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Abstract

Integration of seismic, gravity, and magnetic data revealed variations in crustal architecture along
the Yucatan passive continental margin. The crust beneath the Yucatan salt basin is ~10 km thick and
is primarily a lower continental crust. In contrast, the crust beneath the Campeche salt basin is thicker
and comprises both the upper and the lower crustal layers. These variations in crustal architecture
explain the strikingly different tectonic histories of these basins outlined by previous authors. The
rifting of the Yucatan margin was associated with extensive magmatism expressed as voluminous
igneous intrusions in the lower crust, one of which is manifested as the Campeche magnetic anom-
aly. The zone of extrusive volcanic flows is also interpreted in the northern Yucatan coincident with
the Seaward Dipping Reflectors (SDR) in seismic data. Integrated analysis of potential fields and
seismic data demands high density and magnetic susceptibility for the rocks of the SDR zone. The
presalt sedimentary basin with up to 5 km of sediments overlies the stretched and intruded conti-
nental crust adjacent to the Ocean-Continent boundary (OCB). This pre-salt basin is up to 100 km
wide and pinches out at the northeastern tip of the Yucatan peninsula. It appears to be compart-
mentalized with the width of individual segments up to 100 km. All the tectonic elements, namely
OCB, SDR, pre-salt sedimentary basin, and magmatic intrusions within the stretched continental
crust, have their counterparts in the northeastern Gulf of Mexico and therefore represent important
constraints for the prebreakup locations of individual crustal blocks.
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1. Introduction

The Gulf of Mexico is one of the most prolific petroleum basins in the world. Despite the
exploration of the gulf that began more than a century ago, it remains a frontier basin
(Whaley, 2006; Dribus, 2008; Galloway, 2009; Davison et al., 2015) with the northern part
of the basin (the US sector) much more thoroughly explored than the Mexican sector in the
south. Recently, the Mexican government lifted the moratorium on exploration in the Mex-
ican sector (Seelke et al., 2013). This paper focuses on the western margin of the Yucatan pen-
insula in the Southern Gulf of Mexico (Fig. 1) where two salt basins are present (Hudecet al.,
2013)—the Yucatan salt basin in the north and the Campeche in the southwest. Several seis-
mic reflection lines across the western margin of the Yucatan peninsula were recently pub-
lished (Williams-Rojas et al., 2012; Miranda-Peralta et al., 2014; Saunders et al., 2016; Horn
et al., 2017; O'Reilly et al., 2017; Steier and Mann, 2019, Fig. 2). These seismic cross-sections
indicate several kilometers of sediment beneath the salt (Fig. 2). The base of this pre-salt
sedimentary sequence is not always mapped confidently in seismic data. One of the objec-
tives of this paper is to understand the distribution of pre-salt sediments using the joint
analysis of published seismic cross-sections with potential fields (gravity and magnetic data).

Hudec et al.,
2013

Christeson et
al., 2014
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.
: ] Outer trough
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Figure 1. The inset map shows the study area (red box) in the southern Gulf of Mexico.
The location of three integrated geophysical models from this study are shown in black
with white segments being the extents of seismic cross-sections. The red circle is the DSDP
well used to constrain the physical properties of the upper crust. The orange oval in the
northeastern Gulf of Mexico represents the region with seaward dipping reflectors (SDR)
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from Eddy et al. (2014). Different colors in the main map show the location of Ocean-
Continent Boundaries (OCB) from different published models. The black lines are seismic
sections used for the study (Fig. 2). White circles show vintage refraction data from Ewing
et al. (1960) and Ibrahim et al. (1981) that were used to constrain the depths to Moho. The
white dashed outline is the zone of the Jurassic post-salt thickening mapped from seismic
data shown in Figure 2, while the yellow polygon is the outer trough mapped by Hudec
and Norton (2019).
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Figure 2. Seismic cross-sections used for the study. Lines shown in sections A, B, and C
were utilized for integrated geophysical Model 1. The outer trough associated with an up
to 2 km drop in the basement near the OCB is approximately 40 km wide. It is located
within the zone of Jurassic shortening identified by Hudec et al. (2013) in section B. Please
note the apparent thickening of the Jurassic supra-salt sediments over the outer trough
that is clearly seen in section C. The bars of different colors show the location of the OCB
from various tectonic models (see Fig. 1). The base of the pre-salt section is partially inter-
preted in sections A and D, which were used for integrated geophysical Models 1 and 2,
respectively; no base of the pre-salt section is interpreted in section E (served as a frame-
work for Model 3). Two strike lines (sections F and G) were also utilized as constraints for
modeling. The vertical scale of the seismic line in section F is the two-way travel time in
seconds; it shows up to 2 s thick pre-salt sediments (at least 5 km thickness may be esti-
mated with Vp =5 km/s). The chaotic irregular reflections within the basement high are
consistent with the SDR reflections observed in A and C. The profile shown in section G
crosses the tip of the Yucatan continental block (see Fig. 1 for location); it illustrates the
thickening of the post-salt Jurassic section to the northeast as well as the basement high
at the crossing point with the line shown in section A, which divides the pre-salt basin
into two compartments.

The crustal architecture of the Gulf of Mexico remains poorly understood. Several au-
thors who define the boundary between oceanic and continental crustal domains (OCB)
for the study area (Fig. 1, also in Eagles et al., 2015; Hudec et al., 2013) referred to this
boundary as the Limit of Oceanic Crust in their paper using proprietary seismic data.
Christeson et al. (2014) used tectonic restoration methods constrained by refraction profiles
in the northern Gulf of Mexico, while Nguyen and Mann (2016) analyzed gravity data from
Sandwell et al. (2014). The OCB published by Pindell et al. (2016) was constrained by pro-
prietary magnetic data. As shown in Figure 1, these boundaries vary dramatically in the
study area, differing by as much as 75 km. Although the authors agree with Eagles et al.
(2015) in that approximating the OCB with a single line is clearly an oversimplification, the
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observed disagreement of 75 km between different models results from using only one
method and does not represent the uncertainty of the OCB.

Using proprietary seismic data, Hudec and Norton (2019) arrived at strikingly different
tectonic histories of the Yucatan and Campeche salt basins. Their study focused on the
period immediately after the salt deposition and concluded that the Yucatan salt basin in
the north experienced an unconfined seaward flow of salt and its cover during basin open-
ing. In contrast, the Campeche salt basin did not experience the salt flowage. However,
Hudec and Norton (2019) suggested that the crustal type underlying the seaward margins
of both salt basins was “of only secondary importance.” The authors defined an “outer trough”
immediately adjacent to the oceanic crust (yellow polygon in Fig. 1) that is underlain by
the crust of “unknown nature”. That region is coincident with the “zone of uncertain crus-
tal type” in Curry et al. (2018). This study aims to better define the location of the OCB, as
well as to study the variations in the crustal architecture along the margin using all avail-
able geophysical and geological datasets, namely reflection and refraction seismic, poten-
tial fields, and well data.

This paper also will examine the presence of the seaward dipping reflectors (SDR, see
Planke et al., 2000 for a general overview) on the Yucatan passive continental margin. The
set of prominent SDRs is imaged in several recently published seismic data (Williams-Ro-
jas et al., 2012; Saunders et al., 2016; O’Reilly et al., 2017; Steier and Mann, 2019; Hudec and
Norton, 2019). However, Hudec and Norton (2019) imply that this zone with pronounced
seaward dipping reflectors is mostly filled with the synrift sedimentary sequence rather
than a series of stacked volcanic flows, although they do not rule out a volcanic origin
completely. In the northeastern Gulf of Mexico, Imbert and Phillippe (2005) outlined a sim-
ilar SDR province from seismic and magnetic data; it was also mapped from seismic re-
flections by Eddy et al. (2014), as shown in Figure 1. Both Imbert and Phillippe (2005) and
Eddy et al. (2014) interpreted that feature as a volcanic SDR complex, while Curry et al.
(2018) proposed an alternative interpretation for the sequence, which did not invoke vol-
canics. Alternatively, an integrated analysis of seismic and potential fields of Liu et al.
(2019) in the northeastern Gulf of Mexico concluded that this zone is filled with dense and
highly magnetic rocks, overall supporting the volcanic origin of the SDR sequences. This
study will examine various scenarios for the region with visible SDRs in seismic data in
the southern Gulf of Mexico (Fig. 2).

1.1. Data

An integrated geophysical approach in data analysis (Filina et al., 2019) was utilized to
overcome the challenge of seismic imaging beneath the salt, i.e., to study the pre-salt sedi-
ments and the underlying crustal units. The following datasets were integrated in this study:

(1) Seismic profiles from Williams-Rojas et al. (2012) shown in Figure 2A, D, and E served
as frameworks for three integrated geophysical models developed in this study. These
depth-migrated seismic sections provided constraints for sedimentary layers from the
seafloor to the basement.

(2) Published gravity and magnetic grids from Sandwell et al. (2014) and Meyer et al.
(2017) are shown in Figure 3. The original Free-Air gravity (with a sampling interval



®)

(4)

FILINA AND HARTFORD, MARINE AND PETROLEUM GEOLOGY 127 (2021)

of 1 arc-minute, approximately 1.84 km in the study area) and Total Magnetic Anom-
aly grids (sampling interval of 2 arc-minutes) were gridded using 2 and 4 km sampling
intervals, respectively. The series corrections were applied to both fields before spatial
analysis (described in detail in the Spatial Analysis of Potential Fields section).

Vintage seismic refraction data from Ewing et al. (1960) and Ibrahim et al. (1981),
shown as white circles in Figures 1 and 3, were used as constraints for the depth to Moho
boundary. Most of these points are on oceanic crust, suggesting that the depth to the
Moho shallows from 19 to 16 km toward the continent. In the continental domain, only
two points have refractions from the Moho over a thinned continental crust (the most
eastward points in Figs. 1 and 3), suggesting that the base of the crust is between 23.4
and 29.6 km (Ewing et al., 1960).

Physical properties (densities and magnetic susceptibilities) of the sedimentary section
and the upper crustal rocks are constrained by various wells in the Gulf of Mexico
(Hilterman, 1998; Buffler et al., 1984) and previous models (Miranda-Peralta et al.,
2014; Filina et al., 2015; Liu et al., 2019; Filina, 2019). More details on the physical prop-
erties is provided in the Integrated Geophysical Modeling section.

Bathymetry data from the General Bathymetric Chart of the Oceans (GEBCO) from
Weatherall et al. (2015) was used to extract the water bottom horizon for the models.
The original grid with a 30 arc-seconds sampling interval (approximately 0.92 km in
the study area) was gridded with a 1 km cell size.

Several published seismic cross-sections were used as constraints during the model-
ing. The profile from Hudec et al. (2013) shown in Figure 2B illustrates the “outer
trough.” Understanding the nature of the crust beneath this zone was one of the objec-
tives for Model 1. The cross-section from O’Reilly et al. (2017) shown in Figure 2C was
also used to confirm the region with the SDRs included in that model. The location of
both lines in Figure 2B and C were not explicitly described in the original papers; how-
ever, sedimentary structures suggest that these lines are in the proximity of the mod-
eled Line 1 from Williams-Rojas et al. (2012; Fig. 2A). The lines from Miranda-Peralta
et al. (2014) and Horn et al. (2017) shown in Figure 2F and G, respectively, were used
to validate variations in the thickness of the pre-salt sediments as well as in the post-
salt Jurassic section. These two profiles are strike lines crossing the margin (see Fig. 1
for location); they were not modeled, as the variations in the out of plane geological
structures challenge the 2D assumptions of the modeling. The cross-section of Miranda-
Peralta et al. (2014) in Figure 2F (in two-way traveltime) shows the pre-salt sediments
up to 2 s thick, which corresponds to an estimate of 5 km assuming a compressional
seismic velocity of 5 km/s for these old and compacted sediments (Telford et al., 1990).
This value was used as an upper bound for the thickness of pre-salt sediments during
the modeling. The strong irregular reflections within the basement high of the two-
way travel time seismic section in Figure 2F correlate with the SDRs observed in the
crossing lines (Fig. 2A and C), therefore increasing the confidence of the interpreted
SDR province crossed by Model 1. The cross-section from Figure 2 of Horn et al. (2017)
(not shown here) was also used to constrain the depth to Moho at the eastern
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(landward) sides of Models 2 and 3 as being approximately at 35 km, as well as to
justify the presence of the intrusive bodies in the lower continental crust.

Free-Air Gravity Anomaly B. Magnetic Anomaly
93¢ ) -90° _95° -90°

-95° -90° -95° -90°

Figure 3. Potential fields used for the study. (A) Free-Air gravity (Sandwell et al., 2014),
(B) Magnetic anomaly (Meyer et al., 2017). The black lines show three integrated geophys-
ical models developed in this study, the white segments indicate the extents of seismic
cross-sections from Figure 2. The white dots are vintage seismic refraction data from
Ewing et al. (1960) and Ibrahim et al. (1981).

2. Methods

2.1. Integrated geophysical modeling

Three integrated geophysical models were developed (Figs. 4-7). The models consist of
multiple layers in the subsurface from sea level (0 km) to 40 km. The physical properties
of the rocks in each layer, namely density and magnetic susceptibility, were assigned based
on known or assumed rock types. The equivalent rock units in all three models share the
same physical properties. The gravity and magnetic responses of each model were then
computed using the GM-SYS module of Oasis Montaj (in assumptions of isostatic compen-
sation and absent remnant magnetization) and compared with the observed potential
fields extracted from the grids shown in Figure 3. To account for the insufficient resolution
of the observed satellite gravity data for shallow, short-wavelength structures, the com-
puted gravity field was low-passed filtered using a 50 km wide Gaussian window. The
subsurface model was then adjusted in order to agree with seismic reflection data, obey all
the constraints (i.e., refraction data), provide a reasonable fit in both potential fields, and
remain geologically sound. Below is a detailed description of each modeled layer along
with all the constraints imposed on both physical properties and on geometry (i.e., depth
and thickness).

e  Water is the topmost layer and it is the best-known one. It was constrained by the
bathymetry data from Weatherall et al. (2015) and kept unchanged during the
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modeling. The density of water was assumed to be 1.03 g/cm? (Telford et al., 1990);
zero magnetic susceptibility was assigned to this layer.

The sedimentary section was split into five layers, ranging from the most recent
and the least dense (2.25 g/cm3) sediments to the densest pre-salt sedimentary sec-
tion with an assumed density of 2.6 g/cm3. Though the authors were not able to
find the published density logs for wells in the study area, the assigned density
values for the post-salt sediments are consistent with similar studies in the north-
ern Gulf of Mexico (Filina, 2019; Liu et al., 2019). These assigned densities for the
sedimentary section agree very well with the values derived for the Yucatan mar-
gin by Miranda-Peralta et al. (2014; their Fig. 3). All post-salt sedimentary layers
were assumed to be nonmagnetic. The pre-salt sedimentary section may include
sediments ranging in age from Permian to middle-Jurassic and most likely con-
tains some portion of Triassic-Jurassic red beds associated with the continental
rifting stage (Miranda-Peralta et al., 2014). As no published magnetic susceptibilities
of the pre-salt section were available, magnetic susceptibility of 500 picgc [micro-
cgs] (6.3-10-¢ SI) was assigned to what are assumed to be slightly magnetic red beds
(Hunt et al., 1995).

The stretched and thinned continental crust was split into the upper and lower
crustal units. This is consistent with the overall crustal structures in the northern
Gulf of Mexico (Filina, 2019; Liu et al., 2019) constrained by much better-quality
refraction data of the GUMBO experiment (Eddy et al., 2014, 2018; Christeson et
al., 2014). The upper continental crust of the Gulf of Mexico was penetrated only
in the eastern Yucatan margin in Deep Sea Drilling Program (DSDP) Leg 77 (Buf-
fler et al., 1984, inset map in Fig. 1). The well at site 538A sampled the metasedi-
mentary rocks of Cambrian age intruded with Jurassic diabase dikes. The average
density value for these rocks (2.78 g/cm?) was assigned to the modeled upper crust.
A slightly denser value of 2.8 g/cm?® was used for the SDR province crossed by Model
1. As the Curie depth in the study area varies from 20 to 30 km (Li et al., 2017),
both crustal layers were assumed to be magnetic. The magnetic susceptibilities of
the crustal rocks from the site 538 A (Buffler et al., 1984) were used to estimate 1500
pege (19-10-2 SI) for the upper continental crust and 2500 pcge (31-10-2 SI) for the
SDR province identified along the modeled line 1. The lower continental crust was
assumed to have a density of 2.9 g/cm?, which is consistent with the values re-
ported in Christensen and Mooney (1995). The magnetic susceptibility of the lower
continental crust cannot be constrained with the well data, so it was assumed to
be 4200 pcgc (53-10- SI); this value is within the range published by Hunt et al.
(1995). Several intrusive bodies were identified within the lower continental crust.
Their magnetic susceptibility was assigned to 8000 ucgc (100-10- SI), and their
density was assumed to be 2.95 g/cm?, consistent with similar studies in the north-
ern Gulf of Mexico (Filina, 2019; Liu et al., 2019).

The oceanic crust consisting of two layers was assumed based on the synthesis
model of Christeson et al. (2019). The top of the oceanic crust, i.e., oceanic layer 2
composed of basalts, was assigned a density of 2.65 g/cm? (Carlson and Herrick,
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1990) and magnetic susceptibility of 2200 picgc (28-10- SI) (Hunt et al., 1995). The
lower layer of oceanic crust—gabbroic layer 3—was assigned a density of 2.85 g/cm?
(Carlson and Herrick, 1990) and magnetic susceptibility of 5000 pcgc (63-10-3 SL,
Hunt et al., 1995). The thickness of oceanic crust and depth to the Moho was con-
strained with seismic refraction data from Ewing et al. (1960) and Ibrahim et al.
(1981), shown as white circles in Figures 1 and 3.

The mantle was assumed to have a density of 3.3 g/cm? and zero magnetic suscep-

tibility (Telford et al., 1990).
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B 38
o 1 d
Calculate: S i Olsaad 7
19- . . |
Free-Air Gravity |
0.
3
g -39- \

™~ Calculated

1% i85 pL3] fom]

=" =soR@8.2500)
Upper continental crust
2.78, 1500)

Oceanic layer 3
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Oceanic layer 2
(2.65, 2200)

Upper mantle (3.3, 0)

Figure 4. The preferred version of the Model 1. In this model, the good match between
observed and computed magnetic (top panel) and gravity (middle panel) signals is achieved.
The observed and computed potential fields are tied over the oceanic domain (red stars).
The geological model (bottom panel) is constrained with vintage refraction data (dark
blue marks show the projections to the modeled profile, see Fig. 1 for location). The num-
bers in the parentheses are the densities in g/cm® and magnetic susceptibilities in picge.
Vertical exaggeration is 3.
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Figure 5. The alternative scenario for Model 1—the oceanic crust beneath the outer trough.
In this scenario, the large mismatches are observed in both fields. Vertical exaggeration is 3.
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Figure 6. Model 2; see the caption to Figure 4 for details. Vertical exaggeration is 3.5.
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Figure 7. Model 3; see the caption to Figure 4 for details. Vertical exaggeration is 4.0.

2.2. Spatial analysis of potential fields

Observed potential fields—gravity and magnetic (Fig. 3) —comprise the cumulative sig-
nals of rocks with different physical properties in subsurface. Gravity responds to lateral
variations in rock density while magnetic anomalies to the contrasts in their magnetic sus-
ceptibility. Major geological structures in the study area associated with noticeable con-
trasts in both physical properties include the water/sediments interface (i.e., bathymetry),
salt bodies in the sedimentary section, the pre-salt basin and the SDRs within the upper
crust, the boundary between oceanic and continental crustal domains (i.e., OCB) and the
crust-mantle interface (i.e., the Moho). The former one —the effect of water over the sedi-
ments—is negligible in magnetics, while it is significant in gravity and has to be accounted
for via Bouguer correction (Telford et al., 1990). The salt/sediments contrasts correlate to
the shortest wavelengths in the gravity field due to relatively narrow widths of salt diapirs
and keels; their signatures are negligible in magnetics because of a very low magnetic sus-
ceptibility contrast of salt with sedimentary rocks. In contrast, the effect of the deepest
subsurface interface —the Moho —is associated with a broad regional anomaly that can be
removed via filtering. Therefore, to highlight the effects of the sources within the crust and
of the contact between oceanic and continental crusts (OCB), a series of transformations to
both potential fields was applied, as is described below.

12
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In gravity, the Bouguer correction was computed with the densities of water and the
top sediments of 1.03 g/cm? and 2.25 g/cm?, respectively. The regional trend in the Bouguer
gravity anomaly (i.e., the effect of deep sources, like the Moho boundary) was computed
via upward continuation to an elevation of 40 km. This value was chosen by trial and error
as the one that removes high-frequency components in gravity due to shallower subsur-
face structures and results in the broad and smooth signal from deep regional sources.
Once the regional trend was computed, it was subtracted from the Bouguer gravity field.
The tilt derivative filter (Salem et al., 2008) was then applied to the residual gravity anom-
aly (i.e., with removed water signal and regional trend) in order to highlight the regions
where gravity changes the most (Fig. 8A).

A. Filtered Gravity Anomaly B. Filtered Magnetic Anomaly

Figure 8. Filtered potential fields: (A) Tilt derivative of the residual Bouguer gravity,
(B) First vertical derivative of the residual Reduced to Pole magnetic, and (C, D) inter-
preted tectonic zones. The dashed black line in (C) marks the shelf break that is associated
with the sharp change in bathymetry that is evident in filtered gravity data.

13
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In magnetics, the reduction to the pole (RTP) transformation was performed (with an
inclination of 54° and a declination of 7°) to remove a skewness of the magnetic anomalies
due to a nonvertical ambient field. These ambient magnetic field parameters were inferred
based on the date of magnetic surveys in the southern Gulf of Mexico (Meyer et al., 2017).
The regional trend of the RTP magnetic field was also computed via upward continuation
but to a lower elevation of 20 km, as the magnetic field decreases faster with distance than
gravity (Telford et al., 1990). Once the regional trend was removed, we applied the first
vertical derivative filter to the residual magnetic field to further highlight the effects of
geological structures. The result is shown in Figure 8B.

3. Results and discussion

3.1. Model 1—the Yucatan sub-basin

Model 1 (Fig. 4) crosses the central part of the Yucatan salt basin. The most intriguing fea-
ture of that region is the drop in the basement of at least 2 km at the northwestern end of
the model, adjacent to the OCB, that Hudec and Norton (2019) refereed as an “outer
trough” (Fig. 2 A, B, and C). This feature is about 40 km wide along Model 1. The nature
of the crust beneath this feature is unknown (Curry et al., 2018; Hudec and Norton, 2019),
and the location of the Ocean-Continent contact varies within 40 km among the published
models (Figs. 1 and 2A). Two possible scenarios for crustal affiliation beneath the outer
trough are illustrated —continental (Fig. 4) and oceanic (Fig. 5). Four vintage refraction
points were used to constrain the depth to the Moho; two of them were projected from 100
km away (see Fig. 1 for location).

Model 1 (Fig. 4) suggests that the crustal thickness varies from > 30 km at the beginning
of the line to ~5 km in the oceanic crust at the northwestern end of the line constrained by
the vintage refraction data (Ewing et al., 1960). The crust beneath the outer trough is ex-
tended continental with a total thickness of ~10 km (Fig. 4). However, the distribution of
the individual crustal units implies the conditions close to the exhumation of the lower
continental crust, presumably during the final stage of rifting (i.e., post-salt as in Hudec et
al., 2013). A similar crustal organization may be interpreted in the refraction data (Eddy et
al., 2014; Christeson et al.,, 2014) on the conjugate northeastern Gulf of Mexico margin
(Lundin and Dore, 2017; Beutel and Filina, 2020). The profile GUMBO4 (Christeson et al.,
2014) shows ~10 km thick and ~50 km wide continental crustal block with high velocity
(Vp ~7 km/s) adjacent to the interpreted OCB that is consistent with exhumed lower conti-
nental crust. Alternatively, this region of fast seismic velocities may be interpreted as an
oceanic crust or heavily intruded, magmatically altered continental crust. Both alternative
scenarios will be addressed below.

The boundary between oceanic and continental crustal domains is marked by a pro-
nounced trough in observed magnetic signal and with a distinct high in gravity (Fig. 4). A
lateral shift of this boundary of more than a few kilometers results in a rapid deterioration
in fit for both potential fields. The pre-salt section along Model 1 is up to 3 km thick, which
is consistent with figure 5 of Miranda-Peralta et al. (2014). Williams-Rojas et al. (2012), Fig-
ure 24, interpreted this section to comprise at least two sequences; these were merged into
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one pre-salt layer during modeling (Fig. 4), as a rather negligible contrast in physical prop-
erties was inferred between them.

Another intriguing feature of this model is an apparent thickening of the post-salt Ju-
rassic section that can be also observed in Figure 2C. Williams-Rojas et al. (2012) inter-
preted a relatively thin post-salt Jurassic section over the outer trough —this can be inferred
from the Cretaceous (blue) horizon in Figure 2A that is indicated with a black arrow and
labeled with “K.” In contrast, the cross-section of O'Reilly et al. (2017) shown in Figure 2C
suggests that the post-salt Jurassic section over the outer trough is much thicker. This ap-
parent thickening of this section is also evident from two orthogonal seismic lines, shown
in Figure 2 F and G. The post-salt Jurassic sequence is absent at the edge of the carbonate
platform; it is approximately 2 km thick above the pre-salt basin in the central part of
Model 1 and approximately 3.5 km over the outer trough (Fig. 2 A and G). The model in
Figure 4 shows that the thickened Jurassic section of the outer trough rests immediately on
the acoustic basement, i.e., not underlain by pre-salt sediments. This is consistent with
Hudec and Norton (2019), who outlined the outer trough region (yellow polygon in Fig. 1)
of two zones separated by a horst block. They did not identify any pre-salt sediments be-
neath the outer trough, although this may be due to obscured seismic image. Model 1
crosses the outer trough over that horst block, so the salt rests directly on the acoustic base-
ment (Fig. 4). This narrow basement high is also evident in the crossing line of Horn et al.
(2017) shown in Figure 2G.

Model 1 includes the region of SDRs in the upper crust (Fig. 4) with an elevated density
and higher magnetic susceptibility. For gravity, the density contrast between SDR rocks
and the upper continental crust is not crucial (i.e., the mismatch in gravity could be worked
out if no SDR is included in the model). In contrast, the SDR complex is necessary to satisfy
the magnetic signal, as it demands the presence of rocks with elevated magnetic suscepti-
bility. If no SDR is included in the model, the observed magnetic pattern over that region,
i.e., a trough —bump pattern between the ranges of 200 and 300 km —will not be matched.
The series of irregular reflectors in the basement high of the line in Figure 2F (strike line),
combined with the strong reflectivity at the southern end of the pre-salt section seen in
Figure 2 A and C (dip lines), further support the SDR province in Model 1. The SDRs on
the Yucatan margin are also imaged in seismic sections published by Saunders et al. (2016),
Steier and Mann (2019), and Filina et al. (2020a). A similar SDR complex, also aligned with
a strong magnetic anomaly, is also interpreted in the northeastern Gulf of Mexico (Imbert
and Philippe, 2005; Eddy et al., 2014; Liu et al., 2019; see location in the inset map in Fig. 1)
that represents the conjugate margin to the study area (Lundin and Dore, 2017; Beutel and
Filina, 2020).

A large magnetic intrusive body in the lower crust is also required in order to explain a
pronounced magnetic anomaly in the central part of Model 1 (Fig. 4) that was interpreted as
evidence of magmatism during the Triassic-Jurassic continental rifting stage. Similar intru-
sive bodies are interpreted at the conjugate northern Gulf of Mexico margin from seismic
refractions (Eddy et al., 2014, 2018; Christeson et al., 2014). In profile GUMBO4 (Christeson
et al., 2014), the interpreted intrusive body (Vp ~7.5 km/s) is located landward of the high-
velocity region, presumably of exhumed lower continental crust, just like an intrusive
body in Figure 4. An integrative analysis of those structures in the northern part of the
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basin (Filina, 2019; Liu et al., 2019) suggests that they require high densities and magnetic
susceptibilities to explain observed potential fields. In the southern Gulf of Mexico, no
comprehensive refraction data exist, but these intrusive bodies in the lower continental
crust are interpreted from seismic reflection data (Horn et al., 2017). Moreover, the evidence
of magmatic addition during the rifting stage of the basin opening was documented from
the DSDP drilling (Leg 77, Fig. 1), as described above. Therefore, the strong magnetic signal
in the central part of Model 1 was modeled as a superposition of the SDR complex with a
feeding intrusive body in the lower crust that is positioned basinward of the SDR complex
(Fig. 4). However, due to known nonuniqueness of the potential fields modeling, alterna-
tive interpretations—i.e., a single intrusive body of irregular rugose shape within a lower
crust with no magnetic SDR complex —could also be modeled. However, we consider this
scenario less likely, as SDR are evident in seismic, aligned with pronounced magnetic
anomalies, interpreted on the conjugate margin, and consistent with the basement samples
from DSDP well.

The observed and computed potential fields were tied over the oceanic domain (shown
with red stars in Fig. 4), where the model is least complex and best constrained with re-
fraction data (see Fig. 1 for locations of refraction points). Overall, the modeling resulted
in a good match for both potential fields. Two alternative geological scenarios were also
tested. The first one—oceanic crust beneath the outer trough—is shown in Figure 5. This
scenario results in an enormous (exceeding 30 mGal) misfit in gravity. This mismatch de-
mands lower density rocks in the subsurface and would not be not balanced even if the
entire sedimentary section between the basement and the Cretaceous horizon is filled with
salt. Magnetic signal also shows a dramatic mismatch, which combined with an unresolv-
able misfit in gravity disproves this geological scenario. The second alternative scenario
(not shown) assumes that the crust beneath the outer trough is of magmatic origin, i.e., has
physical properties similar to the intrusive body shown in Figures 4 and 5. In this case, the
moderate gravity mismatch of ~10 mGal is observed that can potentially be worked out
with increased crustal thickness. However, this scenario results in a large > 150 nT mag-
netic misfit that cannot be resolved without reducing magnetic susceptibilities to the val-
ues of the lower continental crust, i.e., eliminating a magmatic addition. Therefore, this
scenario is also not feasible with observed potential fields.

3.2. Model 2—the northern part of the Campeche sub-basin

The second model (Fig. 6) is aligned with the seismic reflection section L-2 of Williams-
Rojas et al. (2012) shown in Figure 2D. The seismic profile does not cross the region with
potential SDRs, so the presence or absence of that zone cannot be confirmed with seismic
data. In the magnetic field, there is a strong positive Campeche magnetic anomaly to the
south of this line (Fig. 3B). Another strong positive southeast trending anomaly is just off
the landward edge of the profile. A magnetic fit for preferred Model 2 (Fig. 6) was achieved
without introducing any igneous bodies, such as SDR or crustal intrusives.

The oceanic crust is constrained with point 4E of Ibrahim et al. (1981) that is located 30
km to the north at the oceanward end of the line (Fig. 1). The OCB is coincident with the
edge of the folded sedimentary section and agrees with the location of Hudec et al. (2013)
for this line.
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In gravity, a good regional fit was achieved suggesting somewhat similar to the previ-
ous model structure of the extended continental crust—the thickness is ~10 km, while the
upper crust is dramatically thinned. In contrast to Model 1, this thinned continental crust
is overlain by up to 5 km thick pre-salt sedimentary section that is partially imaged in
seismic reflection data (Fig. 2D).

3.3. Model 3—southern part of the campeche sub-basin

The last model (Fig. 7) is constrained with the seismic reflection profile L-3 of Williams-
Rojas et al. (2012) shown in Figure 2E. This model crosses the region with a significantly
greater volume of salt with respect to the other two lines. The sedimentary section com-
prises multiple folded and faulted strata related to salt tectonics. The salt resides primarily
in the cores of the folds within the sedimentary column. Although the pre-salt sediments
are labeled in seismic, the base of that section (i.e., basement boundary) is not interpreted
within the pre-salt basin (Fig. 2E).

The modeling suggests much thinner pre-salt sediments (not exceeding 2 km) with re-
spect to other lines. The crust beneath the presalt is interpreted to be stretched continental
with a total thickness ranging from 16 to 11 km (Fig. 7). According to the model, the OCB
is adjacent to the outer edge of the folded strata. The oceanic crust at the southwestern end
of the line was constrained by the seismic refraction point 55 from Ibrahim et al. (1981),
fixing the depth to Moho at 21 km (Fig. 7). The convex shaped sedimentary section above
the interpreted oceanic crust suggests OCB coincident with a basement high; this crustal
architecture is also demanded by gravity and magnetic signals (Fig. 7).

This model crosses the large-amplitude magnetic anomaly (Campeche magnetic high,
Fig. 3B), suggesting that at least one large anomalous body with a large susceptibility con-
trast is necessary to explain the observed magnetic signal. The model in Figure 7 shows
one magnetic intrusion at the base of the crust with the same magnetic susceptibility as
that in Model 1. As the solution of magnetic modeling is nonunique, other possible scenar-
ios for the anomalous magnetic source(s) were evaluated.

The above-salt sedimentary section is imaged relatively well in seismic reflection data
(Fig. 2E) and does not show any voluminous igneous intrusives that can be responsible for
the observed magnetic anomaly. The pre-salt section, even if assumed to be magnetic with
the highest possible magnetic susceptibility for sedimentary rocks, will produce a mag-
netic signal of several orders of magnitudes less than the observed one. Alternatively, the
source of the magnetic signal could be placed at the top of the crust (similar to the SDRs in
Model 1). However, in this scenario, the hypothetical SDR complex would have unrealis-
tically high magnetic susceptibility i.e., the rocks with such dramatic susceptibilities do not
exist. Another scenario could use several anomalous bodies (again, similarly to Model 1—
a deep intrusive body “feeding” an SDR complex), but this model was also rejected for two
reasons. First, the lack of the SDRs in seismic, although they may be not well imaged be-
cause of the overlying salt. Second, the observed magnetic signal is a pronounced trough,
while the SDR complex in Model 1 correlates to a magnetic high. Therefore, the observed
high-amplitude magnetic signature agrees better with one strongly magnetic anomalous
body of significant volume (as shown in Fig. 7). However, it could also be possible to fit
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the observed magnetic signal with several stacked magnetic bodies within the crust. These
two options are not distinguishable from magnetic modeling alone.

3.4. Spatial analysis

The three models (Figs. 4, 6 and 7) allowed mapping the locations of the major tectonic
features, namely the OCB, the edge of the pre-salt basin, and the overall extent of the SDR
province. These structures show apparent correlation with the lineaments observed in fil-
tered potential fields (Fig. 8): The OCBs from all three models are associated with the same
gradient along the edge of the dramatic gravity high. In magnetics, it corresponds to a gen-
eral break in anomalies’ character. All three models suggest that the pre-salt basin corre-
sponds to an overall gravity low. The eastern boundary of the pre-salt basin can be easily
mapped in both gravity and magnetic fields. The variations within the filtered gravity (Fig.
8C) also suggest the variations in the thickness of the pre-salt section, implying compart-
mentalization of the pre-salt basin. The major compartments are labeled A through H in
Figure 8C.

3.5. Modeling uncertainties

It is well known that the solution of an inverse problem of any potential field is not unique
(i.e., multiple models can fit the same observed signal). This nonuniqueness arises from
the fact that an observed signal is a function of the two major unknowns within the
model—the physical properties and the geometry (depth and thickness). In theory, both
the depth of modeled horizons and the physical properties can be adjusted in order to
modify computed gravity or magnetic signals. Therefore, if no prior knowledge about
these parameters exist, there is an infinite number of solutions for potential fields. If some
of the modeled parameters—either physical properties or geometries—are constrained
(i-e., fixed during the modeling), the number of solutions decreases dramatically toward a
range of possible models that can fit an observed field.

For the models in Figures 4, 6, and 7, multiple constraints were imposed both on phys-
ical properties (densities of sedimentary section and the upper crust were fixed) and on
geometries of modeled layers (seismic reflections and refractions). Some parameters
simply must be assumed based on literature (such as physical properties of the mantle
rocks). Moreover, the physical properties derived during the modeling, namely density
and magnetic susceptibility of the crustal layers, must be the same for the corresponding
rocks of all three models, imposing additional restrictions on the modeling process. The
geometries derived from modeling, such as depths and thicknesses of the crustal blocks,
should not only agree with seismic constraints but also should not have erratic geometries
to be geologically valid. The preferred models (Figs. 4, 6, and 7) represent the best (and the
simplest) solutions for the three lines used in the study with all available constraints and
assumptions.

The fact that we map our tectonic boundaries based on the lineaments seen in both
fields (Fig. 8) boosts the overall confidence of our interpretation. Below we describe major
tectonic features that were targeted in this study.
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3.6. Crustal architecture
Three integrated geophysical models illustrate the changes in the crustal architecture along
the margin. The oceanic crust is thinner in the north (5 km, Models 1 and 2) than in the
south (7 km, Model 3). This is constrained with vintage refraction data (see locations in
Figs. 1 and 3) and with known variations in the oceanic crust of the northeastern Gulf of
Mexico imaged by the GUMBO refraction experiment (Eddy et al., 2014; Christeson et al.,
2014). These variations in the thickness of oceanic crust are interpreted by Filina et al.
(2020Db) to represent the two episodes of oceanic spreading —the initial one (older, Jurassic)
that produced the thinner crust (~5 km), while the younger one (late Jurassic to early Cre-
taceous) produced thicker crust (up to 9 km). The thinner oceanic crust adjacent to the
Yucatan basin (Models 1 and 2) is consistent with the older spreading episode, while the
thicker oceanic crust adjacent to the Campeche salt basin (Model 3) is interpreted to be
younger, which is also consistent with a tectonic reconstruction of Beutel and Filina (2020).
The continental domain clearly comprises two distinct crustal provinces: the zone of
thinned and stretched crust (~10 km thick) immediately adjacent to the OCB and much
thicker (> 30 km) crust beneath the carbonate platform that appears to be barely affected
by the rifting process. The crust in the former zone is composed of two layers: the upper
continental crust varying in thickness from almost 0 to 7 km (Model 3) and the lower crust
up to 10 km thick beneath the outer trough. Models 1 and 2 suggest the conditions close to
the exhumation of the lower crust in the continental domain adjacent to OCB (Figs. 4 and
6). The region of the nearly removed upper continental crust coincides with the zone of the
thicker post-salt Jurassic sediments that are seen in seismic data (Fig. 2 C, F, and G). The
inferred region of the Jurassic post-salt thickening is shown in Figure 1 with a white dotted
outline; it appears to be generally coincident, although slightly wider than the outer trough
identified by Hudec and Norton (2019) in the northern part of the Yucatan salt basin. This
thickening of the post-salt Jurassic section implies that this region was a local depocenter
during the time between the end of salt deposition and the initiation of the oceanic spread-
ing. We postulate that the removal of the upper crust inferred from our modeling (Figs. 4
and 6) occurred in the latest, post-salt stage of continental rifting. This removal of a rela-
tively light layer resulted in the subsidence of the denser lower crust before the oceanic
spreading initiated. This subsidence not only provided accommodation space for post-salt
Jurassic sediments (as seen in Fig. 2) but also caused the unconfined seaward flow of salt
and its cover as described by Hudec and Norton (2019). In contrast, no rift-related with-
drawing of the upper continental crust, and consequently no exhumation of the lower con-
tinental crust, is concluded for the adjacent Campeche basin (Model 3). The crust beneath
that basin is thicker (> 10 km) and has a much thicker layer of the upper continental crust.
This is also consistent with the absence of the salt-detached Jurassic translation concluded
by Hudec and Norton (2019).

3.7. Ocean-continent boundary

The contact between continental and oceanic rocks is associated with a significant contrast
in physical properties of these rocks. The three integrated models (Figs. 4, 6, and 7) show
that this boundary corresponds to signals in both potential fields—a pronounced high in
gravity and a high-trough pattern in magnetics. In the spatial analysis, all three modes show
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that OCB correlates with the edge of the dramatic gravity high (Fig. 8C) that corresponds
with a change in character in filtered magnetics (Fig. 8D). This correlation permits tracing
the OCB outside of our seismic coverage. Overall, the spatial analysis of potential fields,
constrained with three integrated geophysical models, results in a more confident location
of the Ocean-Continent Boundary than the previous studies (see the variations in Fig. 1
and the marked discrepancies in Fig. 2).

3.8. Pre-salt basin

The pre-salt basin extends along the eastern margin of the Yucatan peninsula. It is up to 70 km
wide in the southern part of the Campeche sub-basin (to the south of Model 3), widens up
to 100 km under the Yucatan salt province and pinches out to the north of Model 1 (Fig. 8
Cand D). According to filtered gravity, the pre-salt basin appears to be compartmentalized
with a series of generally N-S trending basement highs (Fig. 8C). Four major compartments
correlating with gravity lows can be identified beneath the Yucatan salt basin (labeled A
through D in Fig. 8C). The seismic line of Horn et al. (2017) crosses compartments B and C
and images the basement high dividing them (Fig. 2G). This basement high corresponds
to highs in both filtered gravity and magnetic fields (Fig. 8).

Four major compartments can be identified under the Campeche salt basin as well; they
are named E through H in Fig. 8C. The largest one, compartment E, may be further subdi-
vided into smaller parts (along the local gravity highs). Overall, compartment E appears
to be associated with the most pronounced gravity low. It is crossed by the seismic line of
Miranda-Peralta et al. (2014) shown in Figure 2G, suggesting that the thickness of the pre-
salt sediments is ~5 km. The other three compartments in the Campeche sub-basin are
smaller and appear to be filled with thinner sedimentary sections. This is consistent with
Model 3 that shows a series of tilted crustal blocks under the pre-salt sediments; the iden-
tified compartments appear to correlate with the lows between these crustal blocks. How-
ever, the southern part of the Campeche basin hosts multiple salt structures (see the seismic
cross-section in Fig. 2E) that may interfere with spatial analysis. The wavelength of the
gravity anomaly due to a salt diapir is much shorter than that of the pre-salt basin. With
the pre-salt compartments getting narrower to the south (i.e., compartments F, G, H), the
wavelength of their gravity signal becomes shorter. This, combined with the increased vol-
ume of salt, complicates the analysis and challenges the resolution of satellite gravity data
used for the study. The pre-salt compartments are less obvious in magnetic data than in
gravity because the observed magnetic signal represents the superposition of multiple sources
within the crust (SDRs, intrusions) of a much larger volume than the pre-salt structures.
The resolution of the magnetic dataset used for the analysis, although it is sufficient for the
profile modeling and for studying the large-scale geological structures, does not allow con-
fident mapping of smaller-scale features, such as compartments in the pre-salt basin.
Therefore, the interpreted structures in the pre-salt basin rely more on gravity than on
magnetics.

3.9. Igneous addition

Our models suggest igneous addition within the subsurface, namely an SDR complex in-
ferred from Model 1 and several igneous intrusions in the lower crust identified in Models
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1 and 3. The crustal intrusive bodies with high seismic velocities aligned with strong mag-
netic signals are imaged from seismic refraction profiles in the northern Gulf of Mexico
(Eddy et al., 2014, 2018; Christeson et al., 2014; Van Avendonk et al., 2015). Many authors
interpret them as rift-related features (Eddy et al., 2014, 2018; Christeson et al., 2014; Filina,
2019; Liu et al., 2019), although an alternative interpretation is offered by Van Avendonk
et al. (2015) for the northeastern Gulf of Mexico suggesting that these represent preexisting
crustal inhomogeneities related to Permian Ouachita-Marathon orogeny that preceded the
formation of the Gulf of Mexico. The origin of these structures cannot be established
uniquely from the potential fields, but they require high densities and high magnetic sus-
ceptibilities to explain observed gravity and magnetic anomalies. We prefer the rift-related
magmatic addition interpretation of these structures as it is consistent with the basinward
dipping reflectors observed in seismic (Fig. 2) and with the results of the DSDP well to the
east of the study area (Buffler et al., 1984; see inset map in Fig. 1) that encountered Paleo-
zoic basement intruded by diabase dike with Jurassic crystallization age.

The SDRs in Model 1 are dictated by the observed magnetic anomalies. This zone is also
coincident with the region of SDRs that can be interpreted in seismic data (Fig. 2 A and C).
The extent of the SDR province was determined based on our spatial analysis (Fig. 8) to be
up to 400 km long and up to 50 km wide. The dimensions of the SDR zone identified in the
northeastern Gulf of Mexico vary between the authors—Eddy et al. (2014) suggest the ex-
tent of approximately 200 x 45 km based on proprietary seismic data, while this zone is
interpreted to be slightly wider (48 km) and longer (235 km) by a similar analysis of poten-
tial fields of Liu et al. (2019). Beutel and Filina (2020) expanded the mapped SDR complex
in the northeastern Gulf of Mexico to a similar extent mapped in this study; they used the
mapped SDR complexes on both margins to constrain the tectonic reconstruction of the
basin as these SDR complexes must be aligned at the conjugate margins.

The observed magnetic signatures demand several igneous intrusions in the lower con-
tinental crust. The intrusive bodies are modeled in two out of three lines located immedi-
ately at the boundary between the stretched and intruded continental crust and the relatively
unstretched crust (> 30 km) in the east. If they are rift-related features, they support the
presence of the SDR complex interpreted under the Yucatan salt basin (Model 1). However,
this disagrees with the relatively thin oceanic crust (5 km) in the northern part of the study
area, suggested by refraction data. A similar contradiction exists in the northeastern Gulf
of Mexico, where the SDR complex is interpreted by many authors (Imbert and Philippe,
2005; Eddy et al., 2014; Liu et al., 2019), but the oceanic crust is known to be thinner than
normal (Christeson et al., 2014), suggesting a slow-spreading regime usually related to a
deficit of magmatic material. This is consistent with the slow to ultra-slow spreading rates
determined by Filina et al. (2020b). However, Planke et al. (2000) show that the periods of
significant magmatic addition may alternate with episodes of very limited volcanism in
passive continental margins. In order to better comprehend the tectonic history of the Gulf
of Mexico, the SDRs, igneous intrusions, the overall extent and the individual compart-
ments of the pre-salt basin and the distinct crustal zones must be carefully documented
along the Yucatan margin to be later compared with the corresponding features in the
northeastern part of the basin as these represent the matching structures at the conjugate
margins.
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4. Conclusions

The integrated analysis of seismic data with gravity and magnetic fields was conducted
for the western margin of the Yucatan peninsula. The following conclusions were drawn
based on this joint analysis:

(1) Two distinct crustal zones were identified in the continental domain. The first one com-
prises stretched and intruded crust adjacent to OCB with a total thickness of ~10 km. Our
analysis suggests the conditions close to the exhumation of the lower crust under the
Yucatan salt basin. We conclude that the removal of the upper continental crust oc-
curred during the final (post-salt) phase of continental rifting and led to local subsid-
ence that explains an extensive Jurassic salt flow observed by other authors. The crust
of the second zone under the carbonate platform appears to be mostly unstretched
with a crustal thickness exceeding 30 km. The boundary between them is roughly co-
incident with the SDRs in the north and with the Campeche magnetic anomaly in the
south.

(2) The pre-salt basin, consisting of several compartments, extends along the entire study
area; it narrows to the north and eventually pinches out at the northernmost tip of the
Yucatan peninsula. The width of individual compartments is up to 100 km and the
thickness of the pre-salt section is up to 5 km.

(3) The SDR province is adjacent to the pre-salt basin in the northern part of the study
area; it is up to 400 km long and up to 50 km wide. Higher magnetic susceptibility of
the SDR complex is required to fit the observed magnetic signal. Our analysis does not
support any SDRs under the Campeche salt basin in the south.

(4) Several highly magnetic intrusions in the lower continental crust are required to fit the
observed magnetic signature. This is similar to the observations from the northern Gulf
of Mexico.

The integrated approach in data analysis led to more confident results as the derived
subsurface structures and the outlined tectonic regions honor multiple geophysical data-
sets. The results of this study are important for tectonic reconstruction of the Gulf of Mex-
ico, as the presalt basins, SDR province, and individual crustal zones should be aligned on
conjugate margins.
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