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Figure 1. (a) Schematic sketch of the stratigraphy in coastal plains and illustration of GPS installation. We make use of GPS-IR for estimating shallow VLM, and
conventional GPS positioning for estimating deep VLM. Holocene age sediments (younger than 12 ka) underlain by Pleistocene age sediments. The thickness
of compressible Holocene sediments varies from 0 in bedrock coasts to up 150 m in deltaic coastal plains (e.g., see Figures 1b and 1c). Monuments of GPS
antenna are grounded >1-2 m below the surface within the area of thick Holocene strata with conventional GPS positioning measurements only providing a
minimum rate for VLM without distinction between VLM operating at different depths. (b) The thicknesses of Holocene deposits in the Mississippi Delta,

(c) along the eastern margin of the North Sea. Red triangles mark locations of continuously operating GPS stations used to measure shallow and deep VLM.

reduce phase coherence (Bekaert et al., 2017; Dixon et al., 2006; Higgins, 2016; Shirzaei & Biirgmann, 2018;
Teatini et al., 2011). However, the best radar scatterers in these areas tend to be buildings anchored at depth;
hence, these may underestimate shallow compaction. It is also important to recall that InSAR is a relative
technique, requiring the use of one or more reference points, such as the GPS technique described here.

4. Thickness of Holocene Sediments

Many coastal plains host river deltas that formed in the late to mid Holocene (Stanley & Warne, 1994) above
Pleistocene units that may themselves host poorly compressed sediment layers. Three-dimensional GIS data
sets of regional Holocene geology have recently been compiled to create comprehensive map of the
Holocene-Pleistocene surface of the Louisiana coastal plain (Heinrich et al., 2015) and the eastern margin of
the North Sea (Koster et al., 2018; Stafleu et al., 2011; TNO-GSN, 2020). The Mississippi Delta in southern
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Louisiana is composed of a very thick and high-porosity Holocene sediment wedge, tied to the balance between
rates of sea level change, land subsidence, and sediment supply and deposition. Holocene deposition begins north
of Lake Pontchartrain at latitude 30.5°N, increasing seaward from a thin veneer of ~1 m to a layer exceeding 100 m
thickness at the coastline, and >150 m at the shelf margin (Figure 1b).

The Eastern margin of the North Sea has complex sedimentological and morphological processes, influ-
enced by tidal mechanisms of the North Sea, rivers estuaries, and a sandy coastal barrier, bounded by the
cliff coast of northern France in the south and the tip of Denmark in the north. Holocene sediments span
a 50 km wide strip along the coast with westward and northward thickening. Holocene deposits can exceed
30 m in the Rhine Delta, central Netherlands coast and along the Wadden Sea barrier islands (Figure 1c).
The Holocene sequence in the Rhine Delta is composed of river fluvial and tidal basin deposits, thickening
westward to the coastline. The sediment wedge on the central coast of Netherlands deviates from the Rhine
Delta by sea ingression and peat brook (Beets & van der Spek, 2000). The Wadden Sea is one of largest unin-
terrupted natural coastal barrier systems in the world, consisting of barrier islands, tidal plains, and salt
marshes, with most sediments imported from the North Sea. The thickness of these Holocene wedges
reaches to 50 m along the barrier islands in the Dutch Wadden Sea (Figure 1c), diminishing northward along
the German and Danish coasts.

5. Results

We derived time series of shallow VLM at six GPS sites in the Mississippi Delta and six stations along the
eastern margin of the North Sea. Azimuth and elevation angle masks were imposed to isolate ground reflec-
tions with minimal vegetation cover from additional sources of reflection (see supporting information
Figure S1 and Table S1). The GPS sites in Grand Isle (GRIS) and Boothville-Venice (BVHS) along the coast
of Louisiana are anchored within the thickest unconsolidated Holocene sediments in the Mississippi
Delta (~60 m thickness) at a depth of about 20 m from the surface (Figure 1b). The GPS site in
Terschelling Island (TERS) along the coast of Northern Netherlands is anchored within one of the thickest
Holocene sequences in Europe (31 m thickness) at a depth of about 15 m from the surface (Figure 1c). Rate
analysis of shallow VLM indicates that highest subsidence rates occur at sites where the Holocene sediments
are substantial. We observe a shallow rate of —5.6 + 0.6 mm/yr at GRIS and —4.6 + 2.7 mm/yr at BVHS,
reflecting shallow compaction at depths above 20 m. We observe a corresponding rate of —4.1 + 1.8 mm/yr at
TERS, reflecting shallow compaction at depths above 15 m. Stations with very shallow foundation depths (smaller
than 1-2 m) show no significant shallow compaction (FSHS, MSIN, and TGBF) (Figure 2).

One way to validate the shallow rates derived from GPS-IR is to consider stations underlain directly by stable
Pleistocene sediment; another is to see if the shallow subsidence rates are consistent with independently
derived values from the Rod Surface-Elevation Table-Marker Horizon method (RSET-MH) (Cahoon
et al., 2002; Webb et al., 2013) (see supporting information Text S4). Station ALNB in Alabama and station
ESBC in Denmark are anchored in consolidated Pleistocene age sediment at depth of 2 and 10 m from the surface,
respectively, and are not affected by shallow compaction (Figure 2a). We compared our GPS-derived shallow rates
with the rates measured from RSET-MH technique in the Mississippi Delta (Figures 3a, 3b, and S3). A RSET-MH
site consists of vertical stainless steel rod attached to a benchmark hammered typically 10-25 m into the substrate,
which quantifies surface elevation change with respect to the bottom of benchmark, and an artificial layer of white
sand on the ground surface (a marker horizon) which measures vertical sediment accretion. The RSET-MH thus
provides net surface elevation change above the base of benchmark, which is attributed to shallow subsurface
processes (Jankowski et al., 2017). Shallow rates from the RSET-MH show qualitatively good agreement within
uncertainty to our estimates of shallow rates from GPS-IR.

For GPS stations anchored in Holocene age sediments, the deep VLM rates reflect compaction resulting from
both lower Holocene and pre-Holocene sediments (Figure S10), as well as deeper processes including glacial
isostatic forebulge collapse (Wickert et al., 2019), Holocene sedimentary isostatic adjustment (Kuchar
et al., 2018), growth fault movement (Shen et al., 2017), and anthropogenic movements due to fluid withdra-
wal (Dokka, 2011). The deep subsidence rate is highest on the coast of the Mississippi Delta in south
Louisiana: 6.3 + 0.4 mm/yr (GRIS), 6.8 + 0.4 mm/yr (LMCN), and 4.6 + 0.6 mm/yr (BVHS). The highest
deep subsidence rate in the European study area is 1.0 + 0.5 mm/yr (TERS). The deep subsidence rates
are significantly higher in the Mississippi Delta compared to the Rhine Delta and the east coast of the
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Figure 2. Rates of VLM for available GPS stations, thickness of Holocene sediments and depth of GPS monuments. (a) The Mississippi Delta. (b) The eastern
margin of the North Sea. Triangles represent locations of GPS sites. The orange numbers are rates of shallow VLM and their associated 1-sigma errors. The
green numbers indicate rate of deep VLM and their associated 1-sigma errors. The cyan numbers are sum of shallow and deep rate of VLMs (total rate). The white
pairs are values of Holocene age sediment thickness and foundation depth of GPS stations, respectively.
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Figure 3. Comparison of shallow VLM from GPS and RSET-MH in the Mississippi Delta. (a) Locations of GPS sites (red triangles) and RSET-MH sites (yellow
circles). (b) Rates of shallow VLM from the closest RSET-MH sites to GPS stations. Error bars are the 1o level. The shallow subsidence rates that are based on
the empirical model prediction are grayed out. The uncertainties of GPS rates account for time-correlated noise using the Allan Variance of rates method.
Uncertainties in the RSET-MH rates are estimated through the linear regression and are scaled by factor 3 to approximate time-correlated noise (e.g., Mao

et al., 1999). The GPS rates without error bar are predicated shallow rate based on linear regression model of the correlation between total VLM rates and
thickness of Holocene age sediments at GPS sites (Figure 3d). (c) Relationship between deep VLM rates and Holocene sediment thickness. (d) Total VLM rates
(sum of shallow and deep VLM rates) against the Holocene deposits thickness. (e) Shallow VLM rates versus the depth of the GPS antenna. Error bars are 1 o.
The gray shaded area is 95% confidence interval of the regression line estimated based on 100,000 realizations of the bootstrap method accounting for
uncertainty in VLM rates (see supporting information Text S5). The red line is a fitting line based on mean of bootstrapped regression parameters. Inset are
probability density functions for Pearson moment-product correlation coefficients estimated from bootstrap results. The red vertical dashed lines indicate 95%
bootstrapped confidence interval for correlation coefficient.
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North Sea (Figure 2), mainly reflecting the greater thickness of Holocene sediment in the former, and differ-
ent GPS foundation depths and proximity to glacial isostatic forebulge collapse. The ALNB site in the
Mississippi Delta and the LETO, VLIS, ESBC, and most likely TGDA sites on the eastern margin of the
North Sea are anchored on the stable Pleistocene surface and experience relatively slow rates of deep subsi-
dence (less than 1.0 mm/yr) (Figure 2). The deep subsidence rates on these Pleistocene-anchored sites agree
with three recent glacial isostatic adjustment (GIA) models (see supporting information Table S2), which
would imply that GIA forebulge collapse is the dominant process contributing to deep subsidence at these
sites. However, station MARY in East New Orleans records uplift presumably resulting from deep ground-
water recharge that began in 2016 (Figure S4 and below).

VLM in the Mississippi Delta near metropolitan New Orleans, Louisiana, is affected by groundwater with-
drawal and human intervention (Dokka, 2011). Station MARY is located at the NASA Michoud facility in
Eastern New Orleans where the highest subsidence rates were reported in previous studies (Jones et al.,
2016). This site is grounded at a depth of 2000 m below the surface and is known as one of the deepest
anchored GPS sites in the world. Using conventional GPS positioning, we estimate displacements that occur
deeper than 2,000 m. The long-term deep vertical rate is +2.2 + 0.7 mm/yr and represents the positive
poroelastic response of ground surface to the ongoing aquifer recharge that began in 2016 (Figure S4).
The approximate 2.5 m antenna height used at station MARY allows sensing of the first Fresnel zone (ellipse
located along the satellite ground track) with maximum dimensions of 4 m by 60 m. However, the vegetation
at this site is intense and is classified as short-grass steppe. Thus, the reflector height changes include the
compound effects of ground surface motion and vegetation growth (Figure S5). We applied a strict mask
on elevation angles and azimuth to limit the reflection data to regions with minimum vegetation cover
(Figures S5 and S6). We observe a shallow subsidence rate of 2.5 + 1.3 mm/yr, presumably mainly driven
by compaction of 16 m Holocene sediment at this site.

6. Discussion and Conclusions

The shallow subsidence rate derived from the GPS-IR technique depends on two factors: (1) the thickness
and compressibility of Holocene sediments above the base of benchmark and (2) the depth of GPS monu-
ment. The subsidence rates in coastal plains generally correlate with the thickness of Holocene sediments
(Edwards, 2006; Horton et al., 2013; Jankowski et al., 2017; Karegar et al., 2015; Mazzotti et al., 2009) To dis-
cern the impacts of these factors, we used a nonparametric bootstrap statistical correlation analysis, taking
into account uncertainty of GPS rates (see supporting information Text S5). Station MARY was excluded
from this analysis due to effects from groundwater recharge. The deep subsidence rates derived from GPS
show moderate correlation with sediment thickness with a broad (95%) confidence interval (Figure 3c).
GPS stations anchored in Holocene sediment record the contribution of compaction occurring in sediment
below their anchoring depths, as well as contributions from deeper processes. Accounting for both shallow
and deep VLMs (total VLM), we find a strong linear relationship between the rate of total VLM and sediment
thickness with a narrow confidence interval (Figure 3d). The higher dependence of total VLM rates on
Holocene thickness suggests that (i) shallow VLM as derived by GPS-IR is mainly caused by sediment
compaction; (ii) conventional GPS positioning underestimates the VLM since it misses shallow sediment
compaction; and (iii) regions with thicker and younger sediments experience faster subsidence. The trend
of higher total subsidence rates with thicker Holocene sediment sections appears to be true from both
alluvial and fluvial fans, although our data are limited.

The shallow subsidence rates from GPS-IR are inversely correlated with foundation depth of the GPS sta-
tions (where known) (Figure 3d). Stations anchored at greater depths show faster shallow subsidence rates
compared to stations anchored at shallower depth, due to the greater volume of compressible sediments
above the anchor (Figure S10). However, the confidence bound is rather large because some stations (e.g.,
ALNB, MSIN, and ESBC) are grounded on consolidated Pleistocene age sediments with minimal compac-
tion. These findings also support the idea that present-day subsidence rates in the Mississippi Delta and
along the Eastern margin of the North Sea are mainly caused by compaction of Holocene strata. It should
be mentioned that the GPS anchoring depth is not always recorded in the metadata since many of these sites
are primarily installed for surveying applications. We recommend that foundation depth be recorded for
future GPS installations.
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