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ABSTRACT

Faults offsetting sedimentary strata can
record changes in sedimentation driven by
tectonic and climatic forcing. Fault kinematic
analysis is effective at evaluating changes in
sediment volumes at salt/shale-bearing pas-
sive margins where sediment loading drives
faulting. We explored these processes along
the northern Gulf of Mexico. Incremental
throw along 146 buried faults studied across
onshore Louisiana revealed continual Ceno-
zoic fault reactivation punctuated by inac-
tive periods along a few faults. Fault scarp
heights measured from light detection and
ranging (LiDAR) data were interpreted to
show that Cenozoic fault reactivation contin-
ued through the Pleistocene.

The areas of highest fault throw and
maximum sediment deposition shifted from
southwest Louisiana in the early Miocene to
southeast Louisiana in the middle-late Mio-
cene. These changes in the locus of maximum
fault reactivation and sediment deposition
were controlled by changing tectonics and
climate in the source areas. Early Miocene
fault throw estimates indicate a depocenter
farther east than previously mapped and
support the idea that early Miocene Appa-
lachian Mountain uplift and erosion routed
sediment to southeast Louisiana.

By correlating changes in fault throw with
changes in sediment deposition, we suggest
that (1) fault kinematic analysis can be used
to evaluate missing sediment volumes because
fault offsets can be preserved despite partial
erosion, (2) fault throw estimates can be used
to infer changes in past tectonic and climate-
related processes driving sedimentation, and
(3) these observations are applicable to other
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passive margins with mobile substrates and
faulted strata within overfilled sedimentary
basins.

INTRODUCTION

Tectonics and climate are two fundamen-
tally different processes that exert control on
the rate of sediment supply to passive margins.
Consequently, passive margin stratigraphy can
contain a record of the past tectonically driven
uplift and climatic changes that affected sedi-
ment source areas far from the final depocen-
ter. Current methods for interpreting hinterland
exhumation rates and past cold or warm periods
from the sedimentary record at passive margins
include sequence stratigraphy (Galloway, 1989;
Posamentier, 1988; Posamentier et al., 1988;
Vail et al., 1977; Van Wagoner et al., 1988),
chemostratigraphy (Mountain et al., 2007;
Weissert et al., 2008), sediment provenance
analysis (Cawood et al., 2003; Fedo et al., 2003;
Galloway et al., 2011; Haughton et al., 1991),
and geochronology (Busby et al., 1995, 2012;
Gehrels, 2011; Xu et al., 2017; Fig. 1 herein).
These methods become more difficult to use as
erosion in the basin becomes more extensive.
However, in extensional settings with overfilled
sedimentary basins, the normal fault displace-
ment history affecting any one sedimentary unit
is preserved until erosion starts to remove the
unit from the footwall. In such cases, it is pos-
sible to infer changes in sediment supply from
fault kinematics despite partial erosion, whereas
any amount of erosion from the footwall of a
sedimentary unit reduces the estimated fault off-
set and leads to underestimated initial sediment
thickness.

Passive margins with a mobile substrate and
large volume of sediments often display good
correlation between fault displacement and sedi-
ment supply. Fault displacement within the sedi-
ments in the postrift period is caused by sediment
loads mobilizing a substrate (e.g., shale or salt)
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via differential loading and/or gravity gliding
(Brun and Fort, 2011; Hudec and Jackson, 2007;
Rowan, 2019; Rowan et al., 2012; Vendeville
and Jackson, 1992a, 1992b). Fault slip appears
to respond to extra sediment load over short peri-
ods of time, when suitable mobile substrates are
displaced. During differential loading or gravity
gliding, either salt or shale may be withdrawn
from beneath major depositional centers or
from updip areas of the passive margin and then
transported away from the depositional center
and/or in a downdip direction. Consequently,
mobilization of the underlying mobile substrate
leads to extension and normal faulting within the
depocenter, as well as contraction and diapiric
flow away from the depocenter (Vendeville and
Jackson, 1992a, 1992b; Wu et al., 1990). High
rates of sediment supply lead to the formation of
growth faults as sediment thickness commonly
surpasses the fault offset and make these margins
the most likely to preserve their faulting history.
These processes have been well documented,
for example, in the Niger Delta basin, offshore
Nigeria, since the Miocene (Doust, 1990; White-
man, 1982) and in the Santos Basin, offshore
Brazil, since the Cretaceous (Demercian et al.,
1993; Ojeda, 1982).

The Gulf of Mexico passive margin is a
good candidate for the study of these processes
because it contains numerous faults initiated
and reactivated by large and changing volumes
of prograding siliciclastic sediments displacing
(highly mobile) salt during the Cenozoic (Die-
gel et al., 1995; Galloway, 1989; Lopez, 1990;
McBride, 1998; Omale and Lorenzo, 2015;
Peel et al., 1995; Rowan et al., 1999; Thorsen,
1963; Woodbury et al., 1973; Worrall and Snel-
son, 1989). The rate of sediment supply during
the Cenozoic has been controlled largely by
tectonic and climatic changes within the sedi-
ment source area, assuming limited, short-term
(<10° yr) buffering between the source and the
continental margin (Bentley et al., 2016; Blum
and Pecha, 2014; Galloway et al., 2011; Winker,

https://doi.org/10.1130/B35623.1; 13 figures; 1 table; 1 supplemental file.
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Figure 1. Distal-primary (in uppercase letters) and local-secondary processes (salt/shale
withdrawal) and their products (within boxes) at passive margins with mobile substrates.
Different techniques (italicized letters) extract the process from the products (within boxes).
Note that although sediment volume is a product of tectonic and climatic forcing, it also acts
as a control on fault movement by secondary mechanisms (salt/shale withdrawal). Flexure

during sediment loading is not considered.

1982). Peak periods of sediment supply during
the Cenozoic correlate with peak periods of
uplift and denudation in sediment source areas
within the western and eastern interior of the
North American continent (Bentley et al., 2016;
Fernandes et al., 2019; Gallen et al., 2013; Gal-
loway et al., 2011; Liu, 2014, 2015; Xu et al.,
2017). At least three periods of major sediment
flux (65 Ma, 40-15 Ma; and 5-0 Ma; Galloway
et al., 2011) broadly correlate with phases of
uplift and magmatism in the Rocky Mountain—
Colorado Plateau region, which is the western
continental sediment source area for the Gulf of
Mexico (Fernandes et al., 2019). The ~1-2 km
uplift of the Colorado Plateau and associated
magmatism (Roy et al., 2009) since the Creta-
ceous are attributed to the presence of anoma-
lously warm asthenosphere (Fitton et al., 1991;
Roy et al., 2009) beneath a thin lithosphere
(Klocking et al., 2018), as inferred from magma
chemistry (Fitton et al., 1991; Roy et al., 2009)
and analyses combining shear wave velocities,
asthenosphere temperature, and basaltic geo-

chemistry (Klocking et al., 2018). An increase
in sediment supply into the Gulf of Mexico from
the eastern continental source area since the
Miocene is attributed to the uplift of the Appala-
chian Mountains related to dynamic topography
(Fernandes et al., 2019; Gallen et al., 2013; Liu,
2014, 2015; Miller et al., 2013) and/or acceler-
ated erosion caused by increasing storm inten-
sity (Boettcher and Milliken, 1994; Galloway
etal.,2011). The dynamic topography as a cause
of Appalachian Mountain uplift may have been
an isostatic response to mantle delamination
(Gallen et al., 2013), or convective flow within
the mantle induced by the downgoing Farallon
slab (Liu, 2014, 2015; Miller et al., 2013). In the
north-central Gulf Coast (south Louisiana), the
early Miocene depocenter is located in south-
west and south-central Louisiana, fed by the
ancestral Red and Mississippi Rivers, respec-
tively, whereas the middle Miocene depocenters
shifted eastward to south-central and southeast
Louisiana and were fed by the Mississippi River
and paleo—Tennessee River fluvial axes, respec-
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tively (Fig. 2; Galloway et al., 2011; Xu et al.,
2017). Furthermore, the northern Gulf of Mex-
ico is characterized by onshore fault scarps that
reflect the fault displacement history and record
the continental-scale sediment supply during the
Pleistocene—Holocene interval. Fault displace-
ment resulted from large volumes of prograd-
ing Pleistocene and Holocene sediments being
supplied and deposited in response to changes
in erosion rates during glacial and interglacial
cycles (Dokka et al., 2006; Ivins et al., 2007;
Shen et al., 2017). The heights and slopes of
fault scarps may be used to determine the mag-
nitude and relative ages of fault reactivation
episodes (Bucknam and Anderson, 1979; Enzel
etal., 1994; Rao et al., 2017; Wallace, 1977). In
addition, oil and gas exploration starting in the
twentieth century has provided large amounts of
regional seismic and well-log data from which
fault motion history can be constrained.

In this contribution, we performed kinematic
analysis of faults from south Louisiana using
light detection and ranging (LiDAR), well-
log, and seismic reflection data. We show that
major fault offsets indicate periods of maximum
sedimentation coeval with tectonic and climatic
events within the North American continental
interior during the Cenozoic. In addition, by
correlating changes in fault throw with changes
in sediment supply, we suggest that fault oft-
sets can be used to evaluate missing sediment
volumes because fault offsets can be preserved
despite partial erosion.

TECTONO-SEDIMENTARY
EVOLUTION OF THE NORTHERN
GULF OF MEXICO

Geologic Setting

The Gulf of Mexico is an ocean basin that ini-
tiated during the Mesozoic breakup of Pangea,
following the separation of North America from
South America, and developed by crustal exten-
sion and seafloor spreading (Buffler et al., 1994;
Salvador, 1987). Extension and thermal subsid-
ence have created ~5-7 km of subsidence and
accommodation for sediment deposition (Saw-
yer et al., 1991). Following the incursion of
seawater, salt deposition began in the restricted
basin prior to and during early seafloor spread-
ing, and it resulted in a thick Jurassic accumu-
lation of autochthonous Louann Salt (~3—4 km
thick; Salvador, 1987).

The postsalt depositional history of the Gulf
of Mexico basin involved rimmed carbonate
platform emplacement and continued subsid-
ence. By the end of the Early Cretaceous, these
formed the framework for the present-day basin
outline and morphology (Galloway, 2008;
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Figure 2. Location of seven
sediment depositional centers
across northern Gulf of Mexico
during the Cenozoic (Galloway
et al., 2011). Between late Eo-
cene (1) and middle Miocene
(4), centers move generally
from north to south. Between
early Miocene (3) and late Mio-
cene (5), centers move from
southwest to southeast Louisi-
ana. In the Pleistocene (7), the
depocenter shifts back toward
the west. State abbreviations:
AR—Arkansas, LA—Louisi-
ana, MS—Mississippi, TX—
Texas. Map projection is World
Geodetic System 1984, World
Mercator.

Winker and Buffler, 1988). In the Cenozoic,
siliciclastic sediment supply and margin progra-
dation became dominant, controlled by tectonic
and climatic processes in the hinterland (Bent-
ley et al., 2016; Galloway, 2008; Galloway et al.,
2000, 2011) and slowing rates of thermal postrift
subsidence. Rapid sediment supply created
thick successions and initiated gravity tecton-
ics defined by dominant basinward salt evacu-
ation and consequent fault activity, including
growth faulting (Diegel et al., 1995; McBride,
1998; Peel et al., 1995; Rowan, 1995; Schus-
ter, 1996; Winker, 1982; Worrall and Snelson,
1989). Sediment deposition and salt withdrawal
created additional accommodation and caused
load-induced basin subsidence (e.g., present-day
basement depth of ~16-20 km in the northern
Gulf of Mexico; Peel et al., 1995). The location,
magnitude, and timing of fault activity changed
in response to shifts in the location(s) of the
dominant sediment supply caused by changes in
tectonic and climatic events within the interior
of North America (Dokka et al., 2006; Hanor,
1982; Heinrich, 2000; Omale and Lorenzo,
2015; Thorsen, 1963).

In the north-central Gulf of Mexico (south
Louisiana), Paleocene—early Eocene clastic
progradation driven by faster erosion follow-
ing Laramide uplift in the central and southern
Rocky Mountains led to salt evacuation and
growth faulting (Eaton, 2008; Galloway, 2008;
Galloway et al., 2005, 2011; McMillan et al.,
2002, 2006; Winker, 1982). During the late
Eocene—early Miocene, regional crustal heating,
uplift, and volcanism in the southwest United
States increased erosion and sediment supply
mainly to southwest Louisiana (Galloway, 2008;
Galloway et al., 2011), resulting in more fault-
ing in that area (Diegel et al., 1995; Omale and
Lorenzo, 2015; Peel et al., 1995). Furthermore,
large increases in sedimentation rate and fault
activity in the Miocene reflect the erosional reju-
venation of the eastern North American (Appa-
lachian) uplands due to regional climate change

Cenozoic, Pliocene—Quaternary sedimentation
and fault activity record uplift, climate change,
and high-amplitude, high-frequency glacio-
eustatic sea-level change within North America,
as well as global climate change (Dokka et al.,
2006; Ivins et al., 2007; Nunn, 1985).

METHODOLOGY

We conducted fault kinematic analysis on
140 faults within 11 published regional well-
log cross sections (Bebout and Gutiérrez, 1982,
1983) and on six faults within four seismic
reflection profiles in south Louisiana to deter-
mine the timing and magnitude of fault move-
ment (Fig. 3; Figs. SI-S3"). Fault kinematic
analysis involves measuring cumulative throw
(T), calculating incremental throw (AT; Fig. 4),

(Boettcher and Milliken, 1994) and dynamic
surface topography (Liu, 2014, 2015), resulting
in supply of sediment to large depocenters (Gal-
loway et al., 2011) and strong growth faulting
in southeast Louisiana (McBride, 1998; Omale
and Lorenzo, 2015; Schuster, 1996). In the late

ISupplemental Material. Details on  well
log cross sections, seismic cross section, and
LiDAR images within the study area. Please visit
https://doi.org/10.1130/GSAB.S.13369571 to access
the supplemental material, and contact editing@
geosociety.org with any questions.
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Figure 3. Location of well transects, seismic, and light detection and ranging (LiDAR) profiles in south Louisiana, United States, from which
fault throws were measured. Triangles represent selected well locations along well transects (solid thin black lines; Bebout and Gutiérrez,
1982, 1983). Thick black lines numbered 1-4 are seismic lines. Black dots mark locations at fault scarps identified and measured from Li-
DAR data. Thick gray lines highlight offsets along the length of the fault scarps studied in this paper (Fig. 9). Data from southwest Louisiana
are represented by well transects A—A’ through F-F’ (Fig. 6) and LiDAR profiles I and II (Fig. 9), while data from southeast Louisiana are
represented by well transects M-M’ through Q-Q’ (Fig. 7), seismic lines 1-4 (Fig. 8), and LiDAR profiles III and IV (Fig. 9). Map projection

is World Geodetic System 1984, World Mercator.

and making graphical representations in the form
of incremental throw versus time (AT-¢) plots
(Cartwright et al., 1998; Castelltort et al., 2004;
Mansfield and Cartwright, 1996). Cumulative
throw is the total displacement of older horizons,

and it is the sum of several throw increments
across a fault through time (Fig. 4; Figs. S1-S3).
The horizons within the well-log cross sections
are the tops of the major stratigraphic units that
mark transgressive and regressive depositional

Time 1
B
D # 8 (1) Figure 4. Method of determin-
X ing incremental throw between
two moments in time. At time
1, the top of unit A is offset
by a cumulative throw Ty (1).
At time 2, the top of unit A is
Time 2 offset by a cumulative throw
c S Ty (2) =Ty (1) + Tc (2), and Ty,
______ T (2) 2Ty (1). Original cumula-
B ©@  tive throw at time 1, Ty (1) = Ty
______ 2) - T (2).
A B #TB ) (2) c (2
A
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cycles in south Louisiana, identified by biostrati-
graphic and lithostratigraphic correlation (Figs.
S1-S2; Bebout and Gutiérrez, 1982, 1983). To
assign relative ages to seismic horizons (Fig.
S3), we combined lithostratigraphic and bio-
stratigraphic interpretations from nearby wells
(McFarlan and LeRoy, 1988) with estimates
of the depths to the tops of dated stratigraphic
units from published regional structural maps,
and thickness estimates from published isopach
maps (Fisk, 1944; McFarlan and LeRoy, 1988;
Rainwater, 1964). We note that the displacement
estimates from well-log cross sections are tech-
nically “vertical separation,” although we use the
term “throw” in order to maintain the “throw vs.
time” and “throw vs. depth” terminology com-
monly used in the literature. Furthermore, actual
throw will be greater than vertical separation for
most faults in the study area because most of the
faults dip in the same southward direction as the
strata (Tearpock and Bischke, 2003). However,
we note that peak periods in sediment deposi-
tion will correlate with peak periods in both fault
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throw and vertical separation if differential load-
ing is a driving mechanism for salt mobilization
and fault reactivation. This means that our com-
parison of changes in fault displacement with
changes in sediment volumes remains valid,
although the “throw” values estimated from the
well-log cross sections may be underestimated.

To determine cumulative and incremental
throw, we applied the “fill to the top assumption,”
which implies that sedimentation completely fills
the accommodation created by fault slip, leaving
no persistent fault scarp after the deposition of
sediments at any time (Fig. 4; Cartwright et al.,
1998; Mansfield and Cartwright, 1996; Omale
and Lorenzo, 2015). We also assumed that there
was no erosion and no differential compaction
between the footwall and hanging-wall blocks
across faults. By assuming “fill to the top,” we
interpreted that after the deposition of a strati-
graphic unit, any additional displacement of
the top of that unit occurred during subsequent
sediment deposition, and the incremental throw
was added to the throw of older units to produce
a cumulative throw of the older units (Fig. 4).
We calculated incremental throw by subtracting
the throw of all younger horizons from older
horizons (Fig. 4). Incremental throw values
greater than zero were interpreted as periods
of fault motion, while periods with zero incre-
mental throw values were defined as periods of
fault inactivity. We applied the “fill to the top”
assumption to older Cenozoic periods (Paleo-
cene—late Miocene/Pliocene) when the major
sediment depositional centers were located in
the present-day onshore south Louisiana, and
sedimentation was most likely to surpass the
accommodation space created by fault displace-
ment. To graphically plot incremental throw
against time, we assigned numerical ages to each
formation in the well log and seismic cross sec-
tions from published stratigraphic charts (Fig. 5;
Gradstein et al., 2012; Hackley, 2012).

We also analyzed the distribution, heights,
and slopes of 500 fault line scarps identified in
digital elevation maps constructed from LiDAR
data (http://atlas.Isu.edu/lidar; Fig. 3; Fig. S4) to
determine the most recent fault displacement. We
extracted profiles perpendicular to the identified
fault line scarps and used a smoothing function,
defined based on the error function (Sandwell and
Smith, 2005), to filter out topographic noise that
could prevent direct measurements of the height
and slope of the fault scarp. We also used a search
function to find the best-fit height and slope from
the smoothing function (Appendix 1). Relative
ages of fault scarps were interpreted from the
slopes of the scarps, with the assumption that
younger fault scarps are steeper than older fault
scarps because of shorter exposure to erosion, for
scarps of the same height, similar deposits, and

under similar climatic conditions (Bucknam and
Anderson, 1979; Enzel et al., 1994; Rao et al.,
2017; Wallace, 1977). We note that the preserva-
tion of onshore fault scarps implies that the “fill
to the top” assumption is not applicable to the
most recent period of fault activity, which mainly
correlates with a period of time during which the
major sediment depocenter was located in the
present-day offshore Gulf of Mexico.

Finally, we correlated changes in fault throw
to changes in sediment supply during different
periods of the Cenozoic. We drew on interpreta-
tions of changing tectonics and climate in source
areas responsible for the changes in sediment
supply to demonstrate that fault displacement
history can record tectonic and climate signals
in Earth history (Fig. 1).

RESULTS AND INTERPRETATION

The fault kinematic analysis revealed three
peak periods of fault slip during the Cenozoic.
Fault throw increased in the late Oligocene—
early Miocene, middle Miocene—late Miocene,
and Pleistocene. These peak periods correlated
with a major increase in the rate of sediment sup-
ply and the development of new sediment depo-
sitional centers in south Louisiana, driven by
tectonic and climatic forcing mechanisms in the
sediment source areas within the interior of the
North American continent (Figs. 6—10; Table 1;
Tables S1-S17).

In southwest Louisiana, incremental throw
along individual faults and average fault throw
rates across all faults show that maximum fault
slip took place in the late Oligocene—early
Miocene (Fig. 6; Tables S1-S6). During this

period, a major increase in sediment supply
rate, transported by a new fluvial axis (the Red
River), formed a depocenter in the area (Fig. 2;
Bentley et al., 2016; Galloway et al., 2011; Xu
et al., 2017). The Red River connects tributaries
that largely drain the elevated Colorado Plateau,
Rocky Mountains, and Ouachita Mountains, as
well as the remnant volcanic uplands of north-
ern New Mexico during an arid climate (Cather
et al., 2008; Chapin, 2008; Galloway et al.,
2011), with warm and wet periods between 19
and 16 Ma (Fig. 10; Table 1; Retallack, 2007).
In addition, locally, the Llano Uplift and uplift
of the Edwards Plateau contributed sediments
directly to the Gulf of Mexico, and the Edwards
Plateau deflected an existing river to connect
with the Red River, providing additional sedi-
ments during this period (Galloway et al., 2011;
Xu et al., 2017). Consequently, the loading
caused by deposition of large volumes of sedi-
ment displaced significant volumes of salt, form-
ing salt withdrawal minibasins and growth faults
(Diegel et al., 1995; Peel et al., 1995).

In southeast Louisiana, incremental throw
estimates show that a major increase in fault
displacement began in the early Miocene and
continued through the late Miocene (Figs. 7, 8,
and 10; Table 1; Tables S7-S17). These maxi-
mum values are an order of magnitude greater
than those estimated for previous periods. This
major increase in sediment supply was concom-
itant with the increase in fault displacement,
especially for the middle to late Miocene. Dur-
ing the middle Miocene, a new fluvial axis, the
paleo—Tennessee River, transported sediment
into southeast Louisiana and developed a new
sediment depocenter (Fig. 2; Galloway et al.,

Age
Era |Period Epoch Stratigraphic Unit (Ma)
26
Pliocene Pliocene
5.3
e Upper Miocene
& ) 1.8 . . . .
8 Miocene Middle Miocene Figure 5. Stratigraphic units
= 15.9 identified in well-log cross sec-
Lower Miocene 5 tions (Hackley, 2012). The tops
g Anahuac Fm. of these units define strati-
§ Oligocene Frio Em. = graphic markers for fault
8 Vicksburg Grp. 28 throw measurement (Figs. 6-7;
33.9 Tables S1-S11 [see text foot-
Jackson Grp. .
37 note 1]). Fm.—Formation,
® B Cockfield/Yegua Fms. 5 Grp.—Group.
ug” Sparta Fm.
‘;"; 47.8
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Figure 6. Incremental fault throw vs. time plots for cross sections A—A’ to F-F’, southwest Louisiana (Tables S1-S6 [see text footnote 1]; see
Fig. 3 for location). Fault throw from the top to bottom of each stack is from faults identified from north to south in each cross section. Open
triangles on the left of each stack, from top to bottom, correspond to the well locations (triangles) in Figure 3, from north to south. Highest
points on polygons represent maximum incremental fault throw for that period. Fault throw is highest in the early Miocene in southwest
Louisiana. Fault throw measurements (edges of each polygon) are absent for periods with a dashed line on either side of the polygon (Tables
S1-S6). Incremental fault throw is zero, i.e., fault inactivity, for periods where there is a dashed base line between polygons.

2011). The paleo-Tennessee River became a
dominant transport agent and increased sedi-
ment supply either because of increased storm
intensity in the Appalachians, related to a change
to cooler and climatic conditions (Boettcher and
Milliken, 1994; Galloway et al., 2011), and/or

epeirogenic uplift of the Appalachian Mountains
(Fig. 10; Table 1; Bentley et al., 2016; Fernandes
etal., 2019; Gallen et al., 2013; Liu, 2014, 2015;
Miller et al., 2013; Pazzaglia and Brandon,
1996). Since the Miocene, increases in sediment
supply led to significant salt evacuation and
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growth faulting in southeast Louisiana, form-
ing prominent salt basins, e.g., the Terrebonne
Trough (Diegel et al., 1995; McBride, 1998; Peel
et al., 1995; Schuster, 1996).

A comparison of fault throw between south-
west and southeast Louisiana showed that the
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Figure 7. Incremental fault throw vs. time plots for cross sections M—-M’ to Q-Q’, southeast Louisiana (Table S7-S11 [see
text footnote 1]; see Fig. 3 for location). Fault throw from the top to bottom of each stack is from faults identified from
north to south in each cross section. Open triangles on the left of each stack, from top to bottom, correspond to the well
locations (triangles) in Figure 3, from north to south. Highest points on polygons represent maximum incremental fault
throw for that period. Fault throw is highest in the late Miocene in southeast Louisiana. Fault throw measurements (edges
of each polygon) are absent for periods with a dashed line on either side of the polygon (Tables S7-S11). Incremental fault
throw is zero, i.e., fault inactivity, for periods where there is a dashed base line between polygons.
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timing and amount of fault slip records a tem-
poral shift in the location of maximum fault
displacement from southwest to southeast
Louisiana during the Cenozoic. Incremental
throw maxima, which correlate with major dep-
ocenter activity, are higher in the east (average
incremental throw of 335 m) than in the west
(average incremental throw of 180 m; Figs. 6, 7,
and 10; Table 1; Tables S1-S17). This possibly
reflects the availability of more salt or an overall
greater sediment supply during the middle—late
Miocene in the east during peak sedimentation
than during the Oligocene—early Miocene dep-
ocenter development in the west. Overall, the
west-to-east shift correlates with a similar shift
in dominant sediment source, from the Rocky
Mountains in the west to the Appalachians in
the east, as well as shifts in the loci of sediment
deposition and salt evacuation in south Louisiana
(Figs. 2 and 10; Table 1). Sediment supply into
southwest Louisiana from the Rocky Mountains
decreased because of early Miocene regional
subsidence in surrounding interior areas that
reduced stream gradients (Bentley et al., 2016;
McMillan et al., 2006) during an increasingly
arid climate (Zachos et al., 2001) in that region
(Bentley et al., 2016; Chapin, 2008; Galloway
et al., 2011). Although increasing aridity may
increase the frequency of large flooding events
and consequently the volume of coarse sedi-
ment transported downstream (Molnar, 2001),
regional subsidence dominated in the western
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Age (Ma)

United States, associated with Rio Grande rift-
ing and Basin and Range extension. This led to
reduced sediment supply to the Gulf of Mexico
from the western interior, as interior basins cap-
tured more sediments (Bentley et al., 2016; Gal-
loway et al., 2011; Xu et al., 2017).

The fault throw estimates show that major
fault reactivation migrated southward with time
(Figs. 6-7; Tables S1-S11), correlating with
the progradation of deltaic sediments since
the Cenozoic (Fig. 2). Sediment progradation
depends on the interplay between sediment
supply and relative sea level, in the absence of
additional subsidence mechanisms that can cre-
ate accommodation space (Klotsko et al., 2015;
Posamentier et al., 1988; Rasmussen, 2004; Vail
et al., 1977; Van der Zwan, 2002). During most
of the Cenozoic, sediment supply in the Gulf
of Mexico dominated over sea-level changes
to allow continuous deltaic progradation, with
significant increases in sediment supply in the
Paleocene, Miocene, and Pleistocene (Bentley
et al., 2016; Galloway, 2008; Galloway et al.,
2005, 2011). For example, during the Miocene,
between 23 Ma and 5 Ma, fault reactivation
shifted southward in time in southeast Louisi-
ana (Fig. 7). During this period, sediment supply
increased, and the deltaic depocenters prograded
southward from their previous positions (Fig. 2).
However, global sea-level estimates show an
increase (<50 m) in sea level from Oligocene
values during the early and middle Miocene
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Figure 8. Fault throw vs. time
measured from faults identified
in seismic sections from south-
east Louisiana (see Fig. 3 for
location). Fault throw is high-
est in the Miocene. Plots 1-3
represent faults identified from
north to south along seismic
profile 1, and plots 4, 5, and 6
are faults identified within seis-
mic profiles 2, 3, and 4, respec-
tively. Dashed horizontal lines
represent zero fault throw. For
each fault plot, there are no
available throw measurements
on stratigraphic units repre-
sented by the periods without
polygons.

(Haq et al., 1987; Vail et al., 1977). Typically,
this sea-level rise would be predicted to have
negatively affected progradation, driving shore-
line retreat. In contrast, increases in sediment
supply from the Appalachians since the Mio-
cene in response to an increase in mantle-driven
surface topographic relief (Gallen et al., 2013;
Liu, 2014; Miller et al., 2013), coupled with late
Miocene increases in precipitation and season-
ality in response to climatic cooling (Boettcher
and Milliken, 1994; Galloway et al., 2011),
dominated over the sea-level rise. Furthermore,
sea level may have fallen in the late Miocene
(Haq et al., 1987; Vail et al., 1977), which would
favor coastal progradation with a steady rate of,
or an increase in, sediment supply. Alternatively,
sea level was relatively constant throughout the
Miocene (Miller et al., 2005, 2011, 2020), and
deltaic progradation and the southward migra-
tion of peak fault activity in the Gulf of Mexico
during this period mainly reflect the increase in
sediment supply from the Appalachians. We note
that the interpretation of a southward migration
of peak fault throw with time may be biased by
the fewer or indeed lack of fault throw estimates
for older time periods in the southern part of the
study area (Tables S7-S11). There are fewer fault
throw estimates for older periods in the southern
part of the study area because these older units
are deeply buried by the younger sediments,
beyond the maximum depth of penetration of the
well logs (Fig. S1). However, we would expect
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Figure 9. (A) Vertical offsets and (B) slopes from fault scarps within light detection and ranging (LiDAR) profiles (see Fig. 3 for location).
Heights (vertical displacement) and slopes of fault scarps are higher toward the western part of south Louisiana.

the correlation between fault throw and sediment
supply that we observed in areas where data are
available to continue for these older time peri-
ods, because we infer that the mechanism for salt
displacement and fault reactivation remained the
same within the basin.

Fault throw estimates for both southwest and
southeast Louisiana show that fault inactivity
(AT = 0) occurred mostly during the Eocene
(Figs. 6-7), a period marked by a lower sedi-
ment supply by the Mississippi River and a shift
in major sedimentation to central Louisiana
(Fig. 2; Galloway et al., 2011). The reduced sedi-
ment supply resulted from reduced runoff in the
northern Rocky Mountains caused by increas-
ing aridity and drainage reorganization (Table 1;
Davis et al., 2009; Sewall and Sloan, 2006; Wilf,
2000). The development of a broad lowland in
the central United States, caused by dynamic
subsidence associated with the eastward motion
of the Farallon slab, may have aided this drain-
age reorganization and the capture of sediments
by interior basins, leading to reduced Eocene
sediment supply to the Gulf of Mexico (Liu,

2014, 2015). In addition, globally high sea levels
may have combined with the low sediment sup-
ply to cause transgression of the northern Gulf
of Mexico onto the Eocene shelf (Bentley et al.,
2016; Galloway et al., 2011).

The fault throw estimates show fault reactiva-
tion in both southwest and southeast Louisiana
during the Pleistocene (Fig. 8; Tables S12-S19).
During this period, the depocenter extended
across south Louisiana, fed by three main flu-
vial axes (Fig. 2; Bentley et al., 2016; Galloway
et al., 2011; Saucier, 1994; Thompson, 1991).
The wide extent of the depocenter and increase
in sediment supply in the Pleistocene occurred in
response to the advance and retreat of ice sheets
during the North American glaciation, coupled
with epeirogenic uplift in the western interior
since the Pliocene (Fig. 10; Table 1). The heights
and slopes of fault scarps, which constrain the
fault displacement history of the Pleistocene and
Holocene strata across south Louisiana, decrease
from southwest Louisiana (average height of
4-12 m) to southeast Louisiana (average height
<4 m; Fig. 9; Tables S18-S19). However, fault
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scarp slopes are below an average of 0.04 m/m
in south Louisiana, except in the Baton Rouge
area (southeast Louisiana), where slopes reach
as high as 0.08 m/m (Fig. 9; Tables S18-S19).
This suggests that the steeper-sloped faults in
the Baton Rouge area were active more recently
than the faults in the western part of south Loui-
siana, following the methods of interpreting
fault scarp age based on slopes (Bucknam and
Anderson, 1979; Enzel et al., 1994; Rao et al.,
2017; Wallace, 1977). Another reason to sug-
gest a different age for the fault scarps is that,
for scarps of the same age but different resis-
tance to erosion, the scarps in more resistant
material will have steeper slopes than those in
less resistant material. Following that interpre-
tation, the Baton Rouge area, which is covered
by loess (Heinrich, 2008), a more easily erod-
ible material, might be expected have gentler
slopes than southwest Louisiana if the scarps
were the same age. It is important to note that
the Pleistocene fault displacements from fault
scarps represent an underestimate of the actual
fault throw, because the major salt displacement
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In comparison, fault throws in southeast Louisiana (SE LA) were highest during the time of
uplift of the Appalachians (Gallen et al., 2013; Miller et al., 2013). Sedimentation rates (Gal-
loway et al., 2011) were highest during the Paleocene, Miocene, and Quaternary. Quaternary
(Q) glaciations may relate to the most recent fault activation detected on surface faults in the
study area (Fig. 9), and offshore Louisiana, out of the study area. Note that although exhuma-
tion rates increased in the central Rockies in the middle-late Miocene, regional subsidence
associated with the Rio Grande Rift and Basin and Range captured sediments and led to re-
duced sediment supply to the Gulf of Mexico. *Grain volume sediment supply rate (Galloway
et al., 2011) is for the entire northern Gulf of Mexico, including additional drainage axes and
depocenters west and east of the study area. fAverage throw values may be affected by the
few number of, or lack of, fault throw measurements for some periods (Tables S1-S17 [see
text footnote 1]), because some horizons were not sampled by the minimum or the maximum
depth of the well logs or seismic data (Figs. S1-S3 [see text footnote 1]). Fault throw from light
detection and ranging (LiDAR) (Fig. 9; Table 1) is not plotted. P—Pliocene; Pal.—Paleocene.

and fault displacement in response to Pleistocene
sediment loads are now located offshore Louisi-
ana, i.e., the location of the Pleistocene sediment
depocenter (Fig. 2), and the well-log and seismic
surveys in this study did not cover that area. By
the Pleistocene, deltaic progradation that started
in the Paleocene, coupled with increased sedi-
ment supply in response to Pleistocene glacia-
tion, had caused the major sediment depocenters
to migrate south into present-day offshore Gulf
of Mexico (Fig. 2). Studies in the Gulf of Mex-
ico have documented extensive salt evacuation
and fault reactivation in the Pleistocene (Diegel
et al., 1995; Peel et al., 1995; Schuster, 1996).

DISCUSSION

Fault kinematic analysis can be used to iden-
tify and quantify previously unmapped volumes
of sediment (Fig. 11). For example, prior work
indicates that the first Cenozoic depocenter
in southeast Louisiana formed in the middle
Miocene (Galloway et al., 2011). However,
in the early Miocene, fault throws increased
significantly across south Louisiana (Figs. 6-7)
and imply an increase in sedimentation rate
in that area. In particular, increased salt with-
drawal caused by differential loading might have

TABLE 1. TECTONICS, CLIMATE, AND AVERAGE FAULT THROW FOR THE GULF OF MEXICO

Age (Ma) North American tectonics North American climate Global climate
Rocky Mountains SW LA Appalachians ~ SE LA Rocky Mountains SW LA Appalachians SE LA (Zachos et al., 2001)
and Great Plains throw* throw throw throw

(m) (m) (m) (m)

Pleistocene Broad domal High elevation Cool to cold; ice-sheet 4t Cool to cold; ice- 3t, 358 Cooler than

(0) epeirogenic uplift (1) advance and retreat sheet advance and Pliocene
Tilting of Western (1,2) retreat (1,2,3)

Pliocene High Plains (1,4,5,6) 15 Broad uplift 86.64 Cool, temperate; Cool, temperate Cooler than

(2.59) (1,8,9,10,11) monsoonal, subarid (1) Miocene
1,2,7

Late Miocene Slow regional and 32 335 Coole(r, drie)r, less Cooler, drier, less Onset of cooling
(5.33) local extension and variable than middle variable than

subsidence (1,4,8) Miocene, arid (7,8) middle Miocene,
temperate (1,8)

Middle 82 133 Warm, temperate Warm, wet, Mid-Miocene
Miocene (1,712) temperate; climatic optimum
(11.6) increased

storm intensity
(1,8,11,13)

Early Miocene 180 Possible uplift 180 Warm, wet, seasonal Warm, temperate Warm

(15.97) beginning at aridity continued from (1,8)
18 Ma (9,10) Oligocene (1,7,14,15)

Oligocene Regional 102 Quiescent (1) 31 Dry, cool, subarid to Temperate (1) Late Oligocene
(23.03) thermally driven arid (1) warming; Oligocene

uplift (1) glaciation

Eocene (33.9) 40 Quiescent (1) 25 Variable in time; warm Warm to cool, Less warm in Middle

subarid to warm temperate (1) and late Eocene;

temperate to subarid/
arid (1,16,17)

early Eocene
climatic optimum

Note: Pliocene and Pleistocene fault throw may be underestimated because the main sediment depositional centers and major salt displacement during these periods
are now located offshore Louisiana. Source-area tectonic and climatic events control sediment supply to the Gulf of Mexico, as indicated by average fault throw and
global climate during the same period. Southwest Louisiana source area is the Rocky Mountains and Great Plains, whereas southeast Louisiana source area is the
Appalachian Mountains. The west-to-east shift in higher fault throw in the Miocene was a consequence of a west-to-east shift in the location of maximum sediment
supply, caused by the uplift of the Appalachians. References: 1—Galloway et al. (2011); 2—Thompson (1991); 3—Saucier (1994); 4—McMillan et al. (2006); 5—Eaton
(2008); 6—McMillan et al. (2002); 7—Chapin (2008); 8—Bentley et al. (2016); 9—Miller et al. (2013); 10—Gallen et al. (2013); 11—Pazzaglia and Brandon (1996);
12—Boettcher and Milliken (1994); 13—Retallack (2007); 14—Cather et al. (2008); 15—WIilf (2000); 16—Davis et al. (2009); 17—Sewall and Sloan (2006).

*Pliocene fault throw estimates for southwest Louisiana may be affected by insufficient data because only two measurements were used in calculating the average

throw. This is because the well logs used in this study begin at 3000 ft (914 m), below the Pliocene unit.
fFault throw measured from light detection and ranging (LiDAR) profiles.

SFault throw measured from seismic cross sections. All other fault throw values are from well-log cross sections (see Fig. 3 for locations).
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Figure 11. New early Miocene depocenter identified in this study from fault kinematic analy-
sis extends early Miocene depocenter further east, beyond original eastern limit (Galloway
et al., 2011) and modified eastern limit (Xu et al., 2017). Note that the limit of the depocenter
proposed in this study is based on data coverage, and early Miocene depocenter may extend
beyond the mapped location in this study, including beyond the southern boundary. Map pro-
jection is World Geodetic System 1984, World Mercator. See Figure 2 for state abbreviations.

been a driving mechanism for fault movement
(Diegel et al., 1995; McBride, 1998; Omale
and Lorenzo, 2015; Peel et al., 1995; Schuster,
1996; Thorsen, 1963). Early Miocene depocen-
ters are documented across the region, but only
for southwest and south-central Louisiana (Gal-
loway et al., 2011). There is some evidence of
a possible early Miocene increase in sediment
supply to the area if we assume that the paleo—
Tennessee River was already a dominant sedi-
ment supplier in the early Miocene. This would
have brought sediments from the Appalachian
Mountains. Studies of topographic relief and
river profile knickpoints in the Cullasaja Basin
of the Appalachian Mountains show that epeiro-
genic uplift of the landscape and increase in
relief (~150%) may have begun as early as ca.
18 Ma (Gallen et al., 2013). A possible mecha-
nism for this epeirogenic uplift in the southern
Appalachians is isostatic response to delamina-
tion of the Farallon slab, supported by the spatial
correlation between uplifted regions and litho-
spheric geophysical anomalies, interpreted as
relict slab fragments (Gallen et al., 2013). Alter-
natively, numerical simulations of buoyancy-

induced mantle flow, associated with the sink-
ing of the Farallon slab, suggest that dynamic
subsidence caused tilting of the North American
continent and enhanced differential erosion
within the Appalachians by 15 Ma (Liu, 2014).
Increased erosion led to an increase in sediment
supply to the Gulf of Mexico and eastern North
American margin, and flexural isostatic adjust-
ments in response to this enhanced differential
erosion created up to 400 m of relief and 200 m
of surface uplift since the Miocene (Liu, 2015).
It is well established that epeirogenic uplift
has affected the Appalachian Mountains in the
southeast United States and caused increases in
sediment supply to the northern Gulf of Mexico,
at least by the middle Miocene (Bentley et al.,
2016; Boettcher and Milliken, 1994; Galloway,
2008; Galloway et al., 2011). The estimated
increase in fault throw rates favors an increase
in early Miocene sediment input to southeast
Louisiana at this time, transported by the paleo—
Tennessee River and triggered by Appalachian
uplift. Alternatively, the previously mapped early
Miocene depocenter (Galloway et al., 2011; Xu
et al., 2017) fed by the paleo—Mississippi River
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would have extended further east of the previ-
ously mapped location (Fig. 11).

Fault throw estimates within passive margins
can also indicate periods of high sediment sup-
ply despite partial later erosion of the sediments
(Fig. 12). Our fault kinematic analysis from the
Gulf of Mexico shows that fault throw correlates
with spatial and temporal changes in sediment
volumes within the depocenter. We suggest that
this relationship may be typical of overfilled
sedimentary basins where underlying mobile
substrates such as salt or shale are displaced.
Fault throw will be higher during periods of
higher sediment supply and vice versa at such
passive margins. We further infer that because
changes in fault throw correlate with changes
in sediment supply within these overfilled sedi-
mentary basins, fault throw can record missing
sediment volumes. This is because fault offsets
can be preserved in the rock record despite par-
tial erosion if erosion does not remove material
from the footwall. For example, if a fault dis-
places a sedimentary unit in response to depo-
sition of sediment loads that surpass accom-
modation (Fig. 12, time 1), and subsequently
some sediments are eroded, but the footwall is
preserved, then the fault throw is also preserved
(Fig. 12, time 2). If, at a later time, an incre-
mental fault displacement (T,) occurs (Fig. 12,
time 3), then the initial fault throw across the
older unit increases and is added to the cumula-
tive fault throw (Tp). The initial fault throw (T ),
which results from the deposition of the larger
sediment volume at time 1 that is now partially
eroded by time 2 (Fig. 12), can still be estimated
from the most recent cross section (Fig. 12, time
3). By using fault kinematics to evaluate miss-
ing sediment volumes, greater fault throw can
be linked to greater sediment supply and then
linked to the relative changes in the magnitude
of tectonic and/or climate-related processes driv-
ing changes in sediment supply. An example of
a passive margin where fault kinematics may be
used to evaluate missing sediment volumes and
the magnitude of tectonic and climatic changes
is the West African Congo margin, a salt-bearing
passive margin with fault activity and extensive
early Miocene erosion (Anka et al., 2010; Lavier
et al., 2001; Walgenwitz et al., 1992).

CONCLUSIONS

We combined kinematic analysis of 146 faults
identified in well-log and seismic data with the
analysis of the height and slope distribution of
fault scarps onshore in the northern Gulf of Mex-
ico. Fault throw increased contemporaneously
with the development of Cenozoic depositional
centers in space and time in south Louisiana.
In the early Miocene, fault throw increased in
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southwest Louisiana, as increased runoff from
the elevated Rocky Mountains and volcanic
uplands of New Mexico increased sediment sup-
ply and supplied a new depocenter. In the middle
and late Miocene, fault throw increased in south-
east Louisiana, when a new depositional center
formed in that area. This new depocenter devel-
oped because epeirogenic uplift and increased
storm intensity in the Appalachian Mountain
region increased sediment supply to the area. The
Eocene fault record shows the most fault inactiv-
ity and the least amount of fault reactivation in
southwest and southeast Louisiana, because the
depocenter was in central Louisiana during this
period. Increasing aridity and drainage reorgani-
zation in the northern Rocky Mountain region led
to lower sediment supply rates. When combined
with globally high sea levels, this restricted the
depocenter to central Louisiana. By correlating
fault throw with sediment supply and depocen-
ter location, we infer that fault throw can be a
proxy for the spatial and temporal locations of the
depocenter, as well as the tectonic and climatic
activities that controlled sediment supply.

Our careful analysis of fault throw indicates
that a previously mapped early Miocene dep-
ocenter would have extended further east into
southeast Louisiana. Differential loading is the
preferred mechanism interpreted to have caused
this fault displacement.

We suggest that fault kinematic analysis can
be used to interpret tectonic and climatic con-

trols on sedimentation at other passive margins
affected by gravitational tectonics. We also infer
that fault throw estimates can indicate missing
sediment volumes and the relative magnitudes of
tectonic and climatic processes that drive changes
in sediment supply at these margins. This infer-
ence is possible because fault throw estimates can
be preserved despite partial erosion of sediments,
allowing previously unconstrained rates of sedi-
mentation to be partially estimated.

APPENDIX 1. AUTOMATIC FITTING
OF TOPOGRAPHIC PROFILES

A best fit of topographic profiles, oriented perpendicu-
lar to fault line scarps, can help to filter short-wave-
length topographic noise and provide an automatic
way to measure the height and slope of the fault scarp.
We used an error function template to best match the
shape of the scarp profile:

F(x)= —A*erf(u)+B, (n

where A is the slope of the function F(x), and B is its
intercept. In the error function

erf (u) = % [e¥ e, @)
0

€ is a dummy variable, and u = (X — X,)C is used to
calculate height at different horizontal positions (X)
away from the location of the scarp (X,), where C is
related to the slope (Fig. Al).

Figure A1. The original profile (dashed red) and its
best fit (solid blue).
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Figure 12. Conceptual sketch
A of how fault throw may be pre-
served despite partial erosion
of sediments. Although unit B is
partially eroded by time 2, the
initial throw before erosion, T,,
formed by the end of time 1 re-
mains the same during both pe-
riods. With incremental throw
Tc in time 3, the cumulative
throw offsetting the top of unit
A 'is Tg =Ty + T¢. The throw at
time 1 that was preserved at
time 2 can be calculated from
the cumulative throw at time 3.

Both A and B in Equation 1 are linear for any value
of C and X,,. We first wrote a search function in MAT-
LAB to find convenient starting values for C and X,
by minimizing the following objective function and
iterating through a predetermined range of realistic
values for C and X

D= (z(y_i)*(‘w(“)‘g(”)))z , 3)

(Serr (w) e ()

where y and y are the original data and their mean,
respectively. For general values of C and X)), and when
the error function cannot fully develop across data
sets of finite lateral extent, its mean, (erf(u)), may be
nonzero.

By obtaining the values of C and X, the optimum
values of A and B can be found by linear regression:

- E(erf(u)—gﬂ)(y:?)’ @
e (u)-err )

B=A*erf(u)+y, ©)

where y is the original scarp height.

The error associated with the best-fit line is the
root mean square (RMS) error. The RMS error is the
square root of the average of the squared residual. The
residual of the best fit is the difference between the
original data (the topographic profile) and the best fit
(the error function):

2
RMS = Ly - erf(u)) , (6)
n

where n is the number of samples in y.
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