base of the boreholes are stable, the consistency of the
results among all of the measurements indicates that they are not moving relative to one another; the earthquake
response also confirms good coupling.

One other issue that is important to consider in the assessment of these results is the level of stability of the steel
casings. These proved to be surprisingly free from shifting as evidenced both by leveling surveys, shown in Figure
S3 in Supporting Information S1, and by the GPS records, described next.

5. GPS Results

GPS data obtained between August 2016 and August 2021 at stations MGW1, MGW2, and MGW3 were analyzed
into daily averaged positions using GipsyX software (v.1.6), with orbit and satellite clock products provided by
the Jet Propulsion Laboratory (Bertiger et al., 2020). Ocean tide loading corrections were computed on the Onsala
Space Observatory website (http://holt.oso.chalmers.se/loading/) with the FES2014b model (Lyard et al., 2021).
Tropospheric delays were estimated using the VMF1 mapping function (Bohm et al., 2006). Second-order iono-
spheric effects were corrected using the IONEX model (Kedar et al., 2003). To estimate secular trends, a multi-
channel singular spectrum analysis (M-SSA) method was used to remove seasonal oscillations in GPS time series
(Walwer et al., 2016). Velocity uncertainties were calculated with the Hector software (Bos et al., 2013), using a
power law plus white noise model. Figure 6 is a plot of the processed data.

Note that there were two ~5 mm step changes in early 2017 in the north and east displacement time series of the
deep station—no associated step was observed in the vertical component. These resulted because visits to the site
required removal of the site's antenna for access to strainmeter components. The steps were edited out from the
time series shown, and two Heaviside functions were applied in velocity estimates in least squares regression.
The horizontal rates are relative to the North America Plate defined in the ITRF2014 Plate Motion Model.

The average subsidence rate is 2.5 + 0.3 mm/yr. There is no statistically significant difference in the rates among
the three records. Since one of our three GPS antennas is anchored below the Pleistocene-Holocene contact by
the 38 m long rod while the other two are mounted to surface casings with effective anchor points at a depth of
1.3 m, and all three GPS systems exhibit the same subsidence rate within the GPS uncertainty (0.3 mm/yr), one
must conclude that the sediment between their anchor points is not undergoing significant compaction, that is,
compaction of Holocene sediment within this depth range is negligible. This agrees with the results from the
optical fiber strainmeters.

6. RSET-MH Results

As previously noted, neither the optical fiber strainmeters nor the GPS instruments are sensitive to compaction
within the shallowest strata above about 1.3 m depth. To address this, we examined vertical accretion (VA) and
surface-elevation change (SEC) at CRMS site 0276, about 200 m NE of the superstation (Figure 7). While this
CRMS site is on a different marsh island, it is likely representative of the situation at the superstation given
the laterally continuous stratigraphy (Figure 3). SEC tracks the vertical position of the sediment surface with
respect to a rod driven deeply into the sediment measured with an RSET (rod surface elevation table). Surface
elevations are measured relative to a horizontal steel arm attached to the top of the driven rod and rotated to
average the surface height in the vicinity of the fixed rod twice a year. VA is determined from the varying
depths, in cores collected over time, of Marker Horizons (MH—thin layers of readily identified marking material
added sequentially in time to the wetland surface). Shallow subsidence (SS) is the difference between SEC and
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Figure 6. GPS time series with seasonal variations removed using a multichannel singular spectrum analysis method.
Displacements are arbitrarily offset for clarity. Gray lines are best fitting lines for secular velocities.

VA (e.g., Cahoon, 2015; Webb et al., 2013). In other words, if the rate at which material is being added to the
surface (VA) is greater than the rate the surface elevation is observed to actually increase (SEC), then SS must
explain the difference. The CRMS 0276 RSET has a rod length that extends 26.5 m below the surface, that is,
comparable to the anchor depth of the strainmeter that occupies the intermediate well (MGW?2). The RSET-MH
method allows the present-day SS rate to be determined by subtracting the SEC rate from the VA rate. Jankowski
etal. (2017) reported a SS rate of 0.4 mm yr~' (i.e., essentially zero) for this site for the period 2008-20135. Since
this precedes the time interval captured by the superstation instruments, we now expand on this analysis and
take advantage of a much richer record of accretion rates from four instead of just one set (known as a plot set,
PS) of marker horizons. First, we examine the longest available record (corresponding to PS1) which provides a
SS rate of 2.5 mm yr~! (Figure 7a). This suggests an increase of the SS rate in more recent years. The four sets
of marker horizons (PS1-PS4) that capture the time period 2015-2021 show some variability between VA rate
records, yet all of them exhibit higher values than the SEC rate (5.7 mm yr~'; Figure 7b) for the corresponding
time interval. The SS rates from the four plot sets are 7.7, 4.6, 2.8, and 3.7 mm yr~!, respectively, resulting in
an average value of 4.7 + 2.1 mm yr~!. We stress that caution is in order due to the noisy nature of these data
and the associated uncertainties, and the reliance on just one site. Nevertheless, the fact that all four MH records
exhibit an increase in SS rate lends some confidence to our interpretation.

We speculate that the increase in SS rate may be partly related to the spike in accretion associated with Hurri-
cane Isaac (2012) that led to rapid deposition in this portion of the Mississippi Delta (Bianchette et al., 2016),
a process associated with enhanced SS and that can also be seen in Figure 7a. It is worth noting, however, that
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Figure 7. Surface-elevation change (SEC) and vertical accretion (VA) at the CRMS0276 site, 200 m NE from the
superstation (see Figure 1c). Illustrated in (a) is the full record (2008-2021) based on VA measurements from one plot set
(PS1) whereas (b) shows the time period that broadly corresponds to the superstation instrumental records (2015-2021),
based on four plots (PS1-4) for VA measurements.

the calculated SS rate is still lower than the average SS rate in coastal Louisiana (6.8 mm yr~!) as reported by
Jankowski et al. (2017). Since the data from the superstation imply virtually no compaction between 1.3 and
38.2 m below the wetland surface, the suggested increase of the SS rate for the period 2015-2021 from the
RSET-MH data indicates that the vertical land motion mainly occurred in the shallowest subsurface. Keogh
et al. (2021) recently demonstrated that most sediment compaction in coastal Louisiana wetlands occurs in the
top 1-3 m, shortly after the initial deposition over organic-rich coastal strata. Most significantly, geotechnical
modeling by Keogh et al. (2021) showed that compaction due to loading of the Holocene sediment column at the
superstation site (at present or in the future) will be accommodated for 60%—70% by the peat bed that constitutes
the uppermost 1 m. Nevertheless, this model would still predict a higher rate of compaction than we observe for
the 1.3-38.2 m interval even with their uncertainties; 30%—40% of 2.6 mm/yr (the lowest SS rate considering its
uncertainty) yields a predicted rate for the deeper layers of a minimum of 0.8—1.0 mm/yr, while our observation
(with its uncertainty) would be at most 0.46 mm/yr. Given the location of the RSET-MH measurements (~200 m
away from the superstation) and limitations of the geotechnical model, we would argue that the results from the
different methods are likely reconcilable.
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7. Synthesis and Implications

While this may not presently be the case at the superstation, it is well documented that Holocene sediment compac-
tion dominates the total present-day subsidence in most of coastal Louisiana (e.g., Chamberlain et al., 2021;
Jankowski et al., 2017; Karegar et al., 2015; Keogh et al., 2021; Meckel et al., 2006; Penland & Ramsey, 1990;
Tornqvist et al., 2008). Previously buried (Pleistocene) sediments do not significantly decompact with unloading
(Chapman, 1983). Further compaction only occurs when overburden pressure exceeds previous levels. Thus,
during the Holocene, compaction has primarily occurred in the Holocene-aged sediments and not in the under-
lying older strata.

Keogh and Térnqvist (2019) pointed out that GPS measurements in coastal Louisiana generally do not account
for compaction of the upper ~15 m of Holocene sediment because they are anchored more deeply. Karegar
et al. (2020) used GPS reflectometry to show this effect can contribute an additional 3—6 mm/yr to the subsidence
budget in the delta. Byrnes et al. (2019) report a number of GPS-derived rates of vertical land motion from a
wider region around the superstation, but only one of their instruments (~40 km inland from the superstation) is
anchored in the Pleistocene like our deep well; it shows a rate of 0.7 mm/yr.

Furthermore, Byrnes et al. (2019) argued that GPS instruments that rest on unanchored and unsleeved monu-
ments capture the total subsidence signal (i.e., including shallow subsidence) due to downdrag forces produced
by sediment compaction. Since the superstation features GPS instruments supported by a sleeved rod in one
case (MGW1) and attached to the unsleeved surface casing in the other cases (MGW2 and MGW3), our results
offer an excellent opportunity to test this hypothesis. If downdrag due to sediment compaction is a significant
factor (as shown by the RSET-MH data), one would expect the latter two instruments to exhibit higher velocities
than the anchored and sleeved instrument associated with the deep well. However, the velocities found for the
three instruments are indistinguishable. Likewise, the three strainmeters exhibit indistinguishable (and extremely
small) rates, indicating a negligible downdrag effect.

Glacial isostatic adjustment (GIA) has been predicted to contribute subsidence of order 1 mm/yr along the central
US Gulf Coast (Peltier et al., 2015; Wolstencroft et al., 2014). Sedimentary isostatic adjustment (SIA) also needs
to be considered, reflecting the long-term viscoelastic response to the large sediment input from the Mississippi
River and the favored model scenario run by Wolstencroft et al. (2014) predicts about 1.5 mm/yr due to GIA
plus SIA at the superstation, although this is not a finely tuned model run. Kuchar et al. (2018) jointly inverted
for combined GIA and SIA using a recently developed model that computes ocean loading in a gravitationally
self-consistent manner for pre-defined ice and sediment loading models (Dalca et al., 2013). Their model predicts
the combined effects of GIA and SIA results in subsidence of order 1 mm/yr at the coast (i.e., seaward of the
superstation), with a maximum subsidence rate of about 2.8 mm/yr considering model uncertainty. Using Kuchar
et al.’s (2018) best subsidence estimate (1 mm/yr) suggests that nearly half of our observed deep subsidence may
be explained from GIA and SIA. Thus, we consider other potential processes.

Another potential source of subsidence below the Pleistocene surface is fluid withdrawal from oil and gas produc-
tion. Morton et al. (2006) and Chang et al. (2014) reported evidence for enhanced local subsidence due to hydro-
carbon production based on releveling surveys in a different portion of the Mississippi Delta. The depressurization
during and after hydrocarbon extraction typically extends beyond the oil and gas fields. These studies showed that
the associated subsidence bowls have diameters in the 5—10 km range. There are 37 oil and gas wells within 8 km
of the superstation that have been active since 1977, all with depths <4,500 m (Figure 8). Although the monthly
production in this region has declined significantly since the late 1970s, the associated subsidence might persist
for decades after well abandonment (Chang et al., 2014).

Faulting is another plausible driver of deep subsidence. For example, recent fault activity 50-80 km north of the
superstation has been observed (Hopkins et al., 2022). However, studies of fault slip rates in coastal Louisiana
over geologic time scales generally show low rates, typically <0.1 mm/yr (e.g., Frederick et al., 2019; Shen
etal., 2017). Finally, we cannot preclude the possibility that the underlying Pleistocene sediments are compacting
and contribute to our subsidence signal, although this is likely to be very small (e.g., Frederick et al., 2019).

Notwithstanding the overall modest subsidence rates at the superstation site, this may change in the near future due
to the Mid-Barataria Sediment Diversion that aims to build and maintain deltaic (wet) land in the area surround-
ing the superstation (Coastal Protection and Restoration Authority of Louisiana, 2017). When implemented,
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Figure 8. Oil and gas extraction records from the area surrounding the subsidence superstation. Illustrated in (a) is a map of combined oil and gas (total) production for
all active wells since 1977 whereas (b) shows monthly oil and gas production for all wells, respectively. (Source: https://www.sonris.com/).

this river diversion will bring a significant increase in clastic sediment, likely accelerating shallow compaction
(e.g., Chamberlain et al., 2021). Our data provide a valuable pre-diversion baseline to assess the impacts of the
Mid-Barataria Sediment Diversion with regard to subsidence.

Despite the relatively low compaction rates observed today below the surficial peat bed, there is ample evidence
that conditions were different in the past. Bridgeman (2018) demonstrated on the order of 5 m of vertical motion
due to compaction during the past ~3,000 years, mainly associated with loading due to overbank deposition by
the Mississippi River. Based on an analysis of bulk density data, Keogh et al. (2021) estimated that the Myrtle
Grove I core has lost about 8 m of thickness in the past ~11,000 years, the time of accumulation of this sediment
succession. They used geotechnical modeling to demonstrate that the sediment column as it exists today is prone
to compaction in the future due to loading by the sediment diversion, mainly the surface peat and to a lesser extent
the marine mud.

For the 5 year period (2016-2021) the GPS time series define a reliable rate of 2.5 + 0.3 mm/yr deep-seated
downward vertical motion, uncontaminated by shallow sediment compaction, and attributable to a combination of
GIA, SIA, fluid extraction, tectonics, and compaction of older sediments. Both the GPS data and the strainmeter
records demonstrate that sediment compaction within the Holocene succession is negligible below the uppermost
1.3 m. The nearby RSET-MH data suggest that this near surface unit may have experienced appreciable compac-
tion during the project period. Adding the shallow compaction inferred from CRMS 0276 to the deep processes
we have directly measured here implies that the site may have experienced ~7 mm/yr of total subsidence during
this time, slightly less than the average rate (9 + 1 mm/yr) reported for coastal Louisiana (Nienhuis et al., 2017).
These conditions will likely change when sediment delivery from the planned Mid-Barataria Sediment Diversion
reaches the superstation area.

Robust coastal prediction requires better and more integrated measurements and models, and this science must
be linked with its socio-economic implications (e.g., Allison et al., 2016; Shirzaei et al., 2021). While the pres-
ent investigation does not provide subsidence projections for the study site and its surroundings, it nonetheless
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constitutes a step in this direction. The novel combination of subsidence time series offers new prospects for
rigorous model testing. For example, we provide new constraints for GIA models such as those discussed above,
and the compaction measurements will aid the calibration and/or validation of state-of-the-art geomechanical
models (e.g., Zoccarato & Teatini, 2017) that target coastal lowlands. Carefully designed networks of subsidence
superstations can provide the spatial dimension needed to tune predictive models, with the eventual goal to bridge
the gap with IPCC-style projections of relative sea-level rise in these vulnerable settings.

8. Conclusions

We used optical fiber strainmeters and GPS to obtain high-resolution records of subsidence at a continuous exper-
imental station in a Mississippi Delta marsh. This approach is novel, particularly considering that strainmeters are
presently underutilized in delta subsidence research, and GPS stations are anchored at variable and often poorly
known levels, providing limited observations of shallow subsidence. We offer new insights into the practical use,
value, and uncertainties of this combination of techniques. The optical fiber strainmeters are sensitive to micron
level displacement of the surface with respect to their anchor points, a depth of 38 m for the deepest of the three,
and the GPS records vertical motion precise to 0.3 mm/yr.

Integrating across different methods targeting different depths, plus the high resolution of the records, allows us
to parse the deep and shallow processes that contribute to subsidence at our site. Compaction of the Holocene
deposits is less than 0.25 + 0.27 mm/yr (excluding the uppermost 1 m peat layer). The rate of subsidence of a
point at 1.3 m depth with respect to a global reference frame, measured by the GPS instruments, is 2.5 & 0.3 mm/
yr. The near-zero compaction rate of the Holocene material between 1.3 and 38 m indicates that subsidence
at this station is not due to compaction in this interval, but rather results from deformation of material within
or below the Pleistocene strata. Shallow compaction between the surface and 1.3 m cannot be detected by our
measurements although we can infer it from nearby RSET-MH measurements. We observe compaction of the
Holocene material when loaded, with a coefficient of around 1-2 mm for a load equivalent to 1 m of water (see
Appendix A). This will be a major factor if new sediment is deposited in the region, such as is proposed by
the Mid-Barataria Sediment Diversion project. Our new results show that processes occurring below the Holo-
cene succession contribute substantially to subsidence at this site, and that compaction within the Holocene is
presently constrained to a very shallow surface layer.

Appendix A: Short Period Results from the Optical Fiber Strainmeters

A significant correlation between atmospheric pressure and vertical strain was not apparent in the strainmeter
data. However, as can be seen in Figure 5, large increases in the marsh water level are associated with down-
ward displacement of the surface, most evident from the large storm surge in mid-2019 that ultimately flooded
the power system. Closer examination of the records reveals a curious phenomenon: when the mean level of
the marsh water is below a certain threshold, there is a positive correlation between water height and ground
displacement (increasing water height causes increasing ground height). The correlation changes sign when the
threshold is exceeded.

Figure A1 displays this clearly: the upper panel shows the displacement for a 2-week period prior to the Hurricane
Barry, which provided the largest vertical deformation signal. The middle panel plots two series: the thick gray
trace is the marsh water level, the red trace is the water level “mirrored” about a threshold (0.3 m-black line)
found empirically. Water level above this threshold is given a sign change and appropriate offset to reflect the
data around the threshold. The “mirrored” red trace is highly correlated with the ground displacements measured
by all three strainmeters, with linear correlation coefficients of 0.95, 0.97, and 0.93. At maximum water height
the ratio of vertical height change measured by the deep sensor (in mm) to mean water level change (in m) is
—1.0 mm/m (as the water level increases the ground is displaced downward). At the lowest water levels the ratio
is +1.3 mm/m (the ground rises as the water level rises).

The reversal of sign in the correlation between local water height and vertical strain can be explained by two
competing mechanisms. A complete model of this phenomenon will be quite complicated and is beyond the scope
of this work, however a simple order-of-magnitude calculation supports our explanation. First, the geometry of
the site is important. The sensors are installed on an island in the marsh. The water level varies mainly with a
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diurnal period and the island has a characteristic lateral dimension of 100 m and on average is about 0.3 m above
the water surface. Its vertical relief is measured in centimeters and is surrounded by large areas of slightly lower,
always-submerged terrain (see Figure 1c). At the highest water levels the island surface becomes fully submerged.
The drawing in Figure 2 depicts the water level just below the island surface.

Two competing processes are responsible for the relationship between water level and vertical strain. First, when
the water level is below the island surface (island not fully submerged) rising water level affects the Holo-
cene layer (spanned by our deepest strainmeter) in two ways: the hydrostatic pressure throughout the formation
increases, compressing the Holocene layer causing it to elastically shrink, which tends to lower the island surface.
However, accompanying this affect is a competing one—as the water level rises, more of the upper island becomes
buoyantly lifted, releasing some load from the formation allowing it to rise. This is the larger effect yielding uplift
as the water level rises. When the water level rises over the top of the island (island fully submerged), there is
no longer a change in buoyancy with increasing water height and only the first mechanism is active, so the land
sinks as the water level rises.
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Figure Al. A demonstration of the correlation between water height change and ground height change. The water level

(gray line in (c)) is “mirrored” about a threshold (solid horizontal line in (c)), approximately at a level where the marsh island
becomes flooded. The red trace in (c) is the “mirrored” series, scaled and reproduced in (a) as the lighter colored fits to the
solid traces in (a) which are the strainmeter records. The “mirrored” red trace is well correlated with the ground displacement.
The linear correlation coefficients are 0.95, 0.97, and 0.93 for the long, intermediate and short fiber strainmeters, respectively.
In (b) the residuals are plotted after subtraction of the modeled displacements. The fits to the three strainmeters are improved
by allowing slightly different thresholds and scaling factors for each strainmeter (the one in (c) is representative). Also note
that the water level record was constructed by analyzing the records from many nearby Coastwide Reference Monitoring
System (CRMS) stations, calculating appropriate time delays from each, and then averaging them—this was needed because
the closest CRMS station went off scale when the water level dropped below 0 m (a description of this routine is in the
supporting information Figures S4-S7 in Supporting Information S1).
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A model that is little more than a dimensional analysis leads to an expression like:

Az Ap

—_—~ —

z E

for the compression effect, where Az is ground level change, Ap = pgh is pressure change from a height 4 of
water having density p (g is local gravity), E and z are the Young's modulus and thickness of the Holocene succes-
sion. For Ap = 10 kPa (the pressure change from a 1 m layer of water), z = 39 m, and Az = 1 mm, we obtain
E = 0.39 GPa (a value that falls within the middle of a large range quoted in the literature for clay, e.g., Telford
et al., 1990). The sign change occurs when the free surface of the island is not flooded and a an additional, simi-
lar expression is needed, including density of the Holocene material, roughly twice that of water, describing the
varying load from changing buoyancy but opposite in sign relative to the compression effect. Further work with
a finite element model that takes into account layers with different porosities, permeabilities, and elastic charac-
teristics is needed to confirm this speculative model.
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