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ABSTRACT

The Sacramento-San Joaquin Delta (Delta) in California (USA) is an
important part of the state’s freshwater system and is also a major source of
agricultural and natural resources. However, the Delta is traversed by a series
of faults that make up the easternmost part of the San Andreas fault system at
this latitude and pose seismic hazard to this region. In this study, we use new
high-resolution chirp subbottom data' to map and characterize the shallow
expression of the Kirby Hills fault, where it has been mapped to cross the Sac-
ramento River at the western extent of the Delta. The fault is buried here, but
we document a broad zone of deformation associated with the eastern strand
of the fault that changes in character, along strike, across ~600 m of the river
channel. Radiocarbon dates from sediment cores collected in the Sacramento
River provide some minimum constraints on the age of deformation. We do not
observe evidence of the western strand as previously mapped. We also discuss
difficulties of conducting a paleoseismologic study in a fluvial environment.

H INTRODUCTION

The Kirby Hills fault zone (Fig. 1) cuts through the western extent of the
Sacramento-San Joaquin Delta (Delta), east of San Francisco Bay (California,
USA), in the middle of the urban-rural transition. The Delta is the backbone of
California’s water conveyance system with ~50% of the freshwater used by the
state flowing through it (Lund et al., 2007). It is also a major agricultural area and
important ecological system, supporting more than 750 species of plants and
animals (Delta Stewardship Council, 2013). Because of this, the Delta’s islands and
tracts are protected by more than 1700 km of human-made levees (Ingebritsen

'Chirp data are archived at the Marine Geoscience Data System and can be accessed through the
Academic Seismic Portal (https:/www.marine-geo.org/collections/#!/collection/Seismic#summary).
The data sets have DOls: https://doi.org/10.26022/IEDA/330931 and https://doi.org/10.26022/IEDA
/330932. Sediment cores are archived at the USGS Pacific Coastal and Marine Science Center.

Shannon Klotsko @ https://orcid.org/0000-0002-8485-0293

and lkehara, 1999; Suddeth et al., 2010). In the event of a substantial earthquake,
ground shaking could cause levee failure from liquefaction of the underlying
sediments (Mount and Twiss, 2005; Suddeth et al., 2010), which would result in
the contamination of freshwater and the destruction of valuable agricultural land
and habitats (CALFED Bay-Delta Program, 2000; Mount and Twiss, 2005; Suddeth
et al., 2010). The Kirby Hills fault (Figs. 1 and 2) is an active fault with most of its
measured seismicity below M, 4 (Weber-Band et al., 1997; Fig. 3); however, it could
potentially generate an earthquake as large as moment magnitude (M) 6.7 (WGCEP
Thrust Fault Subgroup, 1999), potentially large enough to cause levee failure.

The Kirby Hills fault is primarily buried or blind, with some surficial geomor-
phic expression on land (Unruh and Sundermann, 2006). Within the Sacramento
River, the fault tip is deeper than 75 m, but exact depth is unknown because the
fault plane is not resolved in deeper-penetration seismic data (Parsons et al.,
2002). Previous work (Parsons et al., 2002) identified deformation of the Sacra-
mento River floor associated with the Kirby Hills fault, indicating relatively recent
activity near the surface. To better characterize the shallow expression of defor-
mation associated with the Kirby Hills fault and constrain the age of deformation,
we resurveyed this area (Fig. 2) with a higher-resolution seismic reflection system
(chirp subbottom profiler) and collected sediment cores. Our results highlight the
importance of submarine methodologies for paleoseismic studies in developed
areas but also the limitations of these methods in a fluvial system.

B GEOLOGIC BACKGROUND

The Kirby Hills fault, also referred to as the Rio Vista fault (USGS and CGS,
2020), is a NNE-SSW-striking fault located within the former Great Valley forearc
basin and represents the western boundary of the Rio Vista Basin (Fig. 1),
a subbasin of the regional Sacramento Basin (Cherven, 1983; Krug et al., 1992).
The Kirby Hills fault extends 53 km from the town of Vacaville in the north to
the city of Pittsburg in the south (Fig. 1; USGS and CGS, 2020; Graymer et al.,
2006). The fault has been characterized as a reactivated structure that was ini-
tiated during the Eocene as a normal fault (Krug et al., 1992; MacKevett, 1992).
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Figure 1. Map of regional Quaternary-
active faults (USGS and CGS, 2020;
Horton et al., 2017) and geographic
landmarks, San Francisco Bay area,
California (USA). Black solid outline
surrounds Sacramento-San Joa-
quin Delta, dashed box surrounds
study area, and dotted box is extent
shown in Figure 3. KF—Kirker fault;
SR—Sacramento River; SUR—San
Joaquin River.
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After the margin transitioned from subduction to mainly transform ca. 8 Ma
(Atwater, 1970), the Kirby Hills fault became a strike-slip fault with an 80°-85°
dip to the east (Parsons et al., 2002); it has also been defined as a reverse fault
(MacKevett, 1992; Weber-Band et al., 1997). It is the easternmost part of the San
Andreas fault system in this region (Fig. 1). Strike-slip displacement is estimated
at 0.5+ 0.2 mm/yr for the Kirby Hills fault (WGCEP Thrust Fault Subgroup, 1999).
Vertical slip estimates are between ~0.1 and 0.5 mm/yr, but they likely fall on
the lower end (~0.15 mm/yr; WGCEP Thrust Fault Subgroup, 1999).

The Kirby Hills fault is a deeply penetrating fault and is a prominent high-
velocity feature, separating a shallow, low-velocity basin to the west from the
gravity and velocity low of the Rio Vista Basin to the east (Thurber et al., 2009;
Fletcher et al., 2016; Fletcher and Erdem, 2017). Most of the recorded seismic-
ity (Fig. 3) on the Kirby Hills fault has occurred at depths greater than 14 km
(Weber-Band et al., 1997) and as much as 25 km (Parsons et al., 2002; Thurber
et al., 2009). Although most measured seismicity is below M, 4 (Weber-Band

et al., 1997), a M 6 earthquake occurred on 19 May 1889 in the vicinity of Pitts-
burg and Antioch (Figs. 1 and 3; Wong et al., 1988). While the epicenter of this
historical event remains ambiguous, the Kirby Hills fault is the closest known
potential source for this earthquake (Weber-Band et al., 1997; WGCEP Thrust
Fault Subgroup, 1999), supporting the need for continuing research on this fault.

B METHODS

In 2017, a seismic reflection survey (Fig. 2) was conducted across the Kirby
Hills fault zone in the Sacramento River using the Scripps Institution of Ocean-
ography (La Jolla, California) Edgetech X-Star chirp subbottom profiler with line
spacing between 50 and 150 m. Data were collected using a 0.7-3 kHz swept-
frequency acoustic source with a 50 ms sweep and recorded in SEG-Y format with
real-time GPS navigation recorded for each shot for location accuracy. The data
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Figure 2. Map of study region where
Kirby Hills fault crosses Sacramento
River. Sacramento River multibeam ba-
thymetry data relative to mean lower
low water (mbllw—meters below mean
(0 < lower low water) (Dasler, 2000; Pagano,
50" 2012) are shown in colored shaded relief
where available; unsurveyed water-
ways are shown in white. Boundaries

5 5T between the two bathymetric data sets
. /{ are denoted with light gray dashed line;
‘,“ the data sets are of differing resolutions.
Faults are from USGS and CGS (2020).
Chirp tracklines shown in figures are in
bold, and associated figure numbers
and line names are labeled. Solid gray
line is air gun profile shown in Figure 6.
Prefixes (DL-VC-) and leading zeroes are
omitted from core labels in the figure.
Map with tracklines for all data exam-
-, ined in this study is in Supplemental
O,? Material (see text footnote 1). NG—
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group; SG—southern group.

were processed using SIOSEIS (http:/sioseis.ucsd.edu) and plotted using Seis-
mic Unix (Cohen and Stockwell, 2015) and then imported into IHS Kingdom and
QPS Fledermaus for interpretation and three-dimensional visualization. A nom-
inal velocity of 1500 m/s was applied to convert two-way travel time (TWTT) to
depth on chirp profiles. Stratigraphy was imaged as deep as 30 m below the river
floor with decimeter-scale vertical resolution. Bathymetry data used in this study
include National Oceanographic and Atmospheric Administration (NOAA) data
set H12340 (Pagano, 2012) with 1 m resolution and NOAA data set H10897 (Dasler,
2000) with 5 m resolution, with a vertical scale relative to mean lower low water.

Seismic reflection data collected and processed by the U.S. Geological Survey
(USGS) in the 1990s were also utilized (Supplemental Material?; Childs et al., 2000).

This includes low-frequency Bolt 600 air gun data (surveys J2-94-SF and G2-95-
SF) and higher-frequency Seistec boomer data (survey J2-94-SF). The data were
imported into IHS Kingdom to aid in interpretation of fault-related deformation.

In 2018, vibracores were collected at the study site from the S/V Retriever
(Fig. 2). The cores were collected using the USGS Rossfelder P-5 vibracoring
system. Locations for cores used in this study are listed in Table 1. Core names
have a prefix of DL-VC-, which stands for delta-vibracore, but cores will be
referred to by the core number without prefix in the following sections. Due to
the density of the material, penetration was quite poor in many coring locations.
As a result, these sediments ended up in ordered bags instead of core liners.
These cores are noted in Table 1. Whole cores were analyzed using a Geotek

2Supplemental Material. Includes additional information about seismic reflection data used in this study and support for interpretations, including additional figures. Description of sediment units
with Munsell colors. Please visit https://doi.org/10.1130/GEOS.S.22064780 to access the supplemental material, and contact editing@geosociety.org with any questions.
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Figure 3. Seismicity data since 1969 CE (Northern California Earthquake Data Center, 2014) with
faults plotted as blue lines (USGS and CGS, 2020; Horton et al., 2017). (A) Earthquake depth in kilo-
meters. (B) Earthquake magnitude. KHF —Kirby Hills fault; KF—Kirker fault; AF— Antioch fault; Sac.
R.—Sacramento River; NYS—New York Slough.
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TABLE 1. INFORMATION ABOUT SEDIMENT
CORES USED IN THIS STUDY

multi-sensor core logger for downcore measurement of physical properties.
Organic samples were analyzed at the W.M. Keck Carbon Cycle Accelerator

Core name Latitude Longitude Water depth Length Mass Spectrometer Facility at University of California Irvine. The radiocarbon
CN) W) (m) (cm) ages (Table 2) were calibrated and converted to calendar chronology using

DL-VC-01 38.04518 121.89505 20.7264 100 OxCal version 4.4 (Bronk Ramsey, 2009), with calibration curve IntCal20 (Reimer

DL-VC-02 38.04486 121.8968 20.78736 1 bag etal., 2020), which includes Bomb series data from the Bomb13NH2 calibration

DL-VC-03 38.04479 121.8974 18.77568 1 bag curve (Hua et al., 2013). One date with a reported “C result of “modern” was

DL-VC-04 38.04476  121.8992 21.09216 53.5 converted to calendar age using CALIBomb (Reimer and Reimer, 2022; http://

DL-VC-05 38.0448 121.89887 2237232 21 calib.org/CALIBomb/). Except for the “modern” date, calendar chronology for

DL-VC-06 38.04489 121.89888 22.58568 4 bags all samples in the text and figures is in yr B.P, meaning years prior to 1950 CE,

DL-VC-07 38.04478 121.89892 22.58568 1bag but years BCE or CE are also listed in Table 2.

DL-VC-08 38.04483 121.89911 22.00656 1 bag

DL-VC-09 38.0434 121.89639 12.89304 1 bag

DL-VC-17 38.04662 121.89568 16.97736 29

DL-VC-18 38.04659 121.89571 17.9832 1 bag W RESULTS

DL-VC-19 38.04365 121.90027 16.48968 4 bags .

DLVC20 3804333  121.89643 1258824 51 River Floor Morphology

DL-VC-21 38.04393 121.90398 19.78152 42

The Kirby Hills fault crosses the Sacramento River at a bend in the channel
and near the confluence of the river with New York Slough (Figs. 1-4). There
is a large bathymetric low (as much as ~30 m deep on the eastern end) at the

Notes: If there was no intact sample recovered in a core tube, any
recovered material was stored in bags.

TABLE 2. RADIOCARBON ACCELERATOR MASS SPECTROMETER DATES FROM SEDIMENT CORES

GEOSPHERE | Volume 19 | Number 3

Lab no.* Core Sample Material Fraction modernt §1Ct Reported Calibrated ages Calibrated ages Unit

depth (%o) 4C agef (yr B.P) (BCE/CE)

(om) rep) From To % From To %
212878  DL-VC-04 15-17 Shells 1.0249 + 0.0017 249+1.7 Moderns+ N/A - - - 1956.05% 1956.54% 95 1
212879  DL-VC-04 30-32 Shells 0.9841 + 0.0017 -15.9+1.7 130 + 15 268 14 95.4 1682 1937 95.4 1
212907 DL-VC-04 36-37 Seed cap 0.7837 £ 0.0017  -216.3+1.7 1960 + 20 1942 1827 95.4 8 123 95.4 1
212885 DL-VC-04 36-37  Wood fragments  0.7979 + 0.0013  —202.1 +1.3 1815+ 15 1743 1633 95.4 208 317 95.4 1
212886  DL-VC-04 40-42  Wood fragments  0.6157 £ 0.0010  -384.3 +1.0 3895 + 15 4412 4250 95.4 —2463 —2301 95.4 3
212906 DL-VC-05 8-10 Wood fragments  0.8103 + 0.0012 -189.7+1.2 1690 + 15 1689 1536 95.4 262 415 95.4 1
212904 DL-VC-17 9-11 Wood fragments  0.6926 + 0.0011  -307.4 £ 1.1 2950 + 15 3173 3005 954 —1224 —1056 95.4 1
212905 DL-VC-17 9-11 Charcoal 0.6575+0.0011  —342.5+1.1 3370 + 15 3685 3565 95.4 -1736 -1616 95.4 1
212883 DL-VC-20 4-5 Shell 0.9838 + 0.0015 -16.2+15 130+ 15 268 14 954 1682 1937 95.4 3
212887 DL-VC-21 7-8 Peat 0.8847 + 0.0014 -1153+1.4 985+ 15 930 799 95.4 1021 1152 95.4 1
212888  DL-VC-21 7-8 Peat 0.8653 + 0.0014 1347+ 1.4 1160 + 15 1178 993 954 772 957 95.4 1
212909  DL-VC-21 21-22 Peat 0.5566 £ 0.0010  —443.4+1.0 4705+ 15 5477 5325 954 —3528 —3376 95.4 1
212889  DL-VC-21 30-32 Peat 0.4963 £ 0.0009  -503.7 + 0.9 5630 + 15 6482 6317 954 —4533 —4368 95.4 1
212890 DL-VC-21 30-32 Peat 0.4962 + 0.0009 -503.8 +0.9 5630 + 15 6482 6317 954 —4533 —4368 95.4 1

Notes: Sample preparation backgrounds have been subtracted, based on measurements of “C-free wood. N/A—not available. Dashes in calibrated ages column indicate no
value. Calibration information is in the Methods section (see text). %—percent confidence interval for oxcal output. Negative years are BCE; this is the calibration output from
oxcal for BCE/CE. Unit—interpreted sediment unit.

*University of California Irvine W.M. Keck Carbon Cycle Accelerator Mass Spectrometer Facility.

fRadiocarbon concentrations are given as fractions of the modern standard, §'*C, and conventional radiocarbon age, following the conventions of Stuiver and Polach (1977).
All results have been corrected for isotopic fractionation according to the conventions of Stuiver and Polach (1977), with §'°C values measured on prepared graphite using the
accelerator mass spectrometer.

SModern date was converted to calendar age using CALIBomb (Reimer and Reimer, 2022; http://calib.org/CALIBomb/).

Klotsko et al. | Kirby Hills fault
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Figure 4. High-resolution bathymetry vertically
exaggerated 6x relative to the horizontal dis-
tance (Dasler, 2000; Pagano, 2012) with features
labeled. Bathymetric data set view and extent
are similar to what is shown in Figure 2. The two
bathymetric data sets are merged, but of different
resolutions. Depth is in meters below mean lower
low water (mbllw). Kirby Hills fault is denoted by
blue lines (USGS and CGS, 2020). Dashed black
lines denote edges of shipping channel. U—up;
D—down; NYS—New York Slough.
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southern side of the bend, where the river floor is deformed by the Kirby Hills
fault (Fig. 4). Here, there are two mounds in the shape of large-scale linguloid
bedforms in the bathymetric data. However, these features are not true fluvial
bedforms; they are the crests of folded strata (Fig. 4), confirmed by the chirp
data discussed in the next section. The larger of the two is ~150 m from side
to side, ~150 m in length from trough to trough, and ~2.5 m in height. The
actual fluvial bedforms in the river floor low are more sinuous to catenary
with wavelengths between 15 and 25 m and heights up to 1.5 m. Outside of
the bathymetric low, bedforms are also sinuous to catenary with wavelengths
typically less than 10 m and heights less than 0.5 m. A broad, rounded bank
extends into the river floor low from the south and is associated with the Kirby
Hills fault (Fig. 4). There is also a distinct NNW-SSE-trending bathymetric
high extending from the southern shoreline. This feature is characterized by
a sharp east-facing scarp (Fig. 4).

Acoustic Features, Units, and Surfaces in Chirp Data

The close spacing of the new subbottom data (~100 m; Fig. 2) allows us to
document the lateral changes in acoustic character along this ~600 m section of
the Kirby Hills fault zone in high resolution. On the basis of acoustic character,
the profiles can be divided into three groups associated with the location of
the profiles within the river channel (Fig. 2): southern, central (within the low),
and northern. Our data do not image any surface rupture or fault planes but
do document folding and deformation related to faulting at depth.

The Kirby Hills fault zone is characterized by a monocline with west-dipping
strata (Figs. 5-9) in the top ~30 m of the subsurface in chirp data. Folding is
evident in air gun data down to at least 0.6 s TWTT (Fig. 6B; ~0.6 km; Parsons
et al., 2002), but deformation associated with the fault extends to ~3 s TWTT

in lower frequency multi-channel seismic data (~6-9 km; Parsons et al., 2002).
The monocline breaches the river floor, making up the large mounds traversed
by the central group of chirp profiles (Figs. 2, 4, and 5-7). The eastern side
of the monocline forms the broad, rounded bank observed in the river floor
low, and small highs on the fold make up the NNW-SSE ridge; both features
are traversed by the southern-group profiles (Figs. 2, 4, 8, and 9). The fold is
buried north of line 34 (Figs. 2, 7, and 10).

There are four acoustic units and two main unconformities identified in the
chirp data in the vicinity of the Kirby Hills fault zone. The acoustic units were
defined based on their acoustic character, stratigraphic relationship to the other
units, and bounding unconformities. The acoustic units and unconformities
are numbered from youngest to oldest starting at 1.

Acoustic unit 4 is the oldest unit and is defined by low- to high-amplitude,
relatively parallel reflectors, which are warped where the unit is folded, forming
the monocline in the Kirby Hills fault zone (Figs. 5-9). Unit 4 also forms the
majority of the broad, rounded bank and part of the NNW-SSE ridge (Figs. 4,
8, and 9). The acoustic character of this unit is different on either side of the
monocline. On the western side, reflectors gently dip westward away from the
fold at ~5°-6° (Figs. 5-9), gradually flattening out to the west (Figs. 11 and 12),
and have relatively high acoustic amplitude. On the eastern side of the fold
in unit 4 are westward-dipping reflectors that have low acoustic amplitude
and dip at ~5°-10° (Parsons et al., 2002) in the central group but have high
acoustic amplitude and dip at ~4° in the southern group (Figs. 8 and 9). The
uppermost acoustic packages within unit 4 in both air gun (Parsons et al., 2002)
and chirp data thin onto the fold from west to east, suggesting folding during
deposition (Figs. 5-8). Acoustic unit 4 and the monocline are not imaged in the
northern group of profiles (Fig. 2); gas wipes out the stratigraphy in the two
northernmost profiles, and in the other profile (Fig. 10), unit 4 is deep enough
that it is obscured by the water bottom multiple reflection.

Klotsko et al. | Kirby Hills fault
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Figure 5. (A-E) Section of central group
chirp profile 36 with trackline over ba-
thymetry (A), uninterpreted profile (B),
and interpretations showing numbered

acoustic units and unconformities (C);
zoomed in section of western side of
monocline (blue box in C) is shown

uninterpreted (D) and interpreted (E).
Unconformity 1 is obscured near the

west side of the monocline due to sound

diffractions from the river floor. Chirp

trackline is shown in black and faults

are blue dashed lines in A. For additional

bathymetry context, see Figure 2. Core

locations are shown in B; where there

was penetration, core depths are drawn

approximately to scale (blue bars).
TWTT —two-way travel time. (F-H) Inter-
preted units and calibrated radiocarbon

dates are shown next to images of core

DL-VC-04 (F), core DL-VC-05 (G), and

core DL-VC-01 (H). Dates are red where

inferred to be mixed in by a younger pro-
cess that disturbed sediments. All dates

are in yr B.P. except the modern date (in
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bottom of cores in F and G is an artifact

of the coring process and not represen-
tative of unit 3.
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At the monocline in the central and southern groups, the internal reflectors
of unit 4 dip at varying angles because they have been uplifted and deformed
(Figs. 5-9). Where there are changes in reflector dip angle associated with the
fold, the points of inflection were mapped (Fig. 13A). There are three inflection
points that generally diverge from north to south across the river channel. This
is the same trend as the zone of deformation associated with the Kirby Hills
fault. In the southern group, the zone of deformation is broadest, between 300
and 500 m wide along the river channel (Figs. 8 and 9). There is also some
gas wipeout at the fold (Fig. 9). In the central group, the zone of deformation
is ~200-300 m wide along the channel (Figs. 5-7). The monocline in the north-
ernmost profile in this group (line 28; Fig. 7) has a different character than in
the other profiles (Fig. 12), likely due to variable erosion within an active river
channel. Differences could also be due to a change in strike of the feature
relative to the chirp profile.

0
New York TWTT —two-way travel time.
Slough
=

"Gasin Tis
sediments

Depth (m)

West-dipping
truncated reflectors

The dipping reflectors of acoustic unit 4 are truncated by an unconfor-
mity that extends to the east and west of the fold, defined as unconformity 2
(Figs. 5-12). Unconformity 2 is exposed at the river floor at the monocline and
to the east in the southern group (Figs. 5, 6, 8, and 9). In the northern group,
unconformity 2 is broadly uneven, with more than 8 m of depth variation
across profile 37 (Fig. 10). This pattern could be the result of fluvial incision
and/or fault activity. The river floor multiple partially obscures unconformity 2
here, but its depth is confirmed via crossing lines.

A gridded depth-to-surface map of unconformity 2 (Fig. 13B) was computed
with flex gridding and a 60 m radius, based on interpretation of the uncon-
formity on the chirp profiles. The surface (Fig. 13B) shallows near mapped
traces of the Kirby Hills fault and fault-related features, such as the uplifted
fold crests (~21 m below water level; mbwl), with the shallowest portion of
the surface in the southern part of the river channel (~10 mbwl) where there
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Figure 8. Southern group chirp pro-
file 35 with trackline over bathymetry
(A), uninterpreted profile (B), and in-
terpreted profile showing numbered
acoustic units and unconformities (C).
Chirp trackline is shown in black and
faults are blue dashed lines in A. For
additional bathymetry context, see
Figure 2. Unconformity 2 is a solid line
where mapped and dashed where it
is obscured by gas, but the location is

Depth (m)

530

45

Kirby Hills fault zone New York

based on correlation to other profiles.
NYS—New York Slough; TWTT —two-

~100 m

Unconformity 1

deformation ‘( ridge

is more apparent uplift. The surface deepens to the northwest (dropping to
~26-27 mbwl) and toward the north-northeast (dropping to ~43 mbwil, but
mostly 32-34 mbwl). To rule out differential erosion as the sole cause of the
uneven unconformity 2 surface, a specific stratigraphic feature in the chirp data
was identified and mapped to identify its change in depth (see Supplemental
Material [see footnote 1] for more details). No change in depth or a lack of
discernible trend would indicate the unconformity 2 surface was variable solely
due to differential erosion, while a similar trend to the surface supports some
tectonic influence. The feature that was mapped was where a layer pinches out
on the western side and/or center of the monocline and the reflectors above
and below it dip at different angles. This pinch-out feature does not have the
same exact expression across the chirp profiles, but it was the best option for
these data because there is no clear fold axis. This feature was discernible

Potentialsurﬁcial\ NNW-sSg Broad bank Unconformity 2

| Slough |

way travel time.

" Gaslin
sediments

Depth (m)

in the southern and central profiles but was too deep to be resolved in the
northern profiles. The pinch-out feature deepens from the south to the north
across the river channel, going from ~22 mbwl to ~35 mbwl over 335 m of dis-
tance. Although the depths picked could be slightly off, the overall southward
shallowing trend is the same trend as that of unconformity 2, which supports
the tectonic influence on the depth of unconformity 2 (Fig. 13B).

Acoustic unit 3 is located directly above unconformity 2 on both sides
of the monocline as well as above the fold where the unconformity is not
exposed at the river floor (Figs. 5-12). Unit 3 is primarily defined by discon-
tinuous, flat-lying reflectors of varying acoustic amplitude. In the southern
profile group, unit 3 thins onto the fold from the western side (Fig. 8). On the
eastern side, there is no mapped unit 3, but there is a small amount present
in the southernmost line (Fig. 9) based on sediment cores (described in the
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Figure 9. (A-C) Southern group chirp profile 41 with trackline over bathymetry (A), uninterpreted profile (B), and interpreted profile showing numbered acoustic units and uncon-
formities (C). Chirp trackline is shown in black and fault is blue dashed line in A. For additional bathymetry context, see Figure 2. Core locations are shown in B; where there was
penetration, core depth is drawn approximately to scale (blue bar). (D) Image of core DL-VC-20, interpreted units, and calibrated radiocarbon date in yr B.P. Date is shown in red, de-
noting contamination of unit by a younger process, likely the edge of the core tube pushing the shell down from the surface. TWTT —two-way travel time.
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Figure 10. (A-C) Northern group chirp profile 37 with trackline over bathymetry (A), uninterpreted profile (B), and interpreted profile showing numbered acoustic units and
unconformities (C). Chirp trackline is shown in black and faults are blue dashed lines in A. For additional bathymetry context, see Figure 2. Dashed blue line in C is local
unconformity between units 2 and 3. Core locations are shown in B; where there was penetration, core depth is drawn approximately to scale (blue bar). TWTT —two-way
travel time. (D) Image of core DL-VC-17, interpreted unit, and calibrated radiocarbon dates in yr B.P
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next section). This is difficult to observe in chirp data due to the limits of
vertical resolution. In the central profile group, the lower portion of unit 3
on the western side of the fold follows the shape of unconformity 2 and
in some places onlaps it (Figs. 5-7). On the eastern side of the fold, inter-
nal reflectors within unit 3 gently dip eastward away from the fold, except
directly east of the most uplifted portion of the fold, where the unit is more
acoustically chaotic. In line 28 (Fig. 7), the reflectors within unit 3 appear to
onlap unconformity 2 on both sides of the fold. In the northern profile group,
there is no imaged fold, but unit 3 sediments blanket unconformity 2 (Fig. 10).
Based on stratigraphic correlation with the rest of the data, unit 3 is present
on the western side of the profile, where it has low-amplitude, flat-lying
internal reflectors (Fig. 10).

Within the deepest part of the river floor low (~22 mbwl and below) and just
to the north of it, near the confluence of the Sacramento River and New York

Slough, is an acoustic unit with high-amplitude northwestward-dipping reflec-
tors, defined as acoustic unit 2 (Figs. 2, 6-7, 10, and 12). This unit lies above
unconformity 2 and downlaps onto it. Unit 2 also abuts unit 3 and is separated
from it by a local unconformity with an eastern dip (~20°-40°). The reflectors in
unit 2 form a progradational pattern, filling in lows in unconformity 2 (Figs. 6-7
and 10). The reflectors increase in steepness from the base of the unit to the
river floor (from ~1° to >10°) because unit 2 is blocked to the west by unit 3. Unit
2 is between 6 and 9 m thick where it is present in the river floor low (Figs. 6—
7), but the unit is between 8 and 20 m thick north of the low in the northern
chirp group where it appears on the eastern side of line 37 (Fig. 10). There,
unit 2 has multiple sets of westward-dipping reflectors of medium amplitude,
interpreted as stacked sets of prograding sediments. Where unconformity 2
climbs upward by ~8 m, the overlying reflectors in unit 2 are curved concave
up, with disturbance on the eastern side (Fig. 10).
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Figure 12. Compilation of stratigraphic evolution across study area. (A) Map with tracklines of shown chirp profiles in black, faults in blue, and bathymetric data set seam
as gray dashed line. For additional bathymetry context, see Figure 2. (B-G) Interpretations of west-east-trending chirp profiles, ordered from north to south, approximately
scaled and positioned to tracklines in map in A. Acoustic units are numbered 1 to 4. (H) Interpretation of north-south chirp profile 40 is shown along the west-east profiles
at the same scale. Unconformity 1 is in purple and unconformity 2 is in green. TWTT —two-way travel time.
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Figure 13. (A) Monocline points of inflection (large arrows) plotted on bathymetry data A 121‘;54.5’W 121:54’W 121|°53.5’W
(Dasler, 2000; Pagano, 2012). Plunge and dip directions shown. Mapped gas areas near
western strand of Kirby Hills fault are also shown (black areas). Bathymetry is in meters
below mean lower low water (mbliw). (B) Depth to surface map of unconformity 2 in
meters below water level (mbwl). Black lines are 5 m contours. Fault traces are from
USGS and CGS (2020).
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Units 2 and 3 are in places truncated by an erosional unconformity, defined
as unconformity 1 (Figs. 5-12). Where present on the western side of the
monocline, unconformity 1 commonly dips toward the east, deepening from
~1 to ~8 m below the river floor (Figs. 6-7 and 10). On the eastern side of the
fold, unconformity 1 is flatter but with some small-scale undulation and lies
as much as 5 m below the river floor (Figs. 5-7 and 10).

Above unconformity 1, overlying units 3 and 2, is acoustic unit 1. This
unit has no well-defined internal stratigraphy but contains some short, high-
amplitude reflectors and other discontinuous reflectors of varying amplitude
(Figs. 5-12). Unit 1 is less than 10 m in thickness but generally less than 5 m
thick in the study area. In the southern profile group, unit 1 has some reflec-
tors that have the same trend as unconformity 1, suggesting potential uplift T T T
post-deposition (Figs. 8 and 9). Overall, unit 1 is the dominant unit exposed B L ! .
at the river floor (Fig. 14). Unit 2 is exposed on the eastern side of the study
area, while units 3 and 4 are variably exposed near the monocline (Fig. 14).

38°3'N

Sediment Cores

Vibracore penetration and recovery was poor because of the various lithol-
ogies encountered along the Kirby Hills fault zone. Only 6 of the 14 vibracore
attempts (Figs. 2, 5, and 9-11; Table 1) in the study area were successful in
collecting a sequence of sediments in the core liner. Material recovered from
other attempts was either too coarse and unconsolidated (pebbles, cobbles,
sticks) or too dense (clay) to be retrieved as whole cores and was retained in
large sample bags. Material from the core catcher and cutter from successful
cores was also retained in sample bags. The cores sampled acoustic units 1,
3, and 4, and the sedimentary units are defined with the same numbers. None
of the cores sampled unit 2.

The sediments of unit 1 vary throughout the study area (cores 01, 04, 05, 17,
and 21; Figs. 2, 5, and 10-11), including within the river floor low (Figs. 2 and

T T T
5). Unit 1 sediments in cores 04 and 05 (Figs. 2 and 5), on the western side 121°54.5'W 121°54'W 121°53.5'W
of the monocline, are dark brownish gray sands. On the eastern side of the 0 025 05 Faults
fold in core 01 (Figs. 2 and 5), unit 1 sediments are a clay-fine sand mixture L i~ Jkm . .

. . . . . O T o % — Monocline points
that is dark gray mottled with medium brown. North of the river floor low, in Depth (mbliw) of Inflection
core 17 (Figs. 2 and 10), unit 1 is primarily dark grayish brown medium sand
with some isolated clay layers. West of the river low, in core 21 (Figs. 2 and N @ Mapped gas
11), unit 1 is composed of sands that are primarily greenish black as well as 45 Depth to S&Zface (mbwl) 10 ?ﬁ;gfﬁm

peat and other organic layers.
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Unit 3 (cores 04, 05, 19, and 20; Figs. 2, 5, 8, and 9) is composed primarily
of dark greenish gray clay and fine to coarse sand mixed with rocks (typically
<2 cm in diameter). On the monocline within the river floor low (cores 04 and
05; Figs. 2 and 5), unit 3 also has large oxidized (rusty) patches. These cores
also have sand at the bottom, but this was an artifact of the coring process
because some unconsolidated sands from the top of the core were able to
flow down the sides of the core tube where there were gaps in consolidated
unit 3. Other material collected from above unconformity 2 at the monocline
in the river floor low, where there was little to no penetration, ranged from
unconsolidated medium sands to mixed rocks (typically less than 5 cm in
diameter), cobbles, sticks, and shells.

Unit 4 was captured by cores 09 and 20 and the core cutter sample of core 05
(Figs. 2 and 9). The sediments are primarily dense clay ranging from greenish
gray to dark greenish gray to dark grayish brown. Some fine sand and pebbles
are present in core 05 and shells in core 09, but this is likely because the sam-
ple was from the river floor. Preliminary analysis of units 4 and 3 from cores

121;’53'W 121‘:52'W

Mapped Units Onshore Geology
K [ Jaif [ Qhbm
2 B o
Bl:  Eec [ onf
L I Chb [ Qef
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Figure 14. Map of geologic interpretations of
surficial units 1 to 4 based on chirp data, over-
lain on shaded-relief bathymetry (Dasler, 2000;
Pagano, 2012). Unsurveyed water bottom is
shown in white. Fault traces are black solid
lines and are from USGS and CGS (2020). On-
shore geologic units are from Graymer et al.
(2002). alf—artificial levee fill (historical); af—
artificial fill (historical); ac—artificial channel
deposits (historical); Qhb—basin deposits (Ho-
locene); Qhbm —bay mud deposits (Holocene);
Qhc—stream channel deposits (Holocene); Qhf—
alluvial fan deposits (Holocene); Qpf—alluvial
fan deposits (late Pleistocene).

04, 05, 09, 19, and 20 by X-ray diffraction (Young, 2019) indicated variability
in the clay composition between the units. Unit 4 has chlorite, whereas none
was detected in unit 3.

Radiocarbon dates from unit 1 indicate an age of Holocene to modern
(post-1950 CE) for the unit. Dates from unit 1 in the river floor low (Figs. 2 and
5; Table 2) increase in age downsection, extending from modern (1956 CE) to
nearly 2000 yr B.P. (1942-1827 yr B.P). In the northern profile group, there are
two dates from unit 1 (Fig. 10; Table 2) that are only ~500 yr apart (3173-3005
yr B.P. and 3685-3565 yr B.P). These dates were from wood and charcoal that
were in the same subsample, supporting the reliability of the results. West of
the river floor low, dates on unit 1 (Fig. 11; Table 2) increase in age from the
top (1178-799 yr B.P) to the bottom (6482-6317 yr B.P) of core 21.

There are two dates from unit 3, but neither is reliable; they are shown in
red on figures. In core 04 (Figs. 2 and 5; Table 2), a date of 4412-4250 yr B.P.
is from material from the top of the unit. This section is quite jumbled and
could indicate disturbance post-deposition, allowing for the incorporation of
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younger material. In core 20 (Figs. 2 and 9), there is a date from a shell sam-
pled from the top 5 cm and the edge of the core, giving little confidence that
it is in situ. The age of 268-14 yr B.P. (Fig. 9; Table 2) would make this unit
unreasonably young based on stratigraphic considerations; it is more likely
that this shell was pushed down from the surface during the coring process
and is not representative of this unit.

H DISCUSSION
Interpretation of Acoustic and Sedimentary Units

Unit4isinterpreted to be Pleistocene-aged alluvium or alluvial fan deposits
(Atwater and Belknap, 1980; Atwater, 1982; Graymer et al., 2002). This age is
supported by the unit’s stratigraphic depth and surrounding geology. Except
where uplifted, this unit is located ~30 m below sea level, with ~15 m of
overlying sediments (Figs. 5-7). On the waterway islands near the study site,
undifferentiated alluvial and eolian deposits (Atwater and Belknap, 1980) under-
lie ~8-20 m of fluvial- and eolian-related sediments, which in turn underlies as
much as ~15 m of peat accumulation (Shlemon, 1971; Atwater and Belknap,
1980). The geology onshore south of the study site (~300 m away) is mapped
as late Pleistocene alluvial fan deposits (Fig. 14; Graymer et al., 2002). Addi-
tionally, the lithology of unit 4 is similar to that of sediment units described by
previous work in the eastern Delta and in San Francisco Bay, inferred to have
been deposited during early- to mid-glacial times (ca. 70-50 ka; Shlemon, 1972;
Atwater et al., 1977; Brown and Pasternack, 2004). After unit 4 was deposited,
unconformity 2 formed, probably due to fluvial incision during mid-Wisconsin
sea-level fall (ca. 50-38 ka).

Unit 3 is interpreted as channel sediments deposited after formation of
unconformity 2, likely between ca. 38 and 7 ka. Atwater and Belknap (1980)
documented channel sands unconformably overlying alluvial and eolian sed-
iments just to the east of our study area. The age estimation is despite the
date of 4412-4250 yr B.P. from unit 3in core 04 (Fig. 5). The mixed cobbles and
gravels within the sampled unit and the core’s location in the river floor low are
consistent with disturbance of the shallow portions of unit 3 that caused the
incorporation of younger material. The other recent date from unit 3 (268-14
yr B.P) was likely an artifact of the coring process (Fig. 9).

After deposition of unit 3, the eastern portion of the unit was eroded, cre-
ating the more vertical, local unconformity and deepening unconformity 2.
Unit 2 was later buttressed against this local unconformity (Figs. 6-7 and 10).
The geologic environment of unit 2 is difficult to interpret because its exten-
sions to the north, east, and south are lost to gas wipeout (Figs. 6-7 and 15).
Based on the unit’s internal stratigraphy and relationship to unit 3, unit 2 is
interpreted as subaqueous fan deposits, prograding into a preexisting low.
These deposits could be the submerged extension of the Holocene alluvial fan
deposits mapped onshore near where New York Slough meets the Sacramento
River (Fig. 14; Graymer et al., 2002).

Unconformity 1 likely formed due to small-scale drainage reorganization
associated with changing hydrologic conditions between ca. 7 ka and ca. 6.5 ka
driven by sea-level and climate fluctuations. Sea-level transgression inundated
the Delta sometime between 7 ka (Atwater, 1979) and 6.2 ka (Goman and Wells,
2000). Additionally, regional climate was drier prior to 7 ka and associated
with lower water levels in lakes that drain toward the Delta (Malamud-Roam
et al., 2006; Negrini et al., 2006). Around 7 ka to 6.5 ka, a transition to a wetter
climate caused more frequent river floods and consistent discharge to the Delta
(Goman and Wells, 2000; Negrini et al., 2006; Delusina et al., 2022). Channel
reorganization and cross-cutting have been documented in the northeast-
ern part of the Delta during this time interval (Brown and Pasternack, 2004).
Because the oldest dates from unit 1 in core 21 are close to 6.5 ka (6482—
6317 yr B.P) and there is over a meter of sediment between those dates and
unconformity 1, the age of unconformity 1 is inferred to be ca. 7 ka based on
regional hydrology and climate.

Estimations of the age of unconformity 1 can also be made from sedimenta-
tion rates in unit 1; however, the sedimentation patterns of unit 1 are complex.
The sedimentation rates are based on the center of the sample interval and
the average of the calibrated age range for each date. Where two dates are
from the same subsample, their ages were averaged. The sedimentation rates
based on intervals between dates in unit 1 are variable, ranging from ~0.003
to ~0.259 cm/yr. Unit 1 also varies in thickness in the study area, which fur-
ther increases the range of age estimates based on these rates. For example,
in line 40 (Fig. 11), unit 1 is ~2 m thick where core 21 was collected but ~8 m
thick a few hundred meters to the north. Age estimates for unconformity 1 at
these locations based on the sedimentation rates range from ca. 772 yr ago
to ca. 66.67 ka where unit 1 is 2 m thick and ca. 3.09 to ca. 266.67 ka where
unit 1 is 8 m thick. Because these estimates are so wide ranging, we prefer
the interpretation of ca. 7 ka for the formation of unconformity 1 based on
past regional hydrologic considerations.

Unit 1 is interpreted as bay mud (estuarine) deposits of the Holocene. The
sands, silts, peats, shells, and other organics (Figs. 5 and 10-11) are typical
of this geologic unit where it is mapped in the region (Fig. 14; Atwater, 1979;
Atwater and Belknap, 1980; Atwater, 1982; Graymer et al., 2002). Parts of unit 1
have been reworked in modern times, as evidenced by the bedforms observed
throughout the study area (Fig. 4).

Controls on River Floor Morphology and Geology

The bathymetry and geology of the Sacramento River in the study area
are affected by tectonic and fluvial processes. A marine geologic map based
on the chirp data (Fig. 14) denotes surficial units. Most of the area is covered
by modern fluvial and estuarine sediments (unit 1), but there are exposures
of units 4, 3, and 2. Activity on the Kirby Hills fault at depth has caused broad
uplift (more than ~500 m wide in the southern part of the channel) and gener-
ated river floor features (e.g., the NNW-SSE ridge, the rounded bank, and the
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large-scale fold crests) that have been affected by secondary fluvial processes
during and/or post uplift (Fig. 4). For example, the NNE-SSW ridge was uplifted
by tectonics, but the sharp scarp on the ridge is due to erosion, as evidenced by
the irregular surface of unconformity 2 and a lack of unit 3 on the eastern side
of the ridge (Figs. 8 and 9). The bathymetric expression of these features in the
southern part of the river channel is due to differential uplift (Figs. 4 and 13),
but the exposure of the features in the river floor low, however, is more likely
related to fluvial scour preventing their burial. There are swift tidal currents in
the area that cause reverse flow of more than 70 cm/s during a flood tide and
more than 100 cm/s downstream at ebb (USGS National Water Information
System water station 11455478; https://waterdata.usgs.gov/nwis/inventory
?agency_code=USGS&site_no=11455478); these velocities likely limit deposi-
tion of mud- to sand-sized grains (Sundborg, 1956). The river floor low is also
at the confluence of the Sacramento River and New York Slough and toward
the outer bend in the channel (Figs. 2 and 4), both of which could increase
local flow velocity and affect erosional and depositional patterns. This is sup-
ported by the wide range of sedimentation rates for unit 1 in the study area
(~0.003 cm/yr to ~0.259 cm/yr). Such variable sedimentation rates are common
in the Delta (Goman and Wells, 2000; Maier et al., 2015), but rates on the higher
end are less common. Modern sedimentation may be affected by the regional
shipping channels, which are routinely dredged (for bathymetric changes asso-
ciated with dredging, see https://www.spn.usace.army.mil/Missions/Surveys
-Studies-Strategy/Hydro-Survey/Sacramento-River-Deep-Water-Ship-Channel/
and https://www.spn.usace.army.mil/Missions/Surveys-Studies-Strategy/Hydro
-Survey/Suisun-Bay-Channel/). The study area is between the Sacramento River
Deep Water shipping channel, the Suisun Bay shipping channel, and the New
York Slough shipping channel, which extends to the edge of the low in the
Sacramento River floor (National Oceanic and Atmospheric Administration
(NOAA\) Office of Coast Survey, 2010; Fig. 4). The river floor low is not actively
dredged, but it is possible that prior human activities, such as hydraulic min-
ing, contributed to the sharp bathymetric drop from New York Slough into
the low. Gas in the sediments of New York Slough makes it difficult to deter-
mine the stratigraphic relationships across this sharp drop. Regional cables,
pipes, and other modern anthropogenic infrastructure also contribute to river
floor morphology (Fig. 9). Finally, the tidal currents in the region also form
the sediment bedforms of varying scales on the river floor (Fig. 4). Most are
asymmetric from the dominant downstream flow direction.

Interpretation of Fault-Related Deformation and Age Constraints

The traces of the Kirby Hills fault crossing the Sacramento River shown on
the figures (Figs. 1-10) are from the USGS Quaternary fault and fold database
(USGS and CGS, 2020) and are mapped based on lower vertical-resolution
and deeper-penetration seismic data that image the fault zone at depth. The
western inflection point, denoting the onset of fold deformation, is mapped
in the chirp data between 0 and 100 m to the east of the easternmost USGS

fault strand (Fig. 13A), supporting the near-vertical structure of the fault with
a slight westward dip (Parsons et al., 2002). We do not observe any evidence
of the western fault strand as previously mapped. However, there is a series
of gas wipeouts in the chirp data, located ~100 m to the west of this fault
strand (Figs. 6, 8, 10, and 13A). These could be related to gas rising from a
fault plane deeper than is imaged in our chirp data. Alternatively, these gas
wipeouts could be unrelated to faulting, given that subsurface gas is very com-
mon in this region (California Department of Conservation, Geologic Energy
Management Division, 2022).

The closely spaced chirp profiles across the Kirby Hills fault zone highlight
how much the expression of fault-related folding can vary over a short distance
(Fig. 12), and they capture the complex stratigraphic sequences generated by
the interplay of fault activity and erosional and depositional processes. The
overall change in character of folding related to activity on the Kirby Hills
fault at depth along with the relative change in uplift across the river chan-
nel indicate that the fault tip is plunging to the northwest (Figs. 12 and 13).
Differential erosion may also explain some of the differences in deformation
character along the fault.

During deposition of unit 4 in the Pleistocene, fault-related deformation was
ongoing, indicated by truncated reflectors in the western part of the unit in the
southern and central profile groups that thin onto the fold (Figs. 5, 6, and 8).

There was fault-related folding during and after deposition of unit 3 in
the southern profile group (Figs. 8 and 9) based on reflector patterns at the
monocline. The central group chirp profiles (Figs. 5 and 6), where the folded
material is exposed at the river floor, have stratigraphy that indicates uplift
of unit 3 during or after deposition, but a pure depositional origin of some of
these geometries cannot be ruled out. Unit 3 east of the fold, specifically, is
difficult to interpret because the reflection geometry is imaged poorly where it
meets unconformity 2 due to limitations of the chirp beam width when crossing
a rounded feature. Unit 3 in the northern group (Fig. 10) is not imaged well
enough to interpret the presence of deformation.

After deposition of unit 3, there was a drainage reorganization that eroded
away parts of unit 3 and further incised unconformity 2 in the area of the cen-
tral and northern profile groups (Figs. 6, 7, 10, and 15). This is based on the
absence of unit 3 below unit 2 and the drop in unconformity 2 where unit 2 is
present (Figs. 6, 7, 10, and 15). This could have been related to natural fluvial
processes, but differential uplift across the channel from the plunging fold
probably played a role, given that more uplift in the south would have focused
water toward the north (Fig. 13B). Unit 2 was deposited after this, filling in the
lows in unconformity 2 and abutting unit 3.

Unit 1 exhibits no obvious fault-related folding in the study area, indicating
that folding related to motion on the Kirby Hills fault at depth has not propa-
gated to the surface since the formation of unconformity 1, ca. 7 ka. However,
the internal character of the unit is primarily chaotic with discontinuous reflec-
tors, which could conceal evidence of deformation; or, any such evidence could
have been reworked by currents, which have generated nearby bedforms
that are as much as 1.5 m in height. Dates that are likely representative of

Klotsko et al. | Kirby Hills fault



http://geosphere.gsapubs.org
https://waterdata.usgs.gov/nwis/inventory?agency_code=USGS&site_no=11455478
https://waterdata.usgs.gov/nwis/inventory?agency_code=USGS&site_no=11455478
https://www.spn.usace.army.mil/Missions/Surveys-Studies-Strategy/Hydro-Survey/Sacramento-River-Deep-Water-Ship-Channel/
https://www.spn.usace.army.mil/Missions/Surveys-Studies-Strategy/Hydro-Survey/Sacramento-River-Deep-Water-Ship-Channel/
https://www.spn.usace.army.mil/Missions/Surveys-Studies-Strategy/Hydro-Survey/Suisun-Bay-Channel/
https://www.spn.usace.army.mil/Missions/Surveys-Studies-Strategy/Hydro-Survey/Suisun-Bay-Channel/

GEOSPHERE | Volume 19 | Number 3

Line 42

Change in acoustic character

fTr&ric‘afed westward
dipping reflectors

Unit 4

Changein  Line 42
acoustic character. .

MUC AN
’ Unit 4. ungol
Westward-dipping;. S
reflectors cut
perpendicularly

Figure 15. Perspective views of a fault-like stratigraphic pattern that is of fluvial origin.
Chirp profiles shown and view directions are on inset, denoted by colored lines and arrows,
respectively. For additional bathymetry context (colors in inset), see Figure 2. Line 28 is
also shown in Figure 7, and line 37 is also shown in Figure 10. Vertical exaggeration is 6x.

depositional age in the northern and central profile groups provide constraints
on the minimum age of surface folding. This is ca. 3000 years ago in the north-
ern group and ca. 1600 years ago in the central group (Figs. 5 and 10; Table 2).

Unit 1 is of minimal spatial extent in the southern profile group, so there is a
lack of age constraints (Figs. 8,9, and 14). It is possible that post-transgression
uplift in the south prevented deposition of unit 1 and led to erosion of unit 1
sediments that may have been previously deposited. The broader zone of
folding, general divergence from north to south of the points of inflection in
the monocline, and higher uplift and increased folding of unit 3 relative to the
rest of the channel to the north (Figs. 12 and 13) could support this. If there was

post-transgression folding in the southern group, the youngest deformation
probably occurred more than 150 years ago, given that there was no surface
deformation for the 1889 M 6 earthquake that occurred in the vicinity of Pitts-
burg and Antioch (Keeler, 1890; Weber-Band et al., 1997; Wong et al., 1988);
however, it is possible that there was some surface deformation that was not
noticed or reported. Overall, in the southern portion of the Sacramento River,
there are larger-scale deformation that diminishes northward across the chan-
nel and potential evidence of more recent activity, but nothing that conclusively
supports shallow folding in the past 7 k.y. associated with the Kirby Hills fault.

Seismicity data since 1969 (Northern California Earthquake Data Center,
2014; Fig. 3) show that many earthquakes have occurred within the study area,
but most were smaller than M 3 and quite deep (>15 km). South of the river
channel, seismicity trends toward the southeast, following the curve of the
previously mapped eastern strand of the Kirby Hills fault. This trend is also
seen in the chirp data, where there is a slight eastern shift in deformation to
the south (i.e., eastern point of inflection, NNW-SSE ridge; Figs. 4 and 13), but
gaseous sediments and data extent limit the robustness of this signal (Figs. 8
and 9). Previous work has proposed that the Kirby Hills fault links up to the
Kirker fault in the south (Figs. 1 and 3; Krug et al., 1992; Parsons et al., 2002;
Unruh et al., 2007; Unruh and Hitchcock, 2009). This may be the case, but
the shallow stratigraphic data do not appear to follow this S-SW trajectory
and instead have a more NW-SE trend, extending toward the Antioch fault
(Figs. 3 and 13).

Difficulties with Paleoseismology in an Anthropogenically Modified
Fluvial Environment

Interpretation of stratigraphic features in this type of study area is complex
and requires an abundance of data to fully characterize the imaged structures.
There are many features that could have either tectonic or depositional origins,
and interpretation of such features one way or the other has implications for
seismic hazard assessment (Perea et al., 2018; Wei et al., 2020). One prime
example of this type of tectonic versus depositional ambiguity is an apparent
faultimaged in chirp line 42, which crosses the river floor low (Fig. 15). In this
profile, unconformity 2 has an abrupt drop down to the north. The overlying
sediments on the southern side are relatively flat lying without much inter-
nal layering (unit 3). The sediments above the unconformity on the northern
side are layered with high acoustic amplitude and have a curved dip to them
(unit 2). This distinct change in acoustic character is associated with the drop
in unconformity 2, suggestive of a fault offset. However, based on correla-
tion with intersecting lines, this feature is more likely associated with fluvial
erosion and subsequent deposition. Yet, the location of fluvial erosion was
probably influenced by motion on the Kirby Hills fault, which has uplifted
unconformity 2 higher on the south side of the river channel as compared to
the north (Fig. 13B). This uplifted area would have altered water flow, focusing
it into the deeper, northern part of the channel. This likely caused erosion of
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the eastern portion of unit 3 and additional erosion of unit 4, further lowering
unconformity 2, but was followed by deposition of unit 2, filling in this low. The
sharp, fault-like stratigraphic boundary is related to deposition of two separate
sediment packages driven by tectonic activity but is not a fault strand itself,
just a local unconformity. Such tectonic controls on drainage morphology are
common (Graves et al., 2021; Klotsko et al., 2021). Anthropogenic features,
like shipping channels, can also have fault-like morphologies (Singleton et
al., 2021). The edges of a shipping channel resemble seafloor scarps formed
via fault activity (Klotsko et al., 2015; Brothers et al., 2020), and sediments that
infill the dredge channels abut the channel wall, forming a sharp stratigraphic
boundary (Singleton et al., 2021). These sediments can even dip toward the
boundary (Singleton et al., 2021), as is common in fault-related deformation
(Watt et al., 2016; Singleton et al., 2021). Interpreting data in these types of areas
can be further complicated by strong currents, which can cause resuspension
and deposition of sediments, potentially removing evidence of fault motion
(Sahakian et al., 2022). These and other factors need to be considered when
studying fluvial environments, particularly those in areas modified by humans.

This study also highlights the challenges of submarine geologic sampling
for paleoseismology in a fluvial environment. This work was conducted in
an anthropogenically modified area, in a river with high tidal flux and active
regional dredging. These conditions are not conducive to preserving the
highest-quality sediment and seismic records for investigating past fault
activity. Environments that are more isolated and with lower energy, such as
the marine realm (Barnes and Pondard; 2010; Brothers et al., 2020; Perea et
al., 2021), lakes (Brothers et al., 2009; Maloney et al., 2013), and embayments
(Watt et al., 2016; Watt et al., 2022), allow for a more continuous sediment
record, which is ideal for such studies. Nevertheless, collecting any data with
the potential to gain knowledge about poorly constrained faults is worthwhile,
but future researchers working in such fluvial systems should be aware of the
potential limitations. In terms of geophysical data collection, subsurface data
are generally of higher quality with fuller coverage and faster to collect in a
fluvial system than on land and are ideal for an urban region, where human
infrastructure and land use can obscure the geomorphic expression of fault
activity. Yet, when compared to other aquatic environments, rivers may be
relatively shallow, causing data artifacts that obscure real stratigraphy; there
can be physical obstructions that prevent surveying, such as large ships and
bridge pylons; tides can affect the data collection process; and if a fault crosses
a channel perpendicularly, only a short section of the fault can be mapped.
Fluvial systems also have complex sedimentation patterns. Sediments from
upstream and the surrounding landscape that are deposited in a fluvial or
delta environment can contain material with inherited ages. This mixing of
sediments can result in a highly variable age record, making interpretations
difficult (Sahakian et al., 2022). In urban rivers, dredging, waterside develop-
ment, outflow pipes, cables (Fig. 9), and other anthropogenic modifications can
disrupt the sediment record, further complicating interpretations, especially
spatially, given that these disruptions are not uniform over an entire area.
Despite these limitations, valuable information about seismic hazards can be

garnered from paleoseismic interpretation of subsurface data collected in a
fluvial environment.

B CONCLUSIONS

The character of shallow deformation caused by the buried Kirby Hills fault
varies over a lateral distance of ~600 m where it crosses the Sacramento River.
The main (eastern) strand of the fault is associated with a monocline in west-
dipping sediment that plunges to the northwest, supported by more uplift in
the southern part of the river. This is expressed surficially by a NNW-SSE ridge
and other mounded features. Points of inflection in the monocline primarily
diverge from north to south, consistent with the broadening zone of uplifted
and deformed strata imaged in the chirp data. Despite deformation of the river
floor, there is not enough evidence to support shallow folding caused by the
Kirby Hills fault at depth in the past ~7 k.y. There are minimum constraints
on the age of last deformation in the northern, central, and southern areas of
ca. 3000 yr B.P, ca. 1600 yr B.P,, and 150 yr ago, respectively. Additional data
collection is needed to better constrain the deformation history of this area.
The previously mapped western strand of the Kirby Hills fault that crosses the
Sacramento River does not exhibit near-surface deformation, but gas may be
rising from the fault at depth.

The results of this study show the value of closely spaced subbottom pro-
files, given that fault-related deformation can vary greatly over short distances.
This project also highlights how conducting a paleoseismologic study in a
fluvial system comes with added difficulties relative to a deeper and/or more
isolated aquatic study site, especially in terms of stratigraphic interpretations
and chronology, but valuable information can still be gained from such stud-
ies. Fluvial surveys are particularly useful in urbanized areas where human
modification hinders onshore fault investigations; they also provide more
continuous coverage than is attainable onshore.
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