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ABSTRACT

Stratigraphic evidence for coseismic sub-
sidence has been documented in active-mar-
gin estuaries throughout the world. Most of
these studies have been conducted in subduc-
tion zone or strike-slip settings; however, the
stratigraphic response to coseismic subsid-
ence in other tectonic settings would benefit
from further study. Here we show evidence of
late Holocene coseismic subsidence in a struc-
tural estuary in southern California. Below
the modern marsh surface, an organic-rich
mud containing marsh gastropods, foramin-
ifera, and geochemical signatures indicative
of terrestrial influence (mud facies) is sharply
overlain by a blue-gray sand containing in-
tertidal and subtidal bivalves and geochemi-
cal signatures of marine influence (gray sand
facies). We use well-established criteria to in-
terpret this contact as representing an abrupt
1.3+ 1.1 m rise in relative sea level (RSL)
generated by coseismic subsidence with some
contribution from sediment compaction and/
or erosion. The contact dates to 1.0 0.3 ka
and is the only event indicative of rapid RSL
rise in the 7 k.y. sedimentary record studied.
Consistent with observations made in previ-
ous coseismic subsidence studies, an accelera-
tion in tidal-flat sedimentation followed this
abrupt increase in accommodation; however,
the recovery of the estuary to its pre-subsid-
ence elevations was spatially variable and
required 500-900 years, which is longer than
the recovery time estimated for estuaries with
larger tidal ranges and wetter climates.

Laura C. Reynolds (0] https://orcid.org/0000-
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laura.conners.reynolds @ gmail.com.

INTRODUCTION

Evidence for individual coseismic subsidence
events has been extensively demonstrated in tec-
tonically active coastal regions throughout the
world by the presence of marsh surfaces buried
by intertidal sediments due to deformation from
subduction zone earthquakes (Atwater, 1987;
Atwater and Hemphill-Haley, 1997; Atwater
etal., 2001; Hawkes et al., 2011; Reinhardt et al.,
2010) and strike-slip earthquakes (Clark et al.,
2013; Cochran et al., 2017; Knudsen et al., 2002).
Localized coseismic subsidence related to move-
ment along upper crustal structures has also been
inferred for a variety of tectonic regimes (Bour-
geois and Johnson, 2001; Cundy et al., 2000;
McNeill et al., 1999; Pratt et al., 2015; Sherrod,
2001) and is the likely cause of subsidence docu-
mented in fault-bounded, structurally controlled
estuaries outside the direct influence of subduc-
tion or strike-slip earthquakes (Cundy et al.,
2000; Simms et al., 2016). Determining recur-
rence and magnitudes of coseismic subsidence is
necessary to assess seismic hazards and can elu-
cidate subsurface relationships among structures
in complex tectonic regions (i.e., Shennan et al.,
2016). However, differentiating the effects of
coseismic subsidence from nonseismic processes
that produce similar stratigraphic changes, such
as floods, global mean sea-level rise, sediment
flux-driven transgressions, local morphological
changes (barrier breaching, mouth migration),
or anthropogenic-induced subsidence, is difficult
(Shennan et al., 2016), especially where subsid-
ence is localized (i.e., within a structural estu-
ary) rather than regional (i.e., megathrust-related
crustal deformation).

Previous studies (Nelson et al., 1996, 1998;
Shennan et al., 2016) have developed criteria for
recognizing coseismic subsidence in the strati-

graphic record that are based mainly on observa-
tions from subduction zone earthquakes. These
criteria include, but are not limited to, the fol-
lowing: a laterally extensive and sharp contact,
evidence for a sudden relative sea level (RSL)
rise, and evidence for synchronicity of change
that is replicated in multiple cores. These char-
acteristics are interpreted to represent the estua-
rine response to a sudden decrease in elevation
(arise in RSL).

While identification of subsidence in the sedi-
mentary record is important for hazard assess-
ment, it is also important to understand the
completeness and limitations of estuarine sedi-
ments as recorders of seismic events (Atwater
et al., 2001; Dura et al., 2016). Previous work
has shown that the tidal range (Atwater et al.,
2001), sediment supply and source (Darienzo
and Peterson, 1990), and patterns of relative sea-
level change (Dura et al., 2016) all influence the
response of estuarine environments to vertical
displacement and therefore their ability to strati-
graphically record coseismic events. However,
the variability in estuarine response to coseis-
mic subsidence within these different contexts,
i.e., how this variability is characterized in the
stratigraphic record, has received relatively little
attention.

Here we use sediment cores and relative
sea-level indicators from Carpinteria Marsh, a
small structural estuary in southern California,
and show stratigraphic evidence for an abrupt
environmental change that emplaced blue-gray
sands on top of organic-rich, fine-grained muds
throughout the marsh. We hypothesize that the
contact represents an abrupt rise in RSL caused
by coseismic subsidence along a local thrust
fault. Using multi-proxy sea level indicators and
a robust chronology, we test whether the nature
of this contact is consistent with the criteria
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developed to identify coseismic subsidence in
the stratigraphic record and discuss its potential
hazard and structural implications. We show
that traditional criteria used to identify coseis-
mic deformation events remain applicable for
recognizing coseismic subsidence even when
the subsidence appears to be highly localized
within a structural estuary; however, the non-
tectonic characteristics of the environment (tidal
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range, sediment supply, and climatic context)
must be carefully considered to differentiate
coseismic events from other processes in these
dynamic systems.

STUDY AREA

The study area, Carpinteria Marsh (34°24'N,
119°31/30”W), is located along the Santa Bar-
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bara Channel in southern California, USA. The
marsh lies within the axis of the Carpinteria
basin, a small, faulted syncline (Jackson and
Yeats, 1982; Fig. 1C) on the down-thrown side
of the south-dipping, out-of-syncline (Mitra,
2002) Rincon Creek Fault (Jackson and Yeats,
1982). Carpinteria basin lies on the southern
flank of the Santa Ynez Mountains (Fig. 1),
which are part of the Western Transverse
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Ranges, a large east-west—trending fold and
thrust belt that has exhibited rapid uplift since
the Pliocene resulting from compression due
to a restraining bend in the San Andreas fault
system (Jackson and Yeats, 1982; Rockwell
et al., 2016). Large, north-dipping thrust faults
in Ventura and Santa Barbara Counties, such
as the Pitas Point-Ventura Fault (Fig. 1), may
have the potential for Mw 7.5-8 earthquakes
(Levy etal., 2019; Rockwell et al., 2016). How-
ever, the subsurface geometry, and therefore
the extent of the regional seismic hazard, in
the Ventura region is subject to ongoing debate
(Hubbard et al., 2014; Jackson and Yeats, 1982;
Johnson et al., 2017; Levy et al., 2019; Mar-
shall et al., 2017; Rockwell et al., 2016); there-
fore, additional sedimentary records of seismic
activity in the region may help clarify these
interpretations.

Carpinteria Marsh is a fragment of a once
larger estuary that prehistorically occupied
much of the low-lying coastal plain of the
Carpinteria basin (Ferren, 1985). The marsh
is dominated by Salicornia virginica, marsh
pickleweed (Hubbard, 1996; Page, 1995;
Sadro et al., 2007), and receives tidal flow
through an inlet stabilized with a rock revet-
ment in 1964 (Ferren, 1985) and freshwater
input from two tidal creeks (Santa Monica and
Franklin Creeks) that enter the marsh’s north-
eastern corner. The marsh has a tidal range
of 1.01 m (Sadro et al., 2007), with high tide
levels similar to those of the open coast, but
truncated low water levels due to a lagged ebb
tide from inlet constriction (Hubbard, 1996).
Similar to observations in other salt marshes
in California (i.e., Thorne et al., 2018), the
vegetated marsh platform and mudfiats range
from mean low water (MLW) to elevations
above mean higher high water (MHHW). The
marsh is located in a Mediterranean climate
region characterized by mild, wet winters and
warm, dry summers (Bakker and Slack, 1984);
most of the small streams that run from the
mountains to the coast only flow and transport
sediments during storm events. Historically,
three to five freshwater streams built alluvial
fans into the fringes of the marsh during storm
events, but today the two remaining streams
are channelized upstream from the marsh. One
historical alluvial fan, attributed to a flood in
1914, is still visible in the northeastern corner
of the marsh (Fig. 2; Ferren, 1985).

METHODS

From 2012 to 2018, we collected 44 vibrac-
ores that sampled from 1 m to 4 m below ground
surface and five Geoprobe 7822DT cores that
sampled up to 14 m below ground surface in
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Carpinteria Marsh (Fig. 1 and Supplemental
Figs. S1-S3") and established sedimentary facies
using grain size, color, sedimentary structures,
organic content, and foraminifera and shell
taxonomy (Table 1). Core locations were deter-
mined with a TopCon Hyperlite 4 differential
global positioning system (GPS) or a handheld
GPS; core-top elevations were determined with
the differential GPS or Lidar corrected for veg-
etation error (Sadro et al., 2007). Elevations were
corrected to NAVDS88 using the National Oce-
anic and Atmospheric Administration (NOAA)
Online Positioning User Service site (Www.ngs.
noaa.gov/OPUS/elevations; accessed September
2021). The vertical uncertainty for the ground
surface elevation of all cores is less than 0.15 m.
Sixty-eight organic, charcoal, and shell samples
were used for radiocarbon analysis at the Uni-
versity of California Irvine Keck Carbon Cycle
Accelerator Mass Spectrometer Laboratory,
while 26 samples were analyzed at the Atmo-
spheric and Ocean Research Institute (AORI) at
The University of Tokyo (Yokoyama et al., 2010;
Table S2; see footnote 1).

Thirty modern sediment samples collected
from a transect along the marsh surface (see
Supplemental Material 1 and Fig. S4; see
footnote 1) and 175 sediment samples from
core CM46 were freeze-dried, crushed, and
treated with 3 N HCI at 100 °C to remove
inorganic carbon in preparation for carbon iso-
tope analyses. A Delta V Advantage and Flash
2000 Elemental Analyzer-Isotopic Ratio Mass
Spectrometer (EA-IRMS) at AORI was used
for isotopic analysis. Data were corrected for
machine drift and amount-dependent devia-
tions when necessary. Repeated analyses of
internal standards indicated a 20 uncertainty
of 0.86%o. Core CM46 was scanned at 0.2 mm
resolution on an Avaatech X-Ray Fluorescence
(XRF) core-scanner at Scripps Institution of
Oceanography at 10 keV, 30 keV, and 50 keV,
which measured a suite of 29 elements. X-ray
spectra were processed following Addison et al.
(2013), and log ratios of elemental counts were
used in interpretations because log ratios are
less affected by variations in the physical char-
acteristics of sediments (water content, grain
size, etc.) (Addison et al., 2013; Weltje and
Tjallingii, 2008).

!Supplemental Material. Supplemental Materials 1
(supplemental figures S1, S2, S3, S4); Supplemental
Materials 2 (Table S1. Core Information);
Supplemental Materials 3 (Bacon and OxCal Scripts);
and Supplemental Materials 4 (Invertebrate depth
references). Please visit https://doi.org/10.1130
/GSAB.S.16834096 to access the supplemental
material, and contact editing@geosociety.org with
any questions.
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RESULTS
Facies Descriptions and Interpretations

We follow Reynolds et al. (2018) in their
designation of four sedimentary facies present
in Carpinteria Marsh: gray sand facies, brown
sand facies, mud facies, and white sand facies.
These facies are described in detail in Reynolds
et al. (2018), but we summarize their characteris-
tics here as well as in Table 1. Deposits of white
sand facies are localized to the upper meter of
sediments throughout Carpinteria Marsh and
were previously interpreted to represent a his-
torical washover event (Reynolds et al., 2018);
therefore, we do not discuss this facies further
in this paper.

The gray sand facies is shell rich, gray in
color, fine- to medium-grained sand with silt-
sand laminations that are likely indicative of
tidal influence, and it is often massive or mottled.
Gray sand facies deposits are devoid of foramin-
ifera and ostracods, similar to modern beach and
dune sands in Carpinteria (Wilson et al., 2014).
However, the gray sand facies deposits con-
tain articulated and fragmented shells of inter-
tidal and subtidal bivalves (Mascoma nasuta,
Chione undulata, Leukoma staminea, Tagelus
californianus, Saxidomus nuttalli, Ostrea spp.,
Leukoma laciniate, Cryptomya californica).
Therefore, we interpret the gray sand facies to
represent a lower intertidal to subtidal deposi-
tional environment.

The mud facies is characterized by fine-
grained, organic-rich, laminated and biotur-
bated mud and silt deposits. Mud facies deposits
contain foraminifera species that are indicative
of a marsh environment (Miliammina fusca,
Trochammina inflata, Elphidium excavatum,
Jadammina macrescens (Avnaim-Katav et al.,
2017; Bentz, 2016; Scott et al., 2011) and shells
of Cerithidea californica, which is a mudfiat/
marsh gastropod (Sousa, 1983). This inverte-
brate assemblage is consistent with an intertidal
mudflat/marsh environment.

The brown sand facies is characterized
by fine- to coarse-grained sand beds, which
are massive or normally graded. Beds of this
facies often have sharp or erosional bases
and contain ripple cross laminations or par-
allel laminations. The deposits are lithic-rich,
brown in color, and are more common and
thicker in the landward portions of the marsh.
They lack shell material except for the occa-
sional C. californica fragment. We interpret
the brown sand facies to represent storm-
derived flood deposits transported from the
small streams draining into the marsh into an
alluvial fan depositional environment at inter-
tidal to supratidal elevations.

2039


www.ngs.noaa.gov/OPUS/elevations
www.ngs.noaa.gov/OPUS/elevations
https://doi.org/10.1130/GSAB.S.16834096
https://doi.org/10.1130/GSAB.S.16834096
https://doi.org/10.1130/GSAB.S.16834096

119°32'30"W

34°24'0"N

Reynolds et al.

119°32'0"W

" e

4

119°31'30"W

34°24'0"N

=4

1~

1914 Alluvial Fan

I
119°32'30"W

34°24'0"N

ACPTs (Fugro West, Inc. 2004) ,
O Cores with Grey Sand Facies

119°32'30"W

J
119°32'0"W

119°32'0"W

0

® Cores without Grey Sand Facies

119°32'30"W

119°32'0"W

119°31'30"W

119°31'30"W

34°24'0"N

119°31'30"W

Figure 2. Locations of geoprobe cores and vibracores collected in this study, and approximate locations of cone penetration test (CPT)
boreholes from previous research (Fugro West, 2004) in Carpinteria Marsh are shown. The top panel shows Carpinteria in 1929 and the
bottom panel in 2007. Cores with gray sand facies are shown as black dots; cores that do not sample gray sand facies are shown as white
dots. CPTs are shown as triangles. Cross sections illustrated in Figure 3 are shown as white lines. In both images, the alluvial fan attributed
to a flood in 1914 (Ferren, 1985) is clearly visible in the marsh’s northeast corner, outlined by the white dashed line.

Stratigraphy and Evidence for
Environmental Change

At the base of all cores that penetrate below

10 m, NAVDSS is a bed of gray sand facies,
which grades upwards into beds of mud facies

2040

that are interbedded with beds of brown sand
facies (Fig. 3; Simms et al., 2016). At ~2-3.5 m
NAVDSS, the mud facies and brown sand facies
deposits are sharply overlain by a bed of gray
sand facies except in six cores around the land-
ward perimeter of the marsh, in which deposits of
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gray sand facies are absent at the depths sampled
(Fig. 2). The contact between deposits of mud
facies and the overlying gray sand facies, here-
after referred to simply as “the contact” (Fig. 3),
is directly sampled in seven cores and represents
a distinct lithostratigraphic, geochemical, and

Geological Society of America Bulletin, v. 134, no. 7/8



Sedimentary response of a structural estuary to Holocene coseismic subsidence

TABLE 1. FACIES DESCRIPTIONS, INTERPRETATIONS, AND INDICATIVE RANGES

Facies (Reynolds Facies description Facies Indicative Indicative range (modern values,
etal., 2018) interpretation range relative to NAVD88) (m)
Mud facies Organic-rich; fine-grained (clay to fine sand, mean grain size <50 um); Marsh and MLW* to 0.70-2.16
massive, mottled, or laminated; colors range from blue-grey to red- mudflats HATT
brown; whole and partial Cerithidea californica shells are common,
other shell fragments rare; sparse marsh and mudflat foraminifera
include Jadammina macrescens, Milliammina fusca, Elphidium
spp, Ammonia spp., and Trochiammina spp.; beds range from a few
centimeters to 1 m thick; interbedded with brown sand facies
Grey sand facies Generally organic-poor with some small (millimeter-scale) plant Low intertidal LATt to —0.66-1.02
fragments; fine- to medium-grained sand (mean grain size or subtidal MSL*
50-150 pm); light to dark grey in color; poorly sorted with few muddy sand flats
silt lamina that are frequently mottled or faintly laminated; abundant and/or
shells and shell fragments include Ostrea spp., Saxidomus nuttalli, lagoon
Macoma nasuta, Leukoma laciniata; devoid of foraminifera; beds are
meter-scale in thickness; grade into or are sharply overlain by beds
of mud facies or brown sand facies
Brown sand facies Organic-poor; sandy silt to medium-grained sand (mean grain size 20— Alluvial > MLW* ~0.70
112 um); brown colored; poorly sorted, scattered granules, laminated, fan (flood)
massive and normally graded beds; no shells or shell fragments or deposits

foraminifera; beds 1-50 cm thick; interbedded with mud facies and
most common in the cores at the landward edges of the marsh

*Mean low water (MLW), mean sea level (MSL) modern values are from Sadro et al. (2007).
tLowest, highest astronomical tide (LAT, HAT) modern values are from National Oceanic and Atmospheric Administration (Santa Barbara Station NOAA tide gauge

[http://tidesandcurrents.noaa.gov]).

biological boundary. It is interpreted to represent
an abrupt environmental change from a marsh
environment (as indicated by mud facies depos-
its) to a relatively lower elevation estuarine/
lagoonal environmental (as indicated by gray
sand facies deposits). The contact itself is sharp
(<1 mm) or irregular, which indicates nondepo-
sition or erosion. The gray sand facies deposits
above the contact often contain muddy rip up
clasts, which indicate that the contact represents
a high energy, erosive event.

While both the XRF and §'3C data are highly
variable, their general patterns are consistent
with interpretations of an abrupt environmen-
tal change at the contact that emplaced rela-
tively lower elevation gray sand facies deposits
on higher elevation mud facies deposits. The
mud below the contact has low Sr/Ti and Ca/Ti
and high Fe/Ti ratios, but this pattern abruptly
reverses above the contact. Sr and Ca ratios have
been qualitatively associated with increased
salinity (Koutsodendris et al., 2017), although
they can also indicate the presence of freshwater
carbonate (Chague-Goff et al., 2017). Therefore,
we suggest the increase in Sr and Ca above the
contact may indicate an increase in marine influ-
ence relative to the sediments below the contact,
but additional research (calibrations or identifi-
cation of marine diatoms, for example) would be
needed to confirm this interpretation. In addition,
the bulk sediment 8'3C values gradually increase
above the contact, which potentially reflects an
increase in marine carbon input, as has been
interpreted in other studies (Milker et al., 2015).
The gradual nature of this change and the vari-
ability in 8'3C values within gray sand facies
deposits likely reflect the mixed sources of car-
bon present, which would include both marine-
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derived carbon as well as carbon redeposited
from estuarine sources (within rip ups, etc.).

Above the contact, the nature of the gray sand
facies is highly variable, and individual beds of
sand are difficult to correlate spatially. Depos-
its of gray sand facies grade upwards into the
top-most sediments in the marsh, which are
comprised of beds of mud facies interbedded
with beds of brown sand facies (Fig. 3; Reyn-
olds et al., 2018). We interpret this transition to
represent the gradual shoaling of the estuary to
its previous elevations and the marsh/mudflat
environment that characterizes the marsh today.

The core stratigraphy suggests the contact
is correlative throughout the marsh where gray
sand facies deposits are found. In addition, a
geotechnical survey from 2004 (Fugro West,
2004) includes cone penetration test (CPT)
and borehole data from the eastern side of the
marsh, which were interpreted to reflect grain
size changes in the subsurface. The inferred
grain size patterns indicate a contact between
generally finer grained deposits and overlying
sand deposits (described in the report as gray or
brown estuarine sand where sampled) at similar
elevations to those of the contact we observe,
which indicates that the contact may extend at
least along the entire shore-parallel length of the
marsh and as far landward as Carpinteria Avenue
(Fig. 1).

Quantifying the Magnitude of RSL Change

The lithological and biological evidence pre-
sented above indicates that the contact marks a
deepening of the estuary from a higher elevation
(intertidal) mudflat/marsh environment charac-
terized by fine-grained sediment deposition of
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mud facies sediments to a lower elevation (sub-
tidal to intertidal), tidally influenced sand flat
or shallow lagoon environment in which gray
sand facies sediments were deposited. To esti-
mate the magnitude of the inferred deepening,
we estimated the indicative meaning (i.e., the
vertical relationship to a reference water level;
Shennan, 1986; van de Plassche, 1986) of the
deposits above and below the contact using the
modern distribution of invertebrates as a guide
(Fig. 4, Table 1).

In Carpinteria Marsh today, C. californica are
found on the mudflats and high marsh surface
(Bentz, 2016), which is consistent with previ-
ous studies that describe their elevation range as
dominantly high intertidal (above mean sea level
[MSL)) in the southwest Pacific coast (MacDon-
ald, 1969a, 1969b; Sousa, 1983). Therefore, we
estimate that the mud facies deposits below the
contact formed between the paleoelevations of
MLW and highest astronomical tide (HAT), a
range which is slightly more conservative than
that used for undifferentiated marsh deposits in
other sea-level reconstructions from the Pacific
coast of North America (Engelhart et al., 2015;
Reynolds and Simms, 2015).

The bivalve species found above the contact
within gray sand facies deposits occur at a wide
range of elevations in estuaries and shallow
coastal environments along the Pacific coast of
North America (Fig. 4; Supplemental Material
4; see footnote 1), and their estuarine elevation
ranges relative to tidal datums have not been sys-
tematically surveyed. However, the suite of spe-
cies found in the gray sand facies are described
as having “preferred’ or “common” ranges in
lower intertidal to subtidal environments (see
Supplemental Material 4 and references therein);
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Figure 3. Marsh stratigraphy and evidence
for relative sea level change are shown.
Shore-parallel core transect A, shore-
parallel cone penetration test (CPT) transect
B (redrawn based on Fugro West, 2004,
Plate 4A), and shore-perpendicular core
transect C. Grey boxes indicate the depth of
material sampled in sediment cores; dotted
lines indicate the depth of borehole CPT
data (Fugro West, 2004). The stratigraphy
based on data from the Fugro West (2004)
report is interpreted here based on their
interpretations of grain size; we assume that
the deposits ~ -3 to 1.5 m relative to NAVD88
described as dominantly sand in the Fugro
West (2004) report are correlative with the
bed we identify as gray sand facies, while
those described as clay/silt/fine-grained are
correlative with mud facies. Correlations
of beds of brown sand facies are based on
age and lithological data and are uncertain.
Details of X-ray fluorescence and carbon
isotopic data from Core 46 are shown below
Transect A-A’. Radiocarbon ages are given
in calibrated thousands of yr B.P., and the
ranges shown have 26 uncertainties. Several
redundant radiocarbon ages from CM46
were removed for clarity; all ages are listed
in Table S2 (see footnote 1).

<
<

therefore, we estimate that the gray sand facies
was deposited below MSL. Due to the wide
depth range of the species present (Fitch, 1953),
it is also not possible to determine a definitive
lower bound for the gray sand facies. However,
the species present in the gray sand facies have
been historically common in estuaries and shal-
low intertidal environments in southern Califor-
nia (Crooks, 2001; Desmond et al., 2002; Novoa
etal., 2016), and paleoecological studies suggest
that intertidal salt and mud flats were more com-
mon prehistorically than open lagoon conditions
in other estuaries in southern California (Beller
et al., 2014); therefore, we estimate that the gray
sand facies was deposited between the eleva-
tions of the lowest astronomical tide (LAT) and
MSL, which is consistent with the indicative
range used for undifferentiated lagoon/estuarine
samples in the RSL reconstruction of Reynolds
and Simms (2015). However, due to this uncer-
tainty in elevation at which the gray sand facies
was deposited, the calculated elevation change
should be considered a minimum value.

The indicative ranges defined here are con-
sistent with (1) other palacoecological interpre-
tations of the depth range of similar communi-
ties (i.e., Crooks, 2001); (2) indicative ranges
defined in other Pacific coast sea-level studies
(i.e., Engelhart et al., 2015); as well as (3) the
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modern elevation distributions of these environ-
ments as surveyed in studies from other locations
along the Pacific coast of North America (see
Supplemental Material 4 and references therein).
Marsh platforms in California marshes were
found to dominantly occur at MHHW =+ 0.5 m
(the specific range depends on the tidal range of
the individual marsh) (Thorne et al., 2018). In
Carpinteria, the modern marsh platform (includ-
ing Salicornia Marsh and mudflats) is found
between MLW and MHHW. In Mugu Lagoon,
just to the south of Carpinteria, the marsh plat-
form ranges from MSL to > MHHW. Older
literature also supports these interpretations.
MacDonald (1969), who surveyed estuarine
environments in California, found that marsh
environments occurred between mean lower
high water (MLHW) and extreme high water
(EHW), which is approximately equivalent to
mean high water (MHW) to highest astronomi-
cal tide (HAT).

Following other studies (Hawkes et al., 2010,
2011; Grand Pre et al., 2012; Woodroffe and
Barlow, 2015), we use the modern elevations
of relevant tidal datums (MLW and MSL from
Carpinteria Marsh (Sadro et al., 2007); LAT and
HAT from the Santa Barbara Station NOAA
tide gauge (https://tidesandcurrents.noaa.gov;
accessed September 2021, present tidal epoch
data) to calculate the magnitude of RSL change
at the contact as follows:

RSLA=E. —E, (1

where RSLA is magnitude of change in RSL,
Epre is the elevation, relative to MSL, of the
below-contact marsh surface, and E, is the
elevation, relative to MSL, of the above-contact
estuary surface.

The uncertainty in this calculation, RSLA,

is determined as follows:

error?

RSLA or = 8qrt(Epreerror” + Eposteror’)  (2)
where E, . ..o, i$ the indicative range of the mud
facies deposits below the contact and E o oo
is the indicative range of the gray sand facies
deposits above the contact. Following other stud-
ies (i.e., Hijma et al., 2015; Khan et al., 2019),
this uncertainty is assumed to approximate a 2o
vertical error.

Using these calculations, the contact rep-
resents a 1.3 + 1.1 m rise in RSL; the charac-
teristics described above suggest this rise in
RSL caused a marsh/mudfiat environment to
transform to lower elevation intertidal sand
flats. Because no abrupt rises in RSL have been
inferred in late Holocene sea-level reconstruc-
tions for California (Reeder-Myers et al., 2015;
Reynolds and Simms, 2015; Yousefi et al.,

Downloaded from http://pubs.geoscienceworld.org/gsa/gsabulletin/article-pdf/134/7-8/2037/5636445/b35827 .1.pdf
bv LIC Santa Barbara | ibrarv user

2018), we interpret this rise in RSL to represent
subsidence of the marsh surface. In addition, the
irregular/sharp nature of the contact and pres-
ence of muddy rip up clasts in the gray sand
facies deposits above the contact indicate that
the contact-forming event was erosive, abrupt,
and followed by high energy deposition.

Chronology of the Contact

To place Carpinteria Marsh’s sea level history
in a regional context, we used each radiocarbon
age from Carpinteria Marsh as a sea-level index
point (Shennan, 1986; van de Plassche, 1986)
with an indicative range indicated by the facies
with which it is associated. We calculated the
paleo RSL represented at each radiocarbon sam-
ple following the methods described in Reynolds
and Simms (2015; Fig. 5). Unlike in Reynolds
and Simms (2015), we did not apply a tectonic
correction (to illustrate any tectonic effects on
the marsh). Therefore, the vertical error includes
uncertainty in the ground surface elevation and
the indicative range; compaction was neglected.
Radiocarbon ages show that sedimentation in
Carpinteria Marsh was ~0.2 cm/yr from ca. 7-3
ka, which is consistent with regional rates of
sea-level rise at that time (Yousefi et al., 2018),
although all ages from mud facies deposits are
at lower elevations than would be expected from
the regional sea-level record (Fig. 5).

After ca. 3.0 ka, the sedimentary history
among cores becomes more variable. Radio-
carbon ages from samples in mud facies depos-
its just below the contact range from 1 ka to 3
ka over a limited vertical range (within 25 cm
below the contact), which indicates erosion,
non-deposition, or compaction of sediments
from this time period. Ages from samples above
the contact, from the gray sand facies deposits,
are variable and often out of stratigraphic order
within their core, which indicates reworking, or
they have overlapping age ranges, which indi-
cates rapid sedimentation. This variability in
radiocarbon ages introduces significant uncer-
tainty in the timing of development of the con-
tact formation. Therefore, to test whether the
contact formed synchronously and determine
its age, we used two different methods, each of
which has its own limitations and assumptions.
Prior to running the age models, we removed
seven ages that had two conditions indicative of
reworking/contamination: (1) they were out of
stratigraphic order within their core; and (2) the
sample dated had other indications of reworking
(small sample size, multiple fragments, evidence
of bioturbation, etc.) or modern contamination
(was described as a root) (Table S2).

First, we used the Bayesian age-depth model,
Bacon (Blaauw and Christen, 2011), and
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calculated the age of the contact separately in
each of the six cores that continuously sampled
across the contact and had ages both above and
below it (Supplemental Material 3; see footnote
1). Because an erosional contact represents miss-

2044

ing time, the age-depth model was set to assume
a hiatus of unknown duration at the contact.
Because of the lithological change at the contact,
we assumed the sedimentation rates above and
below the contact were independent. For all age-
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depth models, a gamma distribution representing
a mean accumulation rate of 0.4 cm/yr was used
as the prior value for the sediments above the
contact. This value is the average sedimentation
rate previously calculated from Pb?!%, Cs!¥7, and
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Figure 5. Paleo relative sea level from
Carpinteria Marsh compared with paleo
relative sea level data from southern
California (Reynolds and Simms 2015) are
shown. (A) The 26 calibrated radiocarbon
ages vs. paleo relative sea level (RSL)
(calculated following Reynolds and Simms,
2015) are shown relative to present mean
sea level (MSL) in all cores. The vertical
uncertainty is indicated by the height of the
box and represents an ~26 uncertainty, which
includes the indicative range of the sample
and the uncertainty in the ground surface
elevation for each core, which was less than
0.15 m for all samples. The black lines show
the bounds of a glacial isostatic adjustment
(GIA) RSL model of southern California
from Yousefi et al. (2019), which was fit to
paleo RSL data for other sites in southern
California from Reynolds and Simms (2015)
(shown as gray boxes). (B) The same data
are shown but with the Carpinteria ages
beneath the contact raised by the maximum
inferred subsidence of 2.36 m to test whether
the removal of coseismic displacement
places Carpinteria’s paleo RSL within that
calculated for southern California.

<
<

pollen/pollution horizons (Reynolds et al., 2018)
for the upper 1-2 m of sediment in Carpinteria
Marsh. The prior value used for the accumulation
rate of sediments below the contact was 0.2 cm/
yr, which is the sedimentation rate we calculated
from a linear regression of all calibrated ages and
depths below NAVDSS values below the contact
([depth relative to NAVDSS (cm)] = 0.2 cm/yr*
[cal yr B.P.] 4+ 149 cm, R? = 0.93). The stratig-
raphy above and below the contact (the presence
of beds of brown sand facies and spatial vari-
ability in the thickness of the gray sand facies
deposits) indicates that sedimentation is tempo-
rally variable; however, the average sedimenta-
tion rates used for the priors result in age-depth
models that fit the observed ages reasonably well
(see Supplemental Material 3).

Using separate chronologies for each core
(no synchronicity is assumed between cores),
the contact dates to (mean and 20 range, cal
yr B.P): 0.9 £0.2 ka (CM15), 1.2+ 0.2 ka
(CM20), 1.2 +£0.2 ka (CM19), 0.9 +0.2 ka
(CM21), 1.1 £ 0.1 ka (CM41), and 1.1 £0.1
ka (CM44). Each age-depth model relies on
a very limited number of ages; therefore, the
possible presence of inherited ages (not identi-
fied as such) or a greater degree of erosion in
some cores may bias their age models towards
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older ages, contributing to variability in the age
models among cores. Regardless, the ranges of
the modeled ages of the contact overlap, which
suggests that the contact formed synchronously
across the marsh between 0.7 ka and 1.4 ka.
Because the Bacon age-depth models use
assumptions about sedimentation rates and
require us to identify the contact as a hiatus for
the model to recognize it as such, we also cal-
culated the age of the contact using the Bayes-
ian age-depth model OxCal v4.4.4 (Lienkaem-
per and Bronk Ramsey, 2009; Bronk Ramsey,
2009), which (when using the Sequence and
Phase functions) requires assumptions about
stratigraphic order but not sedimentation rates.
In this model, we used 47 radiocarbon ages from
seven cores that continuously sampled across
the contact, because their vertical distance from
the contact could be established. Following
Lienkaemper and Bronk Ramsey (2009), we
grouped data from multiple cores into a single
stratigraphic package (same facies and similar
depth relative to contact) termed a “Phase” in
the program. The ages within each phase were
not constrained to a particular order in the model
(although they are shown in chronological order
for clarity in Fig. 6), but the phases themselves
are constrained to be sequential—i.e., the strati-
graphically lower phases are assumed to have
occurred before those stratigraphically above
them. Based on this model, the contact formed
at 1173-1231 cal yr B.P. (20 age range), which
overlaps the contact age modeled using Bacon.
However, any inherited ages that may remain
in the gray sand facies phase above the con-
tact could bias this model toward older ages.
Therefore, we consider this modeled age to be
a maximum. Taken together, the Bacon and
OxCal models give overlapping age estimates
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for the submergence event and suggest the con-
tact formed between 0.7 ka and 1.3 ka, which
is hereafter given as 1.0 &= 0.3 ka (representing
the midpoint and range of possible ages). The
plethora of ages above the contact between 0.5
ka and 1 ka qualitatively supports this interpreta-
tion and suggests that sediment started rapidly
accumulating sometime after 1 ka.

The landward limit of deposition of gray sand
facies (and therefore long-lasting, post-seismic
flooding) is indicated by the lack of gray sand
facies deposits in several cores around the
landward margins of the marsh (Fig. 2). The
deepest of these cores, CM16, extends to 4 m
depth below ground surface (1.6 m relative to
NAVDS8S). This core contains a bed of brown
sand facies with convolute bedding (Supple-
mental Material 1, Fig. S3) that was possibly
produced by earthquake-induced liquification,
which dates to 0.9 4+ 0.1 ka (20 uncertainty,
based on a separate Bacon age-depth model)
and overlaps the time of formation of the con-
tact. The lack of marine-influenced sand above
this layer suggests that CM16 subsided from a
higher pre-subsidence elevation and remained
above MSL after subsidence or was subjected
to less erosion and compaction than sediments
from more seaward parts of the marsh.

DISCUSSION
Interpretation of the Contact

The evidence presented above suggests that
the contact formed synchronously across the
marsh at ca. 1.0 =+ 0.3 ka due to an abrupt deep-
ening of a marsh/mudflat environment that initi-
ated rapid and high-energy deposition of gray
sand facies deposits in an intertidal to subtidal
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setting. The data presented are consistent with
many of the criteria described elsewhere (Nel-
son et al., 1996, 1998; Shennan et al., 2016) as
indicative of coseismic subsidence: a laterally
extensive and sharp contact, evidence of an RSL
rise, and evidence of synchronicity of change
that is replicated in multiple cores. In addition,
the paleo RSL values calculated for Carpinteria
Marsh consistently fall below what would be
expected based on the paleo RSL calculated for
other sites in southern California from 3 ka to 7
ka. If we raise the sea-level index points below
the contact by the maximum inferred subsidence
amount (Fig. 5B), the modified paleo RSL ranges
(while highly uncertain) overlap the lower part
of the range in RSL values inferred for southern
California (Reynolds and Simms, 2015; Yousefi
etal., 2018). However, the Carpinteria values are
still generally lower than those from other estu-
aries in southern California, which perhaps indi-
cates additional subsidence from compaction.

Carpinteria Marsh is located on the down-
thrown side of the Rincon Creek Fault (Jackson
and Yeats, 1982), which offsets Quaternary grav-
els on shore (Dibblee, 1994; Fredrickson, 2016;
Jackson and Yeats, 1982). Therefore, movement
on this fault is likely the source of the subsid-
ence observed, and we argue that, while not a
unique solution, coseismic subsidence is the
most consistent explanation for the available
data. However, nonseismic processes, such as
floods, mouth or tidal channel migration, climate
change-related sedimentation changes, or barrier
breaching events can cause stratigraphic changes
similar to those created by coseismic subsidence
(Nelson et al., 1998, 1996). In the section below,
we argue that the evidence is inconsistent with
these alternative scenarios.

The ages of several large flood events recorded
in the Santa Barbara Channel sedimentary record
(Hendy et al., 2013) overlap the age of deposi-
tion of the upper bed of gray sand facies in Car-
pinteria Marsh. However, the gray sand facies
deposits above the contact are bioturbated and
contain radiocarbon dates that span 500 years
of deposition, which indicates that this deposit
represents a period of long-lasting environmen-
tal change and not a single event. Additionally,
if the deposits of gray sand facies represented
storm driven deposition, the repetition of flood
layers in the Santa Barbara Basin (Du et al.,
2018) would suggest that multiple beds of gray
sand facies should be present in the deeper cores,
which we do not observe.

Tidal channel, mouth migration, or a trans-
gressing shoreline could form a contact similar
to that described here; however, these processes
would be expected to cause progressive erosion
throughout the marsh. For example, a transgress-
ing shoreline would be expected to be more ero-
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sive oceanward and less erosive landward and
therefore would be underlain by ages that young
landward. In Carpinteria Marsh, the variable
ages that underlie the contact exhibit no clear
pattern relative to geography. The depth of the
contact varies spatially (from —1.9 to —3.3 m
relative to present MSL) and deepens in the
direction of the area of greatest offset on the
Rincon Creek Fault (Jackson and Yeats, 1982),
which may reflect a combination of differential
subsidence, irregularity of the original marsh
surface, and spatial variability in erosion and/or
compaction related to the subsidence event.

One possible explanation for the observed
lack of radiocarbon ages between 1 ka and 3 ka
would be a decrease in sedimentation during this
time due to climatic changes that resulted in non-
accumulation and/or erosion of the marsh for ca.
2000 years before abruptly resuming sedimen-
tation at 1.0 ka. However, at least four small
streams prehistorically drained into Carpinteria
Marsh; therefore, a hiatus in sediment deposi-
tion by these streams would require all entering
streams to avulse away from the marsh at once,
which would be unlikely. If a large-scale shift
in climate were responsible, we would expect
to see similar, contemporaneous responses from
other estuaries in southern California—which
does not appear to be the case from existing
paleoecological records (Cole and Wahl, 2000;
Ejarque et al., 2015; Lohmar et al., 1980).
Instead, the erosion/nondeposition indicated
from 1 ka to 3 ka likely reflects a combination
of decreased sediment accumulation due to sea-
level deceleration (Reynolds and Simms, 2015;
Yousefi et al., 2018) as well as erosion and com-
paction induced by the subsidence event itself.
Compaction/consolidation of surficial sediments
has been documented in historical subsidence
events (Plafker, 1969; Weischet, 1963).

Finally, the contact could be attributed to
abrupt breaching of a sandy barrier that previ-
ously sheltered the estuary from marine influence
(Nelson, 1992). Any scenario that does not call
on tectonic subsidence, such as barrier breach-
ing and all other alternatives mentioned previ-
ously, would require that the mud facies deposits
below the contact were deposited ~1-3 m below
MSL from 7 ka to 3 ka (see discrepancy between
ages from Carpinteria Marsh sediment and the
regional RSL curve in Fig. 5). However, the geo-
chemical characteristics of the mud facies depos-
its and the presence of C. californica suggest that
the mud facies sediments were deposited in an
intertidal environment above MLW. Addition-
ally, the environmental change represented by
the contact appears to be laterally continuous
and synchronous across much of the modern
marsh and possibly beyond its present bound-
aries, which would be difficult to accomplish
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in a single barrier breach. Therefore, we argue
that coseismic subsidence is the most consistent
explanation for the available data.

Hazard Implications

If a subsidence event were to recur today along
the highly populated Santa Barbara coast, effects
would include coastal flooding, ecological com-
munity shifts, damage to infrastructure due to
liquefaction, and increased susceptibility of low-
lying coastal areas to storms and sea-level rise
(Hughes et al., 2015; Imakiire and Koarai, 2012;
Jaramillo et al., 2017). However, the linear sedi-
mentation rate from 3 ka to 7 ka and the absence
of stratigraphic evidence for older subsidence
events suggests that the recurrence interval for
large, coseismic subsidence in Carpinteria may
be greater than 6 k.y. or that previous coseismic
events did not result in an environmental change
large enough to be identified in the stratigraphy.

The most likely source of subsidence within
Carpinteria Marsh is movement along the
Rincon Creek Fault as a backthrust event off a
larger fault in the region (Levy et al., 2019). The
age range for the Carpinteria subsidence event
overlaps that of the most recent large earthquake
at Pitas Point near Ventura, which is dated to ca.
0.95 +0.14/-0.11 ka (Rockwell et al., 2016). Assum-
ing these two events are correlated would sup-
port the potential for large-scale ruptures within
the Ventura/Santa Barbara regions. However, no
other stratigraphic changes clearly indicative of
uplift or subsidence are present in the Carpin-
teria record, while three other uplift events that
occurred during the past 7000 years have been
documented at Pitas Point. This discrepancy
may suggest that movement along the larger
thrust faults in the region only occasionally acti-
vates the Rincon Creek Fault or that previous
subsidence events were too small to be recog-
nized in the stratigraphy.

Sedimentary Response of Structural
Estuaries to Subsidence

The Carpinteria estuary responded to the
coseismic increase in accommodation with a
rapid accumulation of intertidal sediments (gray
sand facies), which is similar to the responses
of estuaries observed after historical coseis-
mic events (Atwater et al., 2001; Ovenshine
et al., 1976; Weischet, 1963) and well-dated
prehistorical events in the stratigraphic record
(Atwater and Hemphill-Haley, 1997; Benson
etal., 2001). The characteristics of the gray sand
facies sediments suggest they were deposited
in a high-energy tidal sand flat environment
formed over the prior marsh and mudflat depos-
its (mud facies). The presence of marine species
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and silt-sand couplets in the gray sand facies
deposits reflects an increased tidal influence
after subsidence that perhaps represents a tem-
porary increase in the tidal range as the estuary
deepened and became more open to the ocean.
However, as indicated by the lack of gray sand
facies deposits in CM16 and the variability in the
depth of the contact, the effects of coseismic sub-
sidence varied throughout the marsh perhaps due
to variations in the pre-subsidence elevation as
well as post-subsidence erosion and compaction.

Although the radiocarbon data suggest a rapid
accumulation of intertidal sediments immedi-
ately following the subsidence event, the grad-
ual shoaling of the estuary to its pre-subsidence
elevation ultimately lasted 500-900 years, which
is consistent with observations (Atwater et al.,
2001; Benson et al., 2001; Reinhardt et al., 2010)
that estuaries with smaller tidal ranges take lon-
ger to recover (in terms of their elevations) from
coseismic subsidence than those with larger tidal
ranges and therefore would not as readily pre-
serve evidence of temporally close events. This
lag was likely exacerbated in Carpinteria by the
Mediterranean climate and lack of large river
influences, which limited the input of fluvial
sediments, in contrast to the rapid accumulation
of deltaic and fluvial deposits observed follow-
ing subsidence events in estuaries and wetlands
fed by permanent streams (Clark et al., 2013;
Cochran et al., 2017; Knudsen et al., 2002; Rein-
hardt et al., 2010).

The displacement of the paleomarsh surface
deposits relative to their expected elevations
based on regional RSL (Reynolds and Simm:s,
2015; Fig. 5) is consistent with the results of
other studies (Castro et al., 2010; Chelli et al.,
2017; Clement and Fuller, 2018; Hayward et al.,
2010; Rodriguez-Ramirez et al., 2014; Simms
et al., 2016; Tanabe et al., 2013) that indicate
that structural estuaries contain thicker deposits
of intertidal and alluvial sediments than would
be expected from non-tectonic increases in
accommodation alone. Coseismic subsidence
also displaces older deposits downward, which
increases their preservation potential. Previous
research on the deep structure of the Carpinteria
basin (Jackson and Yeats, 1982) suggests that it
has been subsiding since the middle Quaternary.
To accommodate the structure and depth of the
basin, it is likely that the estuary has experienced
many other coseismic events over its lifetime
and preserves sediments from previous trans-
gressions and highstands as observed in other
structural estuaries (Atwater et al., 1977).

CONCLUSIONS

Previous studies have argued that accommo-
dation created by RSL rise is a prerequisite for
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stratigraphic preservation of coseismic events
and that evidence of coseismic subsidence is
not as well-preserved during times of RSL stag-
nation or fall (Dura et al., 2016; Kelsey et al.,
2015). However, many of these studies focus
on estuaries in subducting regions where elas-
tic deformation and/or interseismic uplift can
decrease the permanent vertical change gener-
ated by subsidence. In contrast, deformation in
Carpinteria, and in other structurally bound estu-
aries (Atwater et al., 1977; Simms et al., 2016),
may result in non-elastic, permanent deforma-
tion. In Carpinteria, coseismic subsidence may
have temporarily interrupted the typical matura-
tion process described in classic estuarine facies
models (Boyd, 2006; Dalrymple et al., 1992);
it is possible that without late Holocene subsid-
ence, Carpinteria Marsh may have transitioned
from an estuary to a delta as RSL rise decelerated
in the late Holocene. Future studies could test
whether these implications are broadly applica-
ble to other structurally controlled estuaries and
whether structural estuaries contain stratigraphic
evidence of environmental changes and defor-
mation events independent of the trajectory of
the concurrent non-tectonic components of RSL.
This research indicates that abrupt, coseis-
mic subsidence in fault-bounded estuaries in
regions such as the Californian, Mediterranean,
and other active coastlines, can be identified and
quantified in the stratigraphic record using the
same, well-established criteria as those used to
differentiate subsidence from other estuarine
processes along subduction and strike-slip mar-
gins. This study follows a long line of previous
studies from active margins around the world
that have demonstrated that accommodation cre-
ated by tectonic subsidence, in addition to non-
tectonic RSL rise, results in distinctive sedimen-
tary and stratigraphic characteristics of active
margin estuaries, such as high long-term rates of
sedimentation, evidence for abrupt rises in RSL,
and a recovery response that is dependent on
sediment influx and tidal range. The identifica-
tion of localized subsidence events in structural
estuaries can help elucidate seismic hazards and
may provide additional insights into subsurface
relationships in complicated tectonic regions.
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