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The pattern of Holocene relative sea-level (RSL) change on the US Gulf Coast has been a long-standing subject
of debate, featuring opposing scenarios of continuous submergence versus one or more Holocene RSL
highstands. The significance of this debate is that the relative role of eustasy, glacial isostatic adjustment
(GIA), and lithospheric flexural subsidence associated with Mississippi Delta sediment loading remains unre-
solved. Here we present a new RSL record from the Louisiana Chenier Plain, >100 km west of the Mississippi
Delta margin, based on AMS 14C dated marsh basal peat. This enables us to provide – for the first time –

constraints on Holocene lithospheric subsidence rates underneath one of the world's major deltas. Our
new record conclusively shows that no middle Holocene RSL highstands occurred on the central US Gulf
Coast. Rather, it exhibits a pattern of progressive RSL rise comparable to that from the Mississippi Delta, sug-
gesting that long-wavelength GIA is a dominant deformational process driving lithospheric subsidence in the
entire region by means of forebulge collapse. Nevertheless, a 0.15±0.07 mm/yr differential rate of
subsidence between the Chenier Plain and key portions of the Mississippi Delta (including the New Orleans
metropolitan area) exists. This shows that while the sediment loading effect is real, it is about an order of
magnitude smaller than recent studies have postulated.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Sea-level rise constitutes one of the premier environmental
threats of our time, putting coastal and deltaic plains at particular
risk given compounding conditions such as low elevations, rapid sub-
sidence rates, and high population densities (Ericson et al., 2006;
McGranahan et al., 2007). Nevertheless, surprisingly little is known
about lithospheric subsidence rates underneath the world's major
depocenters. A comprehensive understanding of mechanisms and
rates of deltaic subsidence is critical for the hundreds of millions
who inhabit these vulnerable settings.

Quantifying vertical crustal motions in and around large deltaic
depocenters relies heavily on the availability of high-resolution
relative sea-level (RSL) data over millennial timescales. This is a par-
ticularly urgent issue for regions where Holocene RSL reconstructions
have led to fundamentally different schools of thought. The US Gulf
Coast is one such controversial region where published RSL records
derived from different proxies have produced distinctly different in-
terpretations. Specifically, peat-based records exhibit continuous
submergence throughout the Holocene at a progressively decreasing
rate (Törnqvist et al., 2004a), while records obtained from beach
ridges and related phenomena suggest a gradual fall from one or
more RSL highstands (up to ~2.5 m above present sea level) during
nvironmental Sciences, Tulane
iana 70118-5698, USA.
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the middle (Blum et al., 2001) and late (Morton et al., 2000) Holocene
(Fig. 1A). Resolving this debate is important because it has profound
implications for understanding subsidence mechanisms and rates in
the Mississippi Delta and its surroundings, a region with some of
the highest rates of coastal wetland loss in the world (Day et al.,
2007). The RSL highstand scenario would imply that subsidence of
the lithosphere underneath the Mississippi Delta is a spatially re-
stricted regional phenomenon, operating at rates of ~1 mm/yr
(Blum and Roberts, 2009). In contrast, the continuous submergence
scenario has inferred broadly similar RSL histories along the entire
US Gulf Coast (Milliken et al., 2008a; Törnqvist et al., 2006), with
the implication that lithospheric subsidence rates underneath much
of the Mississippi Delta must be about an order of magnitude slower.

The notion of one or more Holocene RSL highstands along the Gulf
Coast emerged nearly half a century ago from a study of elevated
coastal landforms in the western Gulf of Mexico (Behrens, 1966)
and set the stage for a debate that persists today. A review of the his-
tory of Holocene sea-level studies along the US Gulf Coast is provided
elsewhere (Törnqvist et al., 2004a) and not repeated here. Glacial iso-
static adjustment (GIA) models consistently predict that the Gulf
Coast exhibits continuous Holocene RSL rise (Milne and Mitrovica,
2008; Peltier, 1996; Simms et al., 2007), representing a characteristic
response to high-latitude deglaciation and resulting lithospheric
deformation by means of forebulge collapse. Thus, any Holocene RSL
highstands would require a re-evaluation of GIA models, with impli-
cations well beyond the Gulf of Mexico given model predictions of
forebulge collapse extending as far south as northernmost South

http://dx.doi.org/10.1016/j.epsl.2012.02.021
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Fig. 1. (A) Contrasting patterns of Holocene RSL change along the US Gulf Coast as obtained from the Mississippi Delta (Törnqvist et al., 2004a) versus the Texas (Blum et al., 2001)
and Alabama (Blum et al., 2003) coasts. (B) “Ups and downs” of the Mississippi Delta and its surroundings due to sediment removal and infilling during glacial (blue) and postglacial
(red) time, respectively (Blum et al., 2008). Vertical stippled lines indicate position of paleovalley margins. (C) Land-surface deformation at different locations along 30° N during
the past 30,000 yrs (Blum et al., 2008). Note that subsidence is predicted at all of these sites during the past 10,000 yrs, albeit at different rates.
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America (Milne et al., 2005). It should be noted that these GIA models
have to date not incorporated the isostatic effects of deltaic sediment
loading.

Based on modeling of the lithospheric flexural deformation
(defined here as including both the elastic behavior of the lithosphere
and viscous flow in the underlying asthenosphere) driven by sedi-
ment unloading and loading in the Mississippi Delta and its underly-
ing paleovalley, Blum et al. (2008) sought to explain the coexistence
of a middle Holocene RSL highstand on the Texas (Blum et al., 2001;
Morton et al., 2000) and Alabama (Blum et al., 2003) coasts with
the continuous submergence reported for the Mississippi Delta. The
slower rate of RSL rise in the Mississippi Delta between ~8000 and
6000 cal yr BP (Fig. 1A) would be the result of regional uplift due to
unloading associated with valley cutting during the last RSL lowstand
(Fig. 1B, C). This large spatial variability in RSL change would imply
an important role for lithospheric flexural deformation owing to
sediment unloading and loading. A further implication of RSL near
or above present during the middle Holocene would be that no signif-
icant role could exist in the Gulf of Mexico for the long-wavelength
GIA process, and, thus, that the glacial forebulge would be significant-
ly smaller than theoretical studies suggest.

Given that US Gulf Coast RSL records from subsurface peat on one
hand and elevated coastal landforms on the other have been obtained
from areas that are far apart (Fig. 2A), new and detailed sea-level
studies are needed in areas where basal peat and beach ridges coexist.
Here we test the hypothesis of Blum et al. (2008) by developing a
new, high-resolution RSL record from the Louisiana Chenier Plain.
This area is uniquely suited for such a test given that (1) it is located
far enough (>100 km) away from the paleovalley margin underneath
the Mississippi Delta that the signal of modeled flexural uplift and
subsidence should have largely dissipated (Blum et al., 2008)
(Fig. 1B); (2) it contains elevated landforms that have been used re-
cently (McBride et al., 2007) to argue for one or more Holocene RSL
highstands; and (3) it contains basal peat resting on weathered and
consolidated Pleistocene strata (Gould and McFarlan, 1959) that can
provide RSL data at a similar resolution as those recently obtained
from the Mississippi Delta. Most importantly, such a new record –
when compared with recently published RSL records from the
Mississippi Delta – could provide an exceptionally accurate and pre-
cise estimate of the rate of lithospheric flexural subsidence due to
sediment loading. Our study presents the first quantitative constraint
on this process underneath one of the Earth's premier depocenters,
and offers an approach suitable for application in other world deltas.

2. Materials and methods

2.1. Field sampling

Data collection focused mainly on an area near Little Chenier
(Fig. 2B). We restricted our efforts to a relatively small area
(~10 km long and 2 kmwide) to minimize the potential effects of dif-
ferential vertical land motions between sampling sites. Boreholes
were drilled with an Edelman auger and a hand-operated gouge
with a 3 cm diameter, and the cores were described in the field fol-
lowing the US Department of Agriculture texture classification system
(Soil Survey Staff, 1999). Once optimal sites for sampling were select-
ed, a ~20-cm-long core segment covering the contact between basal
peat and the upper portion of an underlying paleosol was collected
(also by hand), using a 6-cm-diameter gouge.

2.2. Differential GPS and optical surveying

To ensure a robust constraint on the elevation of our sea-level
index points, extensive optical surveying and differential GPS mea-
surements were carried out. The official benchmark used for elevation
control is the National Geodetic Survey (NGS) benchmark AV0426
(29°51′37.5″ N, 93°05′15.7″ W). The orthometric height of this
benchmark is 0.65 m relative to the North American Vertical Datum
of 1988 (NAVD 88) as reported by NGS in 2004. This benchmark has
been designated stability category C, which is defined by NGS as
“may hold, but of type commonly subject to surface motion.” Six tem-
porary benchmarks close to our sampling sites were set up on the
paved road along Little Chenier (Appendix A, Fig. S1). The elevation
of these temporary benchmarks relative to AV0426 was determined
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Fig. 2. (A) Overview map with diamonds indicating study areas in the Mississippi Delta where basal peat has revealed a continuous Holocene RSL rise (González and Törnqvist,
2009; Li et al., 2012; Miller, 1983; Törnqvist et al., 2004a, 2004b, 2006). The square and triangle denote study areas on the Texas (Blum et al., 2001) and Alabama (Blum et al.,
2003) coast, respectively, where elevated coastal landforms have been used to infer a middle Holocene RSL highstand. Circles indicate previous RSL studies in the Chenier Plain
(Gould and McFarlan, 1959; Milliken et al., 2008a) that employed basal peat. Fill colors correspond to RSL data in Fig. 8. Dashed lines indicate margins of the paleovalley underneath
the Mississippi Delta during the Last Glacial Maximum. (B) Light Detection and Ranging (LiDAR) image of a portion of the Louisiana Chenier Plain with the three study areas along
Little Chenier. LCW = Little Chenier West area; LCC = Little Chenier Central area; LCE = Little Chenier East area.
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using a TOPCON GTS-4B electronic total station. Surveying between
neighboring temporary benchmarks was repeated at least two times
to minimize errors. The surface elevation at the sampling sites was
measured with respect to the nearest temporary benchmark at least
three times, using the same total station. The elevation of the tempo-
rary benchmarks used for sampling was measured independently by
means of differential GPS.

The validity of our comparison of RSL records between the Chenier
Plain and the Mississippi Delta depends on whether or not differential
motions of the benchmarks to which these records were tied have oc-
curred since they were last surveyed by NGS. To verify the elevation
difference between AV0426 near Little Chenier and AU3428 (29°48′
13.6″ N, 91°40′05.9″ W; also stability category C) in the western
Mississippi Delta that was used in our previous studies (González
and Törnqvist, 2009; Törnqvist et al., 2006), a differential GPS cam-
paign was carried out simultaneously at both benchmarks for about 6 h.

GPS data were processed using the NGS online positioning user
service system (http://www.ngs.noaa.gov/OPUS/). Three continuous-
ly operating GPS base stations in the region (Houma, LUMCON,
and Grand Isle) were included in the solution. The hybrid
GEOID03 model (http://www.ngs.noaa.gov/cgi-bin/GEOID_STUFF/
geoid03_prompt1.prl) was used for calculating local geoid heights,
which were then subtracted from the GPS-derived ellipsoid height
to obtain the orthometric height (elevation) of the benchmarks
within the NAVD 88 reference framework.

2.3. Stable carbon isotope and organic carbon measurements

Our RSL reconstruction is primarily based on 14C dating of basal
peat at different elevations. In a few cases paleosol samples were
used. We employ δ13C measurements of bulk materials to infer the
paleosalinity of the wetlands in which these facies accumulated
(Chmura et al., 1987). Stable carbon isotope ratios (δ13C) and organic
carbon content were measured on both bulk peat and paleosol sam-
ples. Samples were first soaked in 10% HCl to remove carbonates,
then rinsed repeatedly with deionized water and desiccated thor-
oughly at 60 °C. The dried samples were homogenized with a pestle
and mortar. The measurements were conducted at the Stable Isotope
Laboratory, Tulane University, using a Vario MicroCube elemental
analyzer connected to an Isoprime isotope ratio monitoring mass
spectrometer (irm-MS). Samples were run in triplicate using different
sample masses (~0.5, ~1.5, and ~3 mg), and the average of these
analyses was calculated and reported with standard deviations
reflecting potential heterogeneity of the samples.

http://www.ngs.noaa.gov/OPUS/
http://www.ngs.noaa.gov/cgi-bin/GEOID_STUFF/geoid03_prompt1.prl
http://www.ngs.noaa.gov/cgi-bin/GEOID_STUFF/geoid03_prompt1.prl
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2.4. Radiocarbon dating

Our RSL chronology relies primarily on AMS 14C dated plant re-
mains extracted from basal peat. In addition, the paleosol that rests
immediately on the largely compaction-free Pleistocene Prairie Com-
plex was used to extend our RSL record. We dated multiple fractions
in many of our samples, following an approach similar to previous
studies (González and Törnqvist, 2009; Törnqvist et al., 2004a). Slices
of 2 to 4 cm in thickness were cut from the very bottom of the basal
peat or near the top of the paleosol and sieved with a 250 μm screen
to isolate plant remains for dating at the University of California,
Irvine. For most samples our dating relies on macrofossils of C3 plants
such as Scirpus spp. and Cladium spp. In several other cases we dated
herbaceous charcoal fragments, preferentially selecting the largest
specimens that are least likely to have been transported to the sam-
pling site. For the paleosol samples three separate geochemical frac-
tions (humic acid, residue, and charcoal) were dated. Calibration of
14C ages into calendar years was performed with the OxCal 4.0 pro-
gram (Bronk Ramsey, 2009).

2.5. Error analysis and sea-level database

Our sea-level index points carry both age and elevation uncer-
tainties arising from a variety of sources. These uncertainties define
the error boxes that characterize our RSL records. The age error is
defined by the 2σ confidence interval of the calibrated age range.
The elevation error is composed of a number of components, includ-
ing uncertainties associated with non-vertical drilling, sampling, sur-
veying, and the indicative range of the sea-level indicator used.
Definitions and in-depth discussion of these sources of error are
given elsewhere (Engelhart et al., 2009; Hu, 2010; Shennan, 1982).
The total elevation uncertainty, Ute, is expressed as

Ute ¼ Td þ 2� Ete ð1Þ

where Td is the corrected thickness of the sample to account for com-
paction which is obtained by multiplying the original sample thick-
ness by 2.5 (Berendsen et al., 2007; Van Asselen, 2011) and Ete is
the total elevation error which is calculated as

Ete ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2ir þ E2s þ E2nv þ E2lso þ E2lsg

2
q

ð2Þ

where:

Eir = indicative range error derived from the difference
between mean higher high water (MHHW) and mean tide
level (MTL) as measured at eight tide gauges in coastal
Louisiana (González and Törnqvist, 2009) (0.15 m);

Es = sampling error (0.02 m);
Env = non-vertical drilling error (0.01×depth (m) below land

surface);
Elso = optical surveying error (0.03 m); and
Elsg = GPS surveying error (0.05 m).

An extensive error analysis based on comparable criteria was also
conducted for previously published data derived from peat in the
same portion of the Chenier Plain (Gould and McFarlan, 1959;
Milliken et al., 2008a, 2008b, 2008c) and in the Mississippi Delta
(González and Törnqvist, 2009; Li et al., 2012; Miller, 1983;
Törnqvist et al., 2004a, 2004b, 2006). In addition, we subjected sea-
level data derived from elevated coastal landforms in Texas (Blum
et al., 2001) to a similar analysis. We followed a recently established
protocol (Hu, 2010) that incorporates a number of sources of error
(e.g., uncertainties of 14C ages derived from bulk sediment samples,
uncertainties associated with isotopic fractionation correction,
correction of sample thickness due to compaction) that have typically
not been considered in previous sea-level database studies.

2.6. Regression analysis of RSL records

To enable a quantitative comparison of RSL records from the
Chenier Plain and the Mississippi Delta, we carried out a regression
analysis using the exponential function

RSL tð Þ ¼ a� exp λtð Þ−1½ � ð3Þ

where:

RSL (t) = relative sea level as a function of time (m);
a = initial position of relative sea level (m);
t = time (kyr); and
λ = relaxation time (kyr−1).

Curve fitting was conducted by solving a nonlinear optimization
problem in a least-squares sense, which was implemented in
MATLAB® using the built-in function lsqnonlin. For each of the two
RSL records, we carried out this regression analysis for the centers
of the error boxes and obtained the differential lithospheric motion
by subtracting the two curves.

3. Results

3.1. Stratigraphy

The Chenier Plain (Fig. 2B) is a low-lying mudflat interspersed
with a series of mostly shore-parallel chenier ridges, the shelly and
sandy beach ridges that formed during periods of wave reworking
of mudflat deposits (McBride et al., 2007; Russell and Howe, 1935).
Stratigraphic investigations based on about 100 hand-drilled bore-
holes largely confirm findings by previous investigators (Gould and
McFarlan, 1959). We selected 13 sites within the Little Chenier area
(Fig. 2B) for sampling.

Four distinct stratigraphic units can be recognized in most of the
sampled cores (Fig. 3). The basal unit consists of highly consolidated,
oxidized, gray-green, silty Pleistocene sediments collectively known
as the Prairie Complex (Autin et al., 1991). Blanketing this unit is
the weakly developed paleosol mentioned above that consists of a
dark gray A-horizon with highly decomposed organic matter. Previ-
ous studies (Törnqvist et al., 2004a) have shown that this paleosol re-
flects the initial stage of organic-matter preservation due to a rising
groundwater table that immediately precedes more widespread
drowning and peat accumulation. Thus, the paleosol is of a transgres-
sive origin and intimately related with RSL rise, as discussed in more
detail later. At most sampling sites the paleosol is onlapped by dark
brown peat, which in turn is capped by a light gray mud that largely
reflects prograding mudflat deposits. The peat is commonly clayey
with herbaceous remains. It is noteworthy that the peat bed is not lat-
erally continuous due to transgressive wave erosion, particularly sea-
ward of Little Chenier (Gould and McFarlan, 1959).

3.2. Elevation analysis

The elevation of six temporary benchmarks used for our sampling
was determined by both optical surveying (Appendix A, Table S1) and
differential GPS measurements (Appendix A, Table S2). Our results in-
dicate that the differential GPS measurements yield elevations for the
temporary benchmarks that corroborate optical surveying within
2 cm. Also, the differential GPS measurements at two NGS bench-
marks (i.e., AV0426 near Little Chenier and AU3428 in the western
Mississippi Delta) suggest that the elevation difference between
these two benchmarks remains valid (Appendix A, Table S3). Thus,
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we infer that no significant differential subsidence between those two
benchmarks has occurred since their elevations were reported.

3.3. Salinity reconstruction

The δ13C data of bulk peat and paleosol samples provide informa-
tion about the salinity conditions in which these facies accumulated
(Appendix A, Table S4). The δ13C value of most of our basal-peat
samples varies between –17 and –20‰ (Fig. 4), indicating predomi-
nantly brackish conditions within the intertidal zone. The paleosol
exhibits δ13C values that are indistinguishable from those for the
basal peat (Fig. 4), also reflecting brackish conditions. This confirms
that the paleosol formed within the intertidal zone and can be used
to obtain sea-level index points. The organic carbon content of basal
peat shows large variability, but mostly lies between 3 and 16%. In
contrast to the basal peat, the organic carbon content of the paleosol
varies between 1 and 3%, which is consistent with the highly
decomposed nature of the matrix organic matter.

3.4. Radiocarbon chronology

We obtained 27 AMS 14C ages from different botanical and chem-
ical fractions of the 13 samples; they are shown on the right-hand
side of the core logs (Fig. 3). Full documentation of these 14C ages is
provided in Table 1. We performed a rigorous geochronological data
analysis, including an evaluation of paleosol 14C ages (Fig. 5) that ex-
tend our RSL record since the basal peat pinches out at a depth of
about −1.7 m (Fig. 3), as well as a careful assessment of basal-peat
samples with multiple subsample 14C ages (Fig. 6).

In addition to the δ13C measurements discussed above, the validi-
ty of the paleosol as a sea-level indicator is reinforced by its tight tem-
poral relationship with the overlying basal peat. This is illustrated by
charcoal extracted from sample Little Chenier East V-2 that yields a
14C age of 3400±20 yr BP, very similar to the age of the overlying
basal peat (3380±15 yr BP), also from charcoal (Table 1). Given its
fragile nature, charcoal is unlikely to be subject to long-distance
transport and thus should represent the true paleosol age. Compared
to the charcoal fraction, the ages of humic acid and particularly the
residue are systematically older and not in stratigraphic order
(Fig. 5) which is likely the result of the presence of reworked, older



Table 1
14C ages of basal peat and paleosol samples.

Sample name UTM coordinates
(m)a

Elevation
(m, NAVD 88)

Depth below
surface
(m)

Material dated 14C age
(yr BP)

Laboratory
number

Sedimentary
facies

Northing Easting

Little Chenier West I-1a 3302.960 493.500 −0.14 4.67–4.70 Charcoal fragments 5725±20 UCIAMS-59680 Basal peat
Little Chenier West I-1b 3302.960 493.500 −0.14 4.67–4.70 Charcoal fragments 5740±20 UCIAMS-59681 Basal peat
Little Chenier West II-1 3303.060 493.540 −0.21 4.24–4.27 Scirpus spp. achenes 5450±20 UCIAMS-59682 Basal peat
Little Chenier West III-1 3303.120 493.540 −0.18 3.90–3.93 Scirpus spp. achenes 5170±25 UCIAMS-59683 Basal peat
Little Chenier Central I-1a 3301.760 497.160 0.53 4.95–5.01 Scirpus spp. achenes 5190±35b UCIAMS-59684 Basal peat
Little Chenier Central I-1b 3301.760 497.160 0.53 4.95–5.01 Charcoal fragments 5275±20b UCIAMS-59685 Basal peat
Little Chenier Central II-1a 3301.680 497.120 0.38 5.22–5.27 Scirpus spp. achenes 5130±20b UCIAMS-59686 Basal peat
Little Chenier Central II-1b 3301.680 497.120 0.38 5.22–5.27 Scirpus spp. achenes 5650±20b UCIAMS-59687 Basal peat
Little Chenier Central II-1c 3301.680 497.120 0.38 5.22–5.27 Charcoal fragments 5415±20b UCIAMS-66353 Basal peat
Little Chenier Central III-1a 3301.620 497.100 0.17 5.84–5.87 Charcoal fragments 5745±20b UCIAMS-59688 Basal peat
Little Chenier Central III-1b 3301.620 497.100 0.17 5.84–5.87 Charcoal fragments 5560±20b UCIAMS-59689 Basal peat
Little Chenier East I-1a 3301.040 502.060 −0.04 2.11–2.13 Cladium spp. seeds 3545±20 UCIAMS-59690 Basal peat
Little Chenier East I-1b 3301.040 502.060 −0.04 2.11–2.13 Charcoal fragments 3415±20 UCIAMS-59691 Basal peat
Little Chenier East II-1a 3300.880 502.040 0.63 2.90–2.92 Cladium spp. seeds 3505±20 UCIAMS-59692 Basal peat
Little Chenier East II-1b 3300.880 502.040 0.63 2.90–2.92 Charcoal fragments 3715±20 UCIAMS-59693 Basal peat
Little Chenier East III-1 3300.180 501.740 0.19 3.56–3.60 Charcoal fragments 4490±20 UCIAMS-59694 Basal peat
Little Chenier East IV-1 3299.920 501.740 0.19 3.91–3.93 Charcoal fragments 4920±20 UCIAMS-59695 Basal peat
Little Chenier East V-1 3301.460 502.060 −0.20 1.64–1.67 Charcoal fragments 3380±15 UCIAMS-66354 Basal peat
Little Chenier East V-2a 3301.460 502.060 −0.20 1.69–1.71 Humic acid 3555±20c UCIAMS-66299 Paleosol
Little Chenier East V-2b 3301.460 502.060 −0.20 1.69–1.71 Residue 3850±20c UCIAMS-66298 Paleosol
Little Chenier East V-2c 3301.460 502.060 −0.20 1.69–1.71 Charcoal fragments 3400±20 UCIAMS-66355 Paleosol
Little Chenier East VI-1a 3301.460 501.940 −0.20 1.53–1.56 Humic acid 3445±20c UCIAMS-66301 Paleosol
Little Chenier East VI-1b 3301.460 501.940 −0.20 1.53–1.56 Residue 3635±20c UCIAMS-66300 Paleosol
Little Chenier East VI-1c 3301.460 501.940 −0.20 1.53–1.56 Charcoal fragments 3205±15 UCIAMS-66356 Paleosol
Little Chenier East VII-1a 3301.460 501.840 −0.15 1.55–1.58 Humic acid 3570±20c UCIAMS-66303 Paleosol
Little Chenier East VII-1b 3301.460 501.840 −0.15 1.55–1.58 Residue 4025±20c UCIAMS-66302 Paleosol
Little Chenier East VII-1c 3301.460 501.840 −0.15 1.55–1.58 Charcoal fragments 3025±20 UCIAMS-66357 Paleosol

a Zone 15 with reference to NAD 83.
b Excluded from sea-level reconstruction (further details provided in text).
c Rejected.
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organic matter (cf. Schoute, 1984). Therefore, these anomalously old
ages were rejected, and wherever paleosol 14C ages factor into our
analysis, we picked those based on charcoal. The 14C ages on charcoal
reveal the time-transgressive nature of the paleosol: the higher the
elevation, the younger the paleosol (Fig. 5). This suggests that the
paleosol formed within a relatively short period rather than by
means of prolonged pedogenesis, confirming previous inferences
(Törnqvist et al., 2004a).

The age of basal-peat subsamples exhibits deviations up to about
500 14C yrs (Table 1, Fig. 6). Given the high analytical precision of the
14C age measurements, only for those cases where the subsample age
difference is less than 50 14C yrs we calculate a weighted mean. Only
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Fig. 5. Comparison of 14C ages with 2σ error bars of different fractions for paleosol sam-
ples from the Little Chenier East (LCE) area.
sample Little Chenier West I-1 satisfies this requirement, providing a
weighted mean age of 5733±14 yr BP. For samples with a larger age
deviation (>50 14C yrs) among subsamples we first note that 14C ages
from the Little Chenier Central area show a particularly wide scatter, in-
cluding a tendency to plot well below data of similar age from the Little
Chenier West area (Fig. 6). While some of the anomalously young sub-
sample ages may be the result of bioturbation, this cannot adequately
explain the striking offset of Little Chenier Central data. In fact, it may
be more conceivable that the older subsample ages were caused by
the presence of reworked material.
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Localized, “hot spot” subsidence and associated wetland loss in
coastal Louisiana andTexas have been associatedwith hydrocarbon pro-
duction (Kolker et al., 2011;Morton et al., 2006). Fig. 7 shows the spatial
distribution, depth, and cumulative production of oil wells in the study
area during the past 50 yrs. Sampling sites in the Little Chenier Central
area are in close proximity to those oil wells with the highest cumulative
production. Therefore, we entertain the possibility that localized, en-
hanced subsidencemay have occurred at these sites due to hydrocarbon
withdrawal, but more research is needed to corroborate this. Ground-
water withdrawal of sufficient magnitude to substantially enhance sub-
sidence rates occurs preferentially in densely populated areas (Meckel,
2008); our study area belongs to the least populated along the central
US Gulf Coast. Given these considerations, we exclude the data from
the Little Chenier Central area fromour RSL reconstruction and therefore
do not include these samples in our subsequent analysis.

We end up with 10 sea-level index points for our RSL reconstruc-
tion. In this dataset, samples Little Chenier East I and Little Chenier
East II provide subsample ages that differ by 130 and 210 14C yrs, re-
spectively; too large to justify the use of a weighted mean. In order to
choose the most appropriate subsample age from these two samples
in an objective manner, we use the sequence option of the OxCal
4.0 calibration program (Bronk Ramsey, 1995) to determine which
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Fig. 7. Maps showing (A) production depth and (B) cumulative production between 1960 a
cumulative production values differ by three orders of magnitude. LCW = Little Chenier W
information about the wells, see http://sonris-www.dnr.state.la.us/www_root/sonris_porta
sequence of 10 stratigraphically constrained 14C ages yields the best
consistency as measured by the A-index (Appendix A, Fig. S2).
3.5. Relative sea-level record and sea-level database

Given the indicative range (Van de Plassche, 1986) of basal peat and
the paleosol (both formed in a brackish environment), the reference
water level used in our RSL reconstruction is defined as the average of
MHHW and MTL (Engelhart et al., 2009; Shennan, 1982) as obtained
from eight tide gauges (González and Törnqvist, 2009). Our newRSL re-
cord is presented in Fig. 8. This dataset shows a continuous RSL rise from
about –4.8 m at ~6600 cal yr BP to about –1.7 m at ~3200 cal yr BP.

Following the aforementioned protocol, we compiled a regional
RSL database that is included as an Excel spreadsheet (Appendix B).
This database consists of 85 sea-level index points and 11 limiting
data points (all are plotted in Fig. 8). It should be noted that we plot
all data with respect to NAVD 88 and use zero elevation as a proxy
for present mean sea level. The slight uncertainty associated with
this is inconsequential for the purposes of the present study, since
our analysis is based entirely on the comparison of sea-level records
(rather than to tie these records to present-day tide levels).
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4. Discussion

Our new sea-level index points from the Chenier Plain plot up to 5 to
7 m below coeval RSL data inferred from elevated coastal landforms in
Texas (Fig. 8). As discussed above, we have considered several chrono-
logical models for our RSL record. However, it is important to note that
no matter which chronological model is used, our data always plot far
below the presumedmiddle Holocene RSL highstand. Thus, our findings
are robust.

We conducted a similar rigorous error analysis of previously pub-
lished RSL data derived from basal peat in this region (Gould and
McFarlan, 1959; Milliken et al., 2008a, 2008b, 2008c). Our RSL record
is consistent with these data (Fig. 8). Taken together, the RSL record
from the Chenier Plain exhibits a progressive rise, comparable to
that revealed by our RSL data from the Mississippi Delta (González
and Törnqvist, 2009; Li et al., 2012; Törnqvist et al., 2004a, 2004b,
2006). Although our new data only cover the middle Holocene, the
broad similarity with the Mississippi Delta record suggests that con-
tinuous RSL rise that prevailed there throughout the late Holocene
should be expected in the Chenier Plain as well. The up to 3 m high
Little Chenier has been dated to 2775 14C yr BP (Gould and
McFarlan, 1959) which corresponds to ~2900 cal yr BP, thus postdat-
ing our youngest sea-level index point (Fig. 8) only by a small margin.
If Little Chenier would represent a late Holocene RSL highstand as has
been postulated (McBride et al., 2007), a dramatic sea-level rise of
several meters would have occurred within ~300 yrs, a scenario that
we dismiss given the absence of evidence for this from high-
resolution RSL records worldwide.

The broad similarity between the Chenier Plain and theMississippi
Delta RSL records implies a common forcing mechanism. As the
eustatic contribution was strongly reduced after ~7000 cal yr BP
(Fleming et al., 1998), the continued submergence in these two areas
was mainly an expression of subsidence of Pleistocene and underlying
strata. Thiswas predominantly caused by the continental-scale GIA pro-
cess associatedwith deglaciation in high-latitude North America, which
drives land subsidence along the US Gulf Coast by means of forebulge
collapse.

Despite these broad similarities, the Chenier Plain RSL data plot
systematically higher than those from the Mississippi Delta (Fig. 8).
Closer inspection reveals that this is particularly the case for the old-
est portion of the Chenier Plain record, a trend that is consistent with
the fact that older limiting RSL data from this region (Milliken et al.,
2008a, 2008b, 2008c) typically plot several meters above Mississippi
Delta RSL data of similar age. Given the orientation of the region rel-
ative to the former margin of the Laurentide Ice Sheet, differential GIA
(including ocean loading) effects are unlikely. According to our GPS
measurements (Appendix A, Table S3), the difference between RSL
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data from the Chenier Plain and the Mississippi Delta cannot be at-
tributed to differential vertical motion of benchmarks. Therefore,
the observed divergence of the two records, going back in time,
must be a manifestation of lithospheric flexural subsidence under-
neath the Mississippi Delta associated with deltaic sediment loading.

The paired RSL records from the Chenier Plain and the Mississippi
Delta for the past 7000 yrs (Fig. 9A) enable us to quantify the rate of
lithospheric flexural subsidence due to the sediment loading effect
in those portions of the Mississippi Delta from where our RSL records
were obtained. Our regression analysis reveals a differential subsi-
dence between the Chenier Plain and the Mississippi Delta of
1.05±0.50 m during this time period (Fig. 9B), equivalent to an aver-
age rate of 0.15±0.07 mm/yr. This rate is similar to that derived from
biostratigraphic data in the New Orleans metropolitan area dating
back to the middle Miocene (Edrington et al., 2008) and only slightly
smaller than a rate for the past ~10 myrs (0.26 mm/yr), obtained
about 100 km southeast of New Orleans (Straub et al., 2009). It is
well established (Fisk and McFarlan, 1955) that the elevation of the
deformed surface of the Prairie Complex underneath the Mississippi
Delta can be used as a proxy for subsidence, with a distinct pattern
of rapidly increasing subsidence rates in a seaward direction. Contour
lines of the Prairie Complex surface in our study areas in the
Mississippi Delta extend through the New Orleans metropolitan
area (Fisk and McFarlan, 1955; Saucier, 1994). Indeed, a sea-level
index point from basal peat within this area (Miller, 1983) plots at a
similar elevation as RSL data from other portions of the delta
(Fig. 8), indicating subsidence rates of a comparable magnitude.
These results show that the rates of RSL rise of ~10 mm/yr as ob-
served for the past century in the Mississippi Delta (Penland and
Ramsey, 1990) must primarily be the result of processes within the
Holocene succession, notably sediment compaction (Törnqvist et al.,
2008).

While our findings confirm that the deltaic sediment loading
effect does cause spatial variability of Holocene RSL change as
advocated by Blum et al. (2008), their model overpredicts the mag-
nitude of flexural vertical motion. We note that the rapid diver-
gence between ~8000 and 6000 cal yr BP between the basal peat
and beach ridge RSL data (Fig. 1A) was explained (Blum et al.,
2008) as the result of uplift in and near the Mississippi Delta result-
ing from sediment unloading due to valley cutting (Fig. 1B). How-
ever, their reconstructions show that the majority of sediment
excavation and resulting valley-margin uplift occurred between
30,000 and 15,000 cal yr BP (Fig. 1 C), i.e., long before the inferred
RSL response.

The newly obtained rate of flexural subsidence in the Mississippi
Delta enables us to evaluate the average late Holocene GIA rate
along the central US Gulf Coast. However, it must be stressed that
this analysis is tentative and will require GIA modeling to address,
among others, the role of rotational and gravitational effects on
the geoid in the Gulf of Mexico during the late Holocene
(cf. Shennan et al., 2012). Given that the background rate of RSL
rise in the Mississippi Delta during the pre-industrial millennium
is ~0.6 mm/yr (González and Törnqvist, 2009) and assuming that
the late Holocene eustatic component is close to zero (Lambeck
et al., 2004; but see Gehrels (2010) for a critical evaluation), subtract-
ing the flexural component (i.e., ~0.15 mm/yr) yields a value of
~0.45 mm/yr. We first note that this value likely includes some
long-term passive margin subsidence. On the other hand, a contribu-
tion of ocean siphoning (Mitrovica and Milne, 2002; Mitrovica and
Peltier, 1991), estimated at ~0.3 mm/yr of sea-level fall (Gehrels,
2010; Jansen et al., 2007), could potentially increase our inferred
value. We note, however, that the estimated rate of ~0.45 mm/yr is
similar to a recently obtained value for forebulge collapse in South
Carolina (Engelhart et al., 2009) which is located at an equal distance
from the center of glaciation in the western Hudson Bay area. Com-
pared with the GIA component, the sediment-loading effect plays a
smaller role, at least in landward portions of the Mississippi Delta,
and it is at least an order of magnitude smaller than what recent
model studies have suggested (Blum et al., 2008; Hutton and
Syvitski, 2008; Ivins et al., 2007).

Our new findings also allow us to address the issue of 20th century
acceleration of RSL rise on the central US Gulf Coast, outside of the
Mississippi Delta. The best available tide-gauge record is at
Pensacola, Florida, given its length (>80 yrs) and its location on
tectonically relatively stable Pliocene strata. Indeed, the long-term
trend of ~2.1 mm/yr (González and Törnqvist, 2006; Kolker et al.,
2011) at this site is among the lowest on the central US Gulf Coast.
Given the pre-industrial rate of GIA-dominated RSL rise for this region
of ~0.45 mm/yr, we observe a nearly fivefold acceleration that echoes
the marked sea-level acceleration seen worldwide (Gehrels, 2010).
We note that correcting the Pensacola tide-gauge record for our
tentative GIA rate yields a value of ~1.65 mm/yr, similar to the
globally averaged rate of eustatic sea-level rise for the past century
(Church and White, 2006).

Finally, our new findings show that the elevated beach ridges that
occur along significant portions of the US Gulf Coast require reinter-
pretation. A storm origin has been discarded in the past (Morton et
al., 2000) based on the argument that tropical cyclones tend to be de-
structive rather than constructive and typically flatten any near-shore
topography (at least in the spatially restricted areas subject to direct
hurricane strikes). Storm surges submerge elevated landforms farther
inland that tend to be morphologically unaffected. However, a recent
hypothesis (Donnelly and Giosan, 2008) postulates that elevated
beach ridges might be the result not of direct tropical cyclone
impacts, but rather the swell associated with prolonged periods of
higher storm activity within the wider Gulf of Mexico (i.e., a much
larger region than that directly affected by storms during landfall).
A proxy record of Holocene wind strength from a Texas estuary
(Troiani et al., 2011) lends tentative support to the notion of
increased wind activity during the middle Holocene. Further
examination of these ideas is warranted and will require detailed
monitoring of present-day shoreline morphodynamics associated
with storm activity. As a final note, targeted and quantitative
studies of the indicative meaning and indicative range of sea-level in-
dicators derived from beach-ridge facies in this region, similar to
what has been done elsewhere (Roep and Beets, 1988), should be
welcomed.

5. Conclusions

A new, high-resolution middle Holocene RSL record from the
Louisiana Chenier Plain bears an overall striking resemblance to re-
cently published RSL data from the Mississippi Delta. Collectively,
they exhibit continuous submergence of the central US Gulf Coast
during the past 7000 yrs, providing conclusive evidence against the
presence of Holocene RSL highstands in this region. This similarity
suggests that continental-scale GIA associated with deglaciation in
high-latitude North America is a dominant deformational process
that drives subsidence of the Pleistocene basement on the central
US Gulf Coast. Nevertheless, a subtle difference between Holocene
RSL records from the Chenier Plain and the Mississippi Delta reveals
a deltaic sediment loading effect, which is estimated to be 0.15±
0.07 mm/yr in those portions of the delta that harbor the largest
populations. Therefore, lithospheric flexural subsidence due to this
effect is less prominent than GIA, and up to several orders of magni-
tude smaller than shallow subsidence processes (compaction) in the
Holocene column. Our findings constitute the first study that quan-
tifies millennial-scale lithospheric subsidence rates underneath one
of the world's largest depocenters, and offers considerable scope for
similar analyses in other major deltas.

Supplementary data related to this article can be found online at
doi:10.1016/j.epsl.2012.02.021.
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