
1. Introduction
1.1. Geographic Setting

Passive margins mark the region where the lithospheric plates break apart and the transition from continental 
to an oceanic domain takes place. This geologic region preserves a record of the tectonic, magmatic, and sedi-
mentary processes that accompany continental extension and therefore is important to the understanding of plate 
tectonics. In this study, we investigated the margins surrounding the Gulf of Mexico (GOM), as well as the deep 
GOM ocean itself, to better understand the Triassic-Jurassic breakup of the North and South American plates 
during the opening of the Atlantic. The GOM is a relatively small ocean basin situated south of the continen-
tal US that is surrounded on the east, north, and west by the North American plate, and on the south by Cuba. 
The GOM is connected to the Atlantic Ocean through the Florida Straits and to the Caribbean Sea through the 
Yucatan Channel (Figure 1). A large part of the GOM is occupied by continental margins made up of stretched 
continental lithosphere with a small ocean basin in the center. The US Gulf Coast margin and the margin offshore 
Yucatan formed as a conjugate pair during a period of rifting beginning in Late Triassic (∼200 Ma) followed by 
seafloor spreading starting and ceasing between ∼160 and ∼140 Ma (Hudec et al., 2013; Marton & Buffler, 1994; 
Pindell, 1985; Sawyer et al., 1991). In general, the GOM basin opened as the Yucatan block (YB) together with 
the South American plate separated from the North American plate.

1.2. Previous Studies

A significant number of geophysical studies in the offshore GOM region began more than six decades ago with 
marine seismic refraction and reflection surveys mapping thin continental and oceanic crusts at various loca-
tions throughout the GOM (Ebeniro et al., 1986, 1988; Ewing et al., 1960; Ibrahim & Uchupi, 1982; Ibrahim 
et al., 1981; Ladd et al., 1976; Nakamura et al., 1988). In this early phase of exploration, the direction of basin 
opening was not well constrained due to the lack of coherent seafloor-spreading magnetic isochrons, signals 
from which are greatly subdued by the thick sedimentary layer overlying the GOM basement. The distribution 
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of oceanic crust was also poorly constrained as seismic mapping of the GOM's crustal structure covered only 
a small part of the basin. Early plate reconstruction models for the opening of the GOM were mostly based on 
regional plate kinematics drawn from the opening of the Atlantic (Klitgord et al., 1984; Pindell, 1985; Pindell & 
Dewey, 1982). As more data became available, understanding of the YB's paleo-motion evolved with analyses 
of marine gravity (Hall et al., 1982) and magnetic data (Hall & Najmuddin, 1994). Nevertheless, these studies 
yielded contradicting results with one suggesting a clockwise rotation of the YB while the other indicating a 
counterclockwise motion. Several workers have attempted a full-fit plate reconstruction to restore the YB to its 
pre-rift configuration. Dunbar and Sawyer (1987) estimated crustal thickness from tectonic subsidence analysis 
and restored the YB using a single pole of rotation for both periods of continental extension and seafloor spread-
ing. In contrast, the kinematic model of Marton and Buffler (1994) restored the YB in a northwest-southeast 
(NW-SE) direction during extension, implying a different pole from that during seafloor spreading. Part of the 
puzzle of how the GOM opened was subsequently resolved with the release of satellite-derived gravity data 
(Sandwell et  al.,  2014) which provided the needed constraints on plate motion during the period of seafloor 
spreading. The geometry of the extinct spreading system consisting of ridges, and fracture zones, highlighted 
from gravity data confirmed the counterclockwise motion of the YB as it drifted away from the North American 
plate in the late Jurassic time (García-Reyes & Dyment, 2022; Minguez et al., 2020; Nguyen & Mann, 2016). 
Recent research has focused on the rifted margins surrounding the ocean basin to gain insight into the transitional 
process between the end of rifting and the initiation of seafloor spreading (Agrawal et  al.,  2015; Ainsworth 
et al., 2014; Evanzia et al., 2014). While interpretation of modeling of potential field data suggested a volcanic 
rifted margin along the Texas Gulf Coast (Mickus et  al.,  2009), the GUMBO wide-angle seismic refraction 
program along the northern GOM margin has shown the western US Gulf Coast margin as magma poor with 
little evidence of volcanic emplacement and/or magmatic intrusion (Van Avendonk et al., 2015). In addition, this 

Figure 1. Geographic setting of the Gulf of Mexico (GOM) showing locations of all seismograph stations (triangles) used in this study. Temporary and permanent 
stations are showed in red and green, respectively. The white dashed lines are extinct spreading system active during the Jurassic opening of the GOM (Nguyen & 
Mann, 2016). The black dashed line traces the Ouachita, Appalachian mountain ranges. The colored outlines in the central basin marks distribution of oceanic crust 
from previous studies: red (Hudec et al., 2013), gray (Minguez et al., 2020), and black (Izquierdo-Llavall et al., 2022). Limit of crystalline crust with thickness <10 km 
derived from this study is shown with the blue dashed outline.
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margin becomes progressively more volcanic eastward where seaward dipping reflectors and crustal underplating 
are both well imaged (Christeson et al., 2014; Eddy et al., 2014, 2018). In addition, presence of exhumed serpen-
tinized mantle along the northern GOM margin has been proposed from analysis of aeromagnetic data (Minguez 
et al., 2020; Pindell et al., 2016). More modern seismic reflection profiles also suggest segments of exhumed 
mantle as well as magmatic intrusion/extrusion along the Yucatan margins (Izquierdo-Llavall et al., 2022). These 
findings together show strong variation in crustal structures along the rifted margins surrounding the GOM that 
could hold key insights to the processes of continental breakup. Although great progress has been made in the 
overall understanding of the opening history of the GOM, detail kinematics and geodynamics regarding the lith-
ospheric evolution during basin formation remain to be fully revealed (Filina et al., 2022).

1.3. Study Objectives

At the current state, seismic studies in the GOM have provided great details in the structures and physical prop-
erties of the subsurface, but data are generally limited to localized areas within the northern GOM margin, with 
few studies focusing on the Yucatan margin (Filina & Hartford, 2021; Izquierdo-Llavall et al., 2022). Modeling of 
gravity and magnetic anomalies has provided improved spatial coverage of the GOM but lacks depth resolution. 
In addition, most studies have mainly focused on crustal structure even though continental extension and breakup 
involve the entire lithosphere, that is, both the crust and upper mantle. In this study, we constrained the crustal and 
lithospheric structures of the GOM region with a new 3D shear-wave velocity model. In addition to improving 
regional understanding of the GOM tectonic history, this broadens knowledge of the evolution of the continental 
lithosphere through periods of continental rifting and ensuing seafloor spreading as well as the development of 
oceanic lithosphere. Furthermore, recent studies that probe deeper beyond the crust in the western part of the US 
Gulf Coast margin have indicated presence of a thermal anomaly in the upper mantle (Krauss & Menke, 2020; 
Yao & Li, 2016). The hypothesis that the GOM opened due to a mantle plume impact had been proposed by Bird 
et al. (2005). Using our velocity model, we examined whether any signature of a thermal anomaly in the asthe-
nosphere could be seen at lithospheric depth and hence play a role in the deformation history of the lithosphere.

2. Data and Methods
2.1. Ambient Noise Interferometry

Seismic noise interferometry can be used to measure surface-wave dispersion (Lobkis & Weaver, 2001; Shapiro 
& Campillo, 2004; Snieder, 2004), and has been successfully implemented in regional and global imaging stud-
ies (Lin et al., 2006, 2008; Shapiro et al., 2005). The basic principle behind this method is intuitively demon-
strated in Wapenaar et al. (2010): The empirical Green's function representing frequency dependent travel-time 
between two seismic stations is estimated by cross-correlating the recordings from the stations and stacking 
this cross-correlation function over an extended period of time (12–24 months). This method helps to avoid the 
dependence on, and uncertainty of earthquake source parameters used in ballistic surface wave analysis. To build 
a 3D shear-wave velocity model we measured Rayleigh phase velocities in the 15–95 s band by cross-correlation 
of ambient noise seismic data. The surface-wave dispersion allows us to construct a both laterally and vertically 
varying seismic shear-velocity model.

2.2. Processing and Inversion Workflow

The data analyzed in this study were recorded by 566 stations from the USArray network, the Mexican National 
Seismic Network and several stations located on Cuba and the Cayman Islands. We cross-correlated the verti-
cal component of the noise field in a wide band of frequency between 15 and 95 s (0.0105–0.0667 Hz). This 
combined data set (Figure 1) ensures sufficient areal coverage of the study area and allows for modeling to depth 
of 200 km such that we can image a large extent of the upper-most mantle (Figure 2a). Our general processing 
workflow is adapted from Bensen et al. (2007). The recording from each station was divided into 24-hr segments. 
Daily cross-correlation functions were calculated between station pairs that have overlapping records. Most of the 
permanent stations in the data set have been in operation for more than a decade while the temporary networks 
provide records for a period between 1 and 2 years. For each station pair, all available daily cross-correlation 
functions were linearly stacked to produce a final cross-correlation function. Filtered empirical Green's functions 
were extracted from this function using the frequency-time analysis method (Dziewonski et al., 1969; Levshin 
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& Ritzwoller, 2001). Only correlations with a signal-to-noise ratio greater than 10 were accepted. This crite-
rion helps to ensure that the uncertainty in phase-velocity measurement is within 35–50 m/s or ∼1% (Bensen 
et al., 2007). Overall, this configuration provides a maximum of 34,166 acceptable empirical Green's functions 
for the wave period at 20 s and a minimum of 1,635 ray-paths at 95 s. Using these measurements of average 
phase-velocities, we performed 2D phase-velocity tomography on a half-degree grid with a total of 1,591 nodes 
that achieved results with sufficient resolution (Figure S1 in Supporting Information S1). While running the 
tomography, several combinations of the damping and smoothing factors were tested, and we chose a set of 
parameters that helps to minimize raypath artifacts in the final output. The calculated phase-velocity maps at 
various frequencies are shown in Figure S2 in Supporting Information S1. At each grid node, the calculated 
phase-velocity was inverted for a 1D shear-wave velocity profile (Figure 2b) using a Monte Carlo Markov Chain 
inversion (Afonso et  al., 2013; Li et  al., 2016). The inversion selected the best 1,000 models from a total of 

Figure 2. (a) Sensitivity kernel estimating depth coverage of Rayleigh surface-wave across a band of frequency used in this study. (b) Example of an inverted 1D 
velocity profile (top panel) that produces a good fit (red lines in bottom panel) to a measured dispersion curve (markers with error bars in bottom panel). Color-shaded 
zone in top panel represents the accepted 1,000 solutions whereas the white dashed line marks the final model calculated from the average of accepted models.
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240,000 random simulations. Model misfits could vary within 1% of the measured phase-velocities. The final 
shear-wave velocity profile is the average of the accepted models. The initial 1D model is parameterized with one 
layer of sediment, two layers of crystalline crust, and four layers of mantle. Shear-wave velocity in the sediment 
can vary between 1.5 and 2.4 km/s with a Vp/Vs ratio of 2.0. Sediment thickness is adopted from published 
sources (Laske & Masters, 1997; Pindell et al., 2016; Rosenthal & Buffler, 1990; Whittaker et al., 2013). The 
crystalline crust has a shear-wave speed in the range of 3.0–3.9 km/s and Vp/Vs of 1.75. Initial depth to the 
base of the crust, or the Moho, is averaged from gravity inversion (Nguyen & Mann, 2017) and the Crust 1.0 
model (Laske & Masters, 1997). Due to the lack of high frequencies (f > 0.0667 Hz) data, velocity within the 
crust is constrained to increase with depth. Shear-wave speed varies between 4.2 and 4.8 km/s in the mantle with 
Vp/Vs of 1.80. A low-velocity zone (LVZ) at the depths 130–160 km is a robust feature in multiple iterations 
of the unconstrained inversion (Figure S3 in Supporting Information S1), leading us to impose a layer of low 
velocity (4.40–4.60 km/s) in the final inversion based on a global compilation of the mantle LVZ (Nettles & 
Dziewoński, 2008). During the inversion, the sediment thickness was allowed to fluctuate within 1 km from the 
initial input whereas Moho depth can be within ±4 km of the starting model. The final 3D shear-wave velocity 
model is computed by interpolating all 1D models over the grid.

3. Results
3.1. Shear-Wave Velocities and Crustal Thickness

Our velocity model produces an overall good fit (<1% misfit) to the measured phase velocity (Figure S4 in 
Supporting Information S1). Shear-wave velocities (Vs) at different depths are shown in Figure 3. The prominent 
slow Vs body (∼3.2 km/s) observed at 15-km depth mostly reflects the thick layer of sediment, which reaches a 
maximum of ∼15 km along the US Gulf Coast margin (Buffler & Sawyer, 1985). At 25-km depth, shear-wave 
velocity exceeds 4.2 km/s in the center of the ocean basin. This area closely follows the trend of the extinct 
spreading system imaged in this region of the GOM (Sandwell et al., 2014). Hence, the high Vs here represents 
the upper most mantle under the thin oceanic crust of the GOM. At 35 km, the high Vs corresponds to mantle 
under thin crust, and low Vs corresponds to areas of thick crust (Figure 3c). At greater depths (Figures 3d–3f) 
the velocity fields become more uniform with narrower Vs ranges, all reflecting mantle. Nonetheless, regions 
of pronounced low velocity (<4.52 km/s), about −2% velocity perturbation, can be observed under northeastern 
Mexico and offshore the northwestern US Gulf Coast. Slow shear-wave anomalies in northern Mexico have 
been observed in previous studies (Gaite et al., 2012, 2015; Zhu et al., 2020), which identify the anomalies as 
fluid-induced melting in the back arc of the Rivera and Cocos subduction beneath the North American plate. The 
slow anomaly offshore Texas and eastern Mexico can be seen to persist to depth greater than 100 km, albeit with 
a decreasing amplitude.

Depth to the base of the crust or the Moho is estimated using the 4.2-km/s contour from our 3D Vs model. 
Comparison between the inversion result and the initial Moho input yields a mean difference and root-mean-
square standard deviation of 4.03 and 5.60 km, respectively. We further examined the reliability of our result by 
matching velocity profiles with Moho depths determined in previous active seismic studies (Figure S5 in Support-
ing Information S1). Our model shows a close match with GUMBO refraction results where the average differ-
ence in Moho depth along four profiles is 2.5 km. The onshore US Gulf Coast Moho is also comparable to that 
estimated from a joint-inversion study of Miao et al. (2022) with an overall difference of 2.7 km. Figure 4 displays 
thickness of the crystalline crust taken as lying between the 3.2 and 4.2 km/s contours of our velocity model. The 
most prominent area in this map is the zone of thin crust (<10 km) with thickness ranging between 5 and 10 km in 
the center of the GOM basin. The mean thickness of this zone is 7.7 ± 1.2 km, comparable to the 7.08 ± 0.78 km 
mean thickness of oceanic crust in the Pacific and Atlantic oceans (White et al., 1992). Moving landward into the 
offshore margins, crustal thickness increases to above 20 km. The onshore US Gulf Coast margin shows thick-
ness of about 20–28 km while the crust is a few kilometers thicker on average under the Yucatan margin. These 
values are close to the expected 28-km thickness for extended continental crust (Christensen & Mooney, 1995), 
although our results over the US Gulf Coast margin suggest a higher degree of extension and thinning than the 
C&M average. The crystalline crust exceeds 40 km in thickness further inland north of the Ouachita Fold Belt as 
well as under most of inland Mexico outside of the Yucatan peninsula. This is consistent with the 40-km global 
average for thickness of continental shields and platforms (Figure 5).
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3.2. Shear-Wave Velocities in the Mantle Lithosphere

Figure 6 shows shear-wave velocities along three profiles crossing the GOM from onshore the US Gulf Coast 
margin to the southern Yucatan margin. In each profile, the vertical extent of the crystalline crust is marked by 
the white dashed lines (Figure 6 top panels) capturing the apparent thinning of crystalline crust toward the ocean 
basin where its thickness reaches a minimum of ∼7 km. The lower panels in Figure 6 display Vs variations 
for the entire upper 200 km along the profiles. Velocities at shallow depths are saturated at 4.4 km/s. Overall, 
there is a consistent trend of increasing velocity from 4.4 km/s below the crust to >4.6 km/s at about ∼75-km 
depth. Shear velocity then monotonically drops to <4.5 km/s at depth ∼160 km. Overlaid on these profiles are 
the depths at which the velocity decreases most abruptly. This depth has been used as a proxy to determine the 
lithosphere-asthenosphere boundary (LAB) (Fischer et al., 2010; Palomeras et al., 2017) and here we adopted 
this definition to define the base of the lithospheric lid. It is clear from these profiles that the LAB separates a 
fast lid with maximum velocity of 4.65 km/s from a zone of low shear-wave velocity of 4.45 km/s centered at 
160 km. This structure of a fast lid above a LVZ in the upper mantle is similar to observations over old oceanic 
lithospheres (Gaherty et al., 1999; Kawakatsu et al., 2009). Across the three profiles in Figure 6, the LAB exhib-
its a depth range between 87 and 100 km. The shallowest LAB is observed under the central GOM ocean basin 
while the deepest LAB is located under the onshore US Gulf Coast, north of the Ouachita Fold Belt. Above the 
LAB, the velocity structure of the mantle lithosphere also exhibits a consistent pattern such that the lithospheric 
mantle can be separated into three distinct regions laterally along these parallel profiles: (a) Areas underlying 

Figure 3. Inverted shear-wave velocities shown at various depths. MGA: Middle Grounds Arch, SFB: South Florida Basin, SGR: South Georgia Rift, SU: Sabine 
Uplift, and TB: Tampa Basin. Dashed outline in the center is the 10-km thickness contour of crystalline crust computed from our model. The average crustal thickness 
inside this contour is ∼7.8 km.
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thick crust with high Vs of >4.65 km/s (+2% Vs perturbation), (b) Areas 
underlying oceanic crust with Vs of ∼4.6 km/s, the average Vs in this depth 
range, and (c) The lithospheric mantle below the offshore US Gulf Coast area 
where the crust is between 10 and 20 km in thickness and mantle velocities 
are <4.53 km/s, below the mean (−2% Vs perturbation).

These persistent correlations of crustal thickness, LAB depths and lith-
ospheric mantle velocity are used to delineate different tectonic provinces 
along the profiles as labeled in Figure  6. The narrow region of thin crust 
(<10 km) above the mantle lid of intermediate Vs (4.55 km/s) underlain by 
a shallow LAB is interpreted as oceanic crust and lithosphere. Regions with 
deep LAB, 95–100 km, are mostly associated with unstretched or slightly 
stretched continental lithosphere with crustal thickness greater than 30 km 
and high mantle-lid velocity (4.65 km/s). Regions with the LAB at 90-km 
depth correspond with extended crust, 10–20  km in thickness, and slow 
mantle-lid Vs of <4.53 km/s. We interpret this area as highly extended and 
deformed continental lithosphere. The contrast between the oceanic and 
highly extended continental lithospheres is further illustrated in Figure  7. 
Profile D-D′ (Figure 7a) traverses mostly over region of extended continental 
lithosphere whereas the subparallel profile E-E′ (Figure 7b) samples a large 
swath of oceanic lithosphere. Relative to E-E′, profile D-D′ shows thicker 
crust, lower average Vs in the mantle lithosphere and a deeper LAB.

Using the derived crustal thickness model, we calculated two attributes 
related to extension over the GOM region: the stretching or beta-factor and 
the extension length. Beta-factors are mapped as the ratio between the nomi-
nal pre-rift thickness (40  km) and the current estimated thickness of the 
continental crystalline crust with 1 being no stretching (Figure  8a). There 
is a clear asymmetry in crustal structure between the conjugate US Gulf 
Coast and Yucatan margins. The Yucatan crust is thicker on average and has 
a narrower transition from the continental to oceanic domain. On the Yucatan 

side, the transition from beta factor 2 to 3 takes place over a distance of <150 km whereas the same transition 
occurs over more than ∼300 km over the conjugate US Gulf Coast margin. The reduced velocity in the mantle 
lithosphere associated with the highly extended terrain is observed only under the US Gulf Coast margin and not 
its conjugate. In addition, this zone of highly extended lithosphere features an eastward trend in which it becomes 
narrower in its extent and slightly higher in its shear-wave velocity. This pattern can be observed from profiles 
A-A′ through C-C′. Comparing the highly extended zone along profile A and that of profile C shows that its 
width decreases from 540 to 300 km and its average velocity increases from ∼4.53 to ∼4.62 km/s. The animation 
in Figure S6 in Supporting Information S1 more clearly illustrates this subtle but rather consistent pattern moving 
from west to east across the US Gulf Coast margin. As discussed in Section 4.1, we interpret this lateral variation 
in velocity of the mantle lithosphere as a reflection of an eastward decrease in extensional deformation controlled 
by pre-rift lithospheric thickness.

3.3. Depth to the Lithosphere-Asthenosphere Boundary

The variation in LAB depth reflects the distribution of various tectonic terrains within the GOM area (Figure 9). 
For example, the seaward shallowing LAB follows the transition from the continent, through the extended terrain, 
to the oceanic lithosphere. Since the surface-wave method is not sensitive to sharp velocity discontinuities nor is it 
likely that the LAB is a sharp transition, we compared our estimate of depth to LAB with that of other studies for 
the onshore US Gulf Coast. For most of Texas, our average LAB depth of 90 km is comparable to the 80–95 km 
range derived from receiver function measurement of Abt et al. (2010). Over the southeastern US, our LAB depth 
of 97 km is consistent with their 95–100 km range. Our oceanic 87-km LAB is also in agreement with the 87-km 
LAB depth calculated for old oceanic plate (>150 Ma) in the Pacific (Schmerr, 2012). Nevertheless, the model 
from Sp receiver function of Ainsworth et al. (2014) along a 2D profile across the onshore Texas US Gulf Coast 
shows the top of a thick lithosphere-asthenosphere transition zone that is 10–20 km deeper than our LAB estimate. 

Figure 4. Thickness between the inverted 3.2 and 4.2 km/s contours 
representing that of the crystalline crust. The 10-km thickness contour (thick 
dashes) denotes the maximum landward limit of oceanic crust. Red lines mark 
locations of 2D profiles shown in Figures 6 and 7. MGA: Middle Grounds 
Arch, SFB: South Florida Basin, SGR: South Georgia Rift, SU: Sabine Uplift, 
and TB: Tampa Basin.

 15252027, 2022, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

C
010566, W

iley O
nline L

ibrary on [17/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geochemistry, Geophysics, Geosystems

NGUYEN ET AL.

10.1029/2022GC010566

8 of 19

Given the large vertical resolution (∼25 km) inherent in surface wave method and the probable gradational nature 
of the LAB, it is a challenge to resolve the LAB depth unambiguously. Rather than looking at the absolute LAB 
depths, we find the consistent trend of LAB across different geologic domains in our study area more insightful. 
Using our estimated LAB depth, we computed the beta factor for the mantle lithosphere,  assuming a pre-rift 

Figure 5. (a) Average velocity profile for continental crust from our study (blue line) in comparison to the global average (Christensen & Mooney, 1995) shown by 
circle markers with their standard deviations. Square marker is the global average of Moho depth. (b) Average velocity profile for oceanic crust from our study (blue 
line) in comparison to the value ranges (gray shade) observed from the Atlantic and Pacific Oceans (White et al., 1992). P-wave velocity is derived from S-wave 
velocity using 1.75 conversion factor.

Figure 6. Shear-wave velocity across three northwest-southeast profiles shown in Figure 4 at crustal (top panels) and lithospheric (bottom panels) scales. The vertical 
extent of igneous crust is bounded by the white dashed lines (top panels). In the lower panels, velocity at shallow depth is saturated at 4.4 km/s. ExL: Extended 
lithosphere, HExL: Highly extended lithosphere, OcL: Oceanic lithosphere, and LAB: lithosphere-asthenosphere boundary.
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thickness of 70 km (110 km for whole lithosphere) (Figure 8b) and observed a stark contrast in comparison to the 
stretching factor of the crust. The mantle lithosphere shows very little sign of extension, β ∼ 1.1, even though  the 
crystalline crust has been extended significantly, 1.5 < β < 3. While depth-dependent extension is commonly 
seen at rifted margins where the mantle lithosphere usually displays a higher degree of extension than the crust, 
the contrast observed in the northern GOM margin is too extreme to be explained by these models. Thus, we 
interpret that like the crust, mantle lithosphere was thinned substantially during rifting but has since regained 
its thickness by incorporating the underlying asthenosphere through conductive cooling (Stein & Stein, 1992).

3.4. Differential Stretching Along the Continental Margins

To compute the extension length across both the US Gulf Coast and Yucatan margins, several NW-SE 2D profiles 
were constructed with one end at a location of beta-factor ∼1 and the other end at the continent-ocean boundary 
(Minguez et al., 2020). Along each profile, the total area of the crystalline crust was calculated. This area is used 
to restore the margin to a point where the crystalline crust has a uniform thickness of 40 km. The white dots in 
Figure 8a mark the restored points along the US Gulf Coast margin. To account for its counterclockwise drift 
during the Jurassic seafloor spreading, the YB needed to be reconstructed back to its pre-drift location before 
the amount of extension across the Yucatan margin could be measured along the direction of rifting. We rotated 
the YB back along the pole determined by Nguyen and Mann (2016). The beta-factors along the northern US 
Gulf Coast margin show a notable contrast between its western and eastern regions. In the northwestern GOM, 
the transition between area of beta-factor ∼1 to beta-factor >3 occurs over a distance of ∼270 km whereas a 
similar transition covers more than 600 km on the eastern side. The total amount of extension length increases by 
∼140 km from west to east. This suggests that the spatial and temporal rates of extension were higher in the north-
western margin. While seafloor-spreading initiated in the western GOM, most of the eastern section was still 

Figure 7. Shear-wave velocity across the northeast-southwest profiles shown in Figure 4 at lithospheric scale. Velocity is 
saturated at 4.4 km/s. Profile D-D′ mostly samples highly extended and extended continental lithosphere (a) while profile 
E-E′ traverses a large swath of oceanic lithosphere. ExL: Extended lithosphere, HExL: Highly extended lithosphere, and OcL: 
Oceanic lithosphere.
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undergoing continental extension for quite some time. This west-east migration of seafloor spreading has been 
well established (Minguez et al., 2020; Pindell et al., 2021) and is evident in the area of oceanic crust observed 
in the central GOM basin. The amount of the ocean floor generated by the westernmost extinct-spreading center 
is ∼600 km wide whereas the easternmost extinct ridge produced roughly 150 km of crust (Figure 8). We discuss 
possible scenarios that lead to earlier breakup in the western GOM in Section 4.2.

4. Discussion
4.1. Origin of the Reduced Velocity in the Mantle Lithosphere

Here we discuss a few mechanisms under which a LVZ can form within the lithospheric mantle, including the 
effects from thermal anomaly, extensional deformation, and intrusion of melts. Although each of these processes 
is considered individually, they are not necessarily mutually exclusive. Slow seismic velocity anomalies at depths 
of 50–400 km in the northwestern GOM vicinity have been reported previously (Krauss & Menke, 2020; Yao 
& Li,  2016; Zhu et  al.,  2020). A deep thermal anomaly represented by slow Vs at 250-km depth as well as 
a shallower (50–150  km) low Vs body were imaged by teleseismic tomography centered around 92°W and 
29°N (Krauss & Menke, 2020). Rayleigh ambient noise tomography from Yao and Li (2016) imaged a small 
negative Vs anomaly at depth of 50 km beneath the onshore coast of Texas. Also, teleseismic study onshore 
Texas (Evanzia et al., 2014) detected low Vs from 40 to 200 km below the US Gulf Coast. Zhu et al. (2020) 
performed full-waveform inversion for the entire Middle America and captured a slow Vs anomaly between 200 
and 400-km depth, centered at 96°W 25°N in the northwestern GOM. This anomaly appears to directly overlie 
the subducted Rivera slab, and it might be associated with the mantle wedge seen in subduction zones under a 
back-arc (Wiens et al., 2008). Although based on its location, this mantle anomaly seems unlikely to be related 
to the anomaly reported by Krauss and Menke (2020), presence of a subduction-induced upwelling could heat 

Figure 8. (a) Stretching beta factor of the crystalline crust calculated as the ratio between an original thickness of 40 km and the currently observed thickness. 
Gray-shaded region is underlain by oceanic crust (Minguez et al., 2020). White dots mark the reconstructed margin after restoring the crust to a uniform 40-km 
thickness in a northwest-southeast direction (solid arrows). Extension length increasing from west to east along the US Gulf Coast margins is illustrated by the two 
white solid arrows. Black arrows mark the distances between areas with beta factor ∼1 to those with beta factor of 3. Dashed arrows depict maximum amount of 
seafloor spreading in the western Gulf of Mexico decreasing eastwardly. (b) Stretching beta factor of the mantle lithosphere calculated using 70-km as its pre-rift 
thickness. Note the large contrast in beta factors between the crust and mantle lithosphere suggesting thermal thickening of the lithosphere since breakup.
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the overlying lithosphere and thus reduces its shear-wave velocity. In fact, 
a model of the GOM opening as a back-arc basin has been proposed based 
on its location directly behind the volcanic arc in northern Mexico (Stern & 
Dickinson, 2010). The described eastward trend of increasing velocity in the 
mantle lithosphere along the northern GOM margin can simply be due to the 
greater distance from the subducting slab, reducing the effect of the mantle 
upwelling on the extended lithosphere. However, despite evidence seemingly 
supportive of low shear-wave velocity in the mantle lithosphere  resulting 
from an asthenospheric thermal anomaly, several observations work against 
this hypothesis. The aforementioned low Vs anomalies at depth below 
200 km imaged from previous studies do not exhibit signs of upwelling that 
can affect the thermal state of the shallower lithosphere at 100-km depth. 
This observation is further supported by analysis of our velocity model. We 
used the derivative relationship between temperature and shear-wave velocity 
of −3.75 × 10 −4 km s −1 °C −1 (Liu et al., 2005; Priestley & McKenzie, 2006) 
to examine to likelihood of a thermally induced Vs reduction. The result 
shows that the Vs anomaly observed within the mantle lithosphere would 
imply a thermal anomaly with magnitude of >150°C at depth 75 km. A ther-
mal anomaly on this scale at shallow depth seems unrealistic in a passive 
margin where rifting has ceased for more than 150 million years. Therefore, 
the observed reduction in Vs in the northwestern GOM is unlikely to be asso-
ciated with an anomalous mantle heat source. The velocity-reducing effect 
of fluid-induced melting usually associated with a subducting slab is also 
not considered due to the lack evidence for widespread melt intrusion  at the 
crustal level.

Mantle rock under stress during extension can be weakened due to grain-size 
reduction (Karato & Wu,  1993; Yamasaki,  2004). Such weaker rocks at 

smaller grain size would exhibit a reduced shear-wave velocity (Faul & Jackson, 2005; Jackson et al., 2002). 
Hence, extensional deformation during Triassic-Jurassic rifting could be a viable mechanism under which the 
mantle lithosphere of the northern GOM margin became weaker, resulting in a drop in its shear modulus that is 
manifest as zone of reduced Vs. The observed eastward increase in mantle Vs then represents a decreasing degree 
of mantle deformation from west to east. The combination of continuing extension and grain-size reduction could 
lead to diffusion-creep behavior of the mantle lithosphere (Karato & Wu, 1993) that promotes strain-weakening. 
Hopper and Buck (1993) showed that deformation under the diffusion-creep regime would enable the lithosphere 
to begin deforming at a stress-level that is lower than otherwise required and thus further enhance rifting. This 
positive feedback loop between extension and grain-size reduction would ultimately lead to rapid breakup in the 
western side of the northern GOM margin as compared to its eastern counterpart.

Decompression melting at the top of the asthenosphere as the lithosphere was stretched and thinned during rift-
ing could generate melts that infiltrated the overlying mantle lithosphere. Partial melts can reduce the Vs of the 
aggregates but due to their lower density at depth within the lithosphere they are expected to rise through the lith-
osphere, intrude the crust and/or erupt as lava. In that case, the negative effect on Vs of partial melts would only 
be transient. However, if the melts are trapped in the mantle lithosphere (Müntener et al., 2009; Pérez-Gussinyé 
et  al.,  2006) metasomatic reaction with the host rock will take place. This is a process of mantle refertiliza-
tion during which the depleted harzburgite in the lithosphere is enriched and become lherzolite (O’Reilly & 
Griffin, 2013). As a result, the mantle lithosphere becomes denser but has a lower seismic velocity, a weaker 
rheology and a smaller elastic thickness. Evidence from petrological studies shows that mantle metasomatism has 
occurred in both cratonic (Casagli et al., 2016; Griffin et al., 2009; Wang et al., 2015) and off-cratonic environ-
ments as well as in oceanic regions (O’Reilly & Griffin, 2013; Piccardo, 2008). Using a compilation of available 
petrological data from Alpine-Apennine ophiolites, Piccardo  (2008) constructed a model for the opening of 
the ancient Ligurian Tethys ocean basin. In that model, both the extended continental lithosphere surround-
ing the ocean basin and the oceanic lithosphere itself experience metasomatism due to melt percolation. In the 
GOM, evidence for rejuvenation of the mantle lithosphere during Mesozoic rifting was found in crustal xenoliths 
collected along the coast of Louisiana (Stern et al., 2011). Radiometric dating confirms the age of these samples 

Figure 9. Depth to the lithosphere-asthenosphere boundary calculated as the 
depth of maximum negative gradient of the 1D shear-wave velocity.
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at ∼160.1 Ma, approximately close to the time of breakup. Furthermore, trace element analysis indicates a history 
of mantle enrichment and low-degree of melting, raising the possibility of mantle metasomatism due to melt-rock 
interaction during the Mesozoic extension. It is likely that the observed Vs reduction from our model results from 
the combined effects of extensional deformation and mantle refertilization during rifting.

4.2. Deformable Plate Modeling

While the counterclockwise rigid motion of the YB is sufficiently constrained by the geometry of the imaged 
seafloor spreading fabric (Minguez et  al.,  2020; Nguyen & Mann,  2016), the direction of extension during 
continental rifting is not well defined. This lack of constraint has resulted in various reconstruction models that 
restored the YB along different trajectory for the rifting periods. The relative extension between the YB and 
North America has been predicted as toward the southeast (Marton & Buffler, 1994; Miao et al., 2022), along 
a counterclockwise rotation (Dunbar & Sawyer, 1987), and almost due south (Kneller & Johnson, 2011). Here, 
we constructed deformable plate models in conjunction with our derived crustal thickness to evaluate these 
end-member cases and constrain the direction of extension. A plate model helps predict distribution of crustal 
thickness corresponding to a distinct opening direction. Using our derived crustal thickness as a proxy, different 
plate models for the rifting phase can be examined.

Deformable plate modeling is carried out in GPlates application (Müller et al., 2018). Its underlying algorithms 
were developed using Delaunay Triangularization and Barycentric coordinates interpolation (Gurnis et al., 2018). 
A triangular mesh is generated over a region of future deformation. As extension proceeds, the mesh expands 
along with the deformed region and tracks changes in crustal thickness at individual Lagrangian points. Stretching 
a geologic body in different directions would lead to different distribution of its final thickness after extension. 
Figure 10 shows the predicted crustal distribution at the end of continental rifting (∼158 Ma) from three scenarios 
in which the Yucatan moved away from North America in different directions (arrows in Figures 10b–10d). These 
results are compared to our crustal thickness derived from the inverted Vs model (Figure 10a) which serves as 
the observed thickness in these tests. In the first two cases in which extension takes place in the north-south and 
counterclockwise directions (Figures 10b and 10c), respectively, crustal thickness displays a trend of thinning 
toward the east with a noticeably thickened crust in the southwestern region whereas the thinnest crust is located 
at the southeastern corner. These features are not observed in the inverted crustal thickness (Figure 4). Moreover, 
the observed thinned crust offshore Texas and Louisiana (Figure 10a) is mostly absent from these models. On the 
other hand, the last scenario with a southeast extension (Figure 10d) produces a result that is more comparable to 
the observation. The overall thinning is toward the south. The thinnest crust observed offshore Texas and Louisi-
ana is similar to our inverted model. A NW-SE extension is also favored by quantitative correlations. In compar-
ing the crustal thickness at individual grid points from the plate models to that of the inverted model, extending 
the margin toward the southeast produces the smallest mean and RMS errors of 4.06 and 5.27 km, respectively. 
The other two cases generated errors several times as large (Figures 10b and 10c). These analyses suggest that the 
Mesozoic continental rifting occurred predominantly toward the southeast with respect to North America. This 
is in agreement with recent analyses of crustal thickness and seismic velocity in the mantle lithosphere (Miao 
et al., 2022; Nguyen et al., 2022).

4.3. A Model for the Continental Rifting and the Opening of the GOM

Our results show that the rate of crustal extension was highest over the northwestern GOM margin and gradu-
ally decreased toward the east (Section 3.4). The difference between narrow and wide rifts is controlled by the 
strength of the deforming lithosphere, in that a cold and strong lithosphere leads to a narrow rift zone whereas 
warm and weak lithosphere favors a wide rift zone (Buck et al., 1999; Corti et al., 2003; Gueydan et al., 2008; 
Kogan et al., 2012). From our model and previous studies, several parameters exhibit an eastward trend along 
the US Gulf Coast margin including more gradual crustal extension, delayed breakup, lower degree of velocity 
reduction in the mantle lithosphere, and increasing amount of volcanic and magmatic emplacement. A rifting 
model in which the extension took place over a lithosphere with different inherited thickness can help to explain 
these observed trends (Figure 11). In such a model, initial rifting was widely distributed along the entire US Gulf 
Coast margin (Figure 11a). However, extension became localized along a shear-zone which developed as the 
mantle lithosphere was weakened by melt refertilization (Figure 11b). This is similar to the “weak seeds” often 
imposed in thermomechanical models in order to initiate a localized shear-zone (Huismans & Beaumont, 2007). 
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The development of a large-scale ductile shear-zone could have contributed to mantle exhumation observed in 
the northwestern GOM margin (Van Avendonk et al., 2015). This process was enhanced there likely due to the 
greater thickness of the pre-rift continental lithosphere in this part of the margin. The thick lithosphere hindered 
the upward migration of asthenospheric melt through the overlying mantle lithosphere of the extending plate 
(Korenaga et  al., 2002). These trapped melts may have reacted with the lithospheric mantle causing metaso-
matism that refertilized the mantle lithosphere, weakening it, reducing seismic velocity and elastic thickness. 
Although any variation in pre-rift thickness of the lithosphere has most likely been erased by the process of rift-
ing, a remnant slab of oceanic lithosphere trapped beneath the Texas coastal plain (Evanzia et al., 2014; Keller & 

Figure 10. Deformable plate modeling is used to predict the distribution of crustal thickness at 158 Ma, presumably the end of rifting, as a function of rifting direction 
(dashed arrows). Limit of extended crust associated with rifting (colored area) is estimated from our calculated crustal thickness map (Figure 4). Of the three scenarios 
tested, a southeastern motion (d) of the Yucatan block away from the North American plate during continental extension produces the smallest errors with respect to our 
inverted crustal thickness (a).
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Figure 11. Schematic model proposed for the formation of rifted margins surrounding the Gulf of Mexico (GOM). (a) 
Symmetric and distributed rifting at the early stage. Thinning of the lithosphere was accompanied by passive asthenospheric 
upwelling and decompression melting. The eastern part of the plate is inferred to have had a thicker pre-rift thickness that 
hindered melt migration through the lithosphere leading to refertilization and weakening of the mantle lithosphere. (b) 
Development of mantle shear-zones led to focused deformation and earlier breakup in the western region. This localized 
deformation also resulted in asymmetric extension in which most of the thinning took place on the North American margin. 
The zone of highly extended and deformed mantle lithosphere is now observed as the low Vs region in the northwestern GOM.
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Hatcher, 1999; Keller & Shurbet, 1975) could be a potential contributor to an overall thicker plate in the western 
US Gulf Coast margin prior to rifting.

The development of localized mantle shear-zones led to more rapid extension and earlier break-up in the north-
western GOM margin (Figure 11b). In contrast, the inferred thinner lithosphere in the central and eastern sides 
of the northern GOM margin produced a wider rift zone that extended for a longer period of time and led to a 
later start of seafloor spreading. Because of this lateral variation in extensional rate, the YB was forced to dras-
tically change its motion from NW-SE rifting to counterclockwise drifting. Melt migration and extraction was 
also much more efficient in this region, enhancing syn-rift volcanism and magmatism (Christeson et al., 2014; 
Eddy et al., 2014, 2018). Without refertilization of its mantle, the present-day lithosphere here is stronger than 
its western counterpart and exhibits higher seismic velocity and greater elastic thickness (Tesauro et al., 2015). 
The presence of a major shear zone during rifting would also explain the asymmetry structure across the conju-
gate margins. In contrast to the observation over the US Gulf Coast margin, there is no evidence for reduced 
velocities in the mantle lithosphere under most of the Yucatan margin. As we have attributed the slow velocity 
zone in the lithospheric mantle under the northwestern GOM to melt-induced metasomatism and deformation, 
this asymmetry between the conjugate margins implies that most melting occurred beneath the northern margin. 
For this to happen, a shear-zone must have formed that focused deformation and mantle upwelling in the north-
ern part. A southeastward dipping shear-zone would facilitate asymmetric rifting in which the ensuing mantle 
upwelling would focus only beneath the US Gulf Coast margin where generated melt infiltrated and re-fertilized 
the overlying lithosphere. This result from our velocity model provides additional support for ductile shear-zones 
at lithospheric scale that has been suggested as an important feature during continental rifting at other margins 
(Kelemen & Dick, 1995; Vissers et al., 1991).

5. Conclusions
Measurement of Rayleigh surface wave tomography from ambient noise cross-correlation was used to construct 
a 3D shear-wave velocity model for the greater GOM region. Our velocity model shows consistent variations in 
both crustal and lithospheric structures along the northern GOM margin. Within the mantle lithosphere under-
lying regions of stretched continental crust, we identified a zone of reduced velocity (δv ∼ −2%) that gradually 
decreases in amplitude toward the east along this margin. Such a zone is not observed in the mantle lithosphere 
beneath the conjugate Yucatan margin. We attribute this reduction of seismic wave speed to the combination of 
deformational grain-size reduction and melt-related mantle metasomatism that weakened the lithosphere during 
Late Triassic—Early Jurassic rifting. The structural asymmetry between the conjugate northern and southern 
US Gulf Coast margins suggests a period of extension along a localized shear-zone that focused asthenospheric 
melt to only the northwestern US Gulf Coast margin. Presence of these mantle shear-zones is supported by the 
lithospheric boudinage reported in Nguyen et al. (2022). We also mapped out the distribution of crustal thickness 
and depth to the LAB over the GOM region. The LAB is shallowest at 87-km depth under oceanic domain with 
average crustal thickness of <8 km. Maximum LAB depth >100 km is found under thick continental regions 
north of the Ouachita orogen thrust front. Intermediate LAB depth underlies most of the extended continental 
terrains. We used deformable plate modeling to examine the direction of continental rifting between the YB and 
the North American plate and determined that extension toward the southeast produced results most consistent 
with our derived crustal model. The abrupt change in motion of the YB between rifting and drifting can be attrib-
uted to the initiation of one or more mantle shear-zone in the western region of the rift zone that led to more rapid 
extension and earlier breakup.

Data Availability Statement
Broadband seismic records are freely available and can be requested at http://www.ssn.unam.mx/doi/networks/
mx/ for the stations from the national network of Mexico, and http://ds.iris.edu/ds/nodes/dmc/forms/breqfast-re-
quest for all other stations used in this study including following seismic networks: (a) the TA (Transportable 
Array; IRIS Transportable Array, 2003); (b) the US (USNSN, Albuquerque Seismological Laboratory (ASL)/
USGS, 1990); (c) the IU (GSN; Albuquerque Seismological Laboratory (ASL)/USGS, 1988); (d) the TX (Bureau 
of Economic Geology, The University of Texas at Austin, 2016); (e) the Z9 (Fischer et al., 2010); (f) the TO 
(MASE, 2007; VEOX, 2010); (g) the N4 (ASL, 2013); (h) the CU (ASL, 2006); and (i) the CW (National Centre 
for Seismological Research (CENAIS Cuba), 1998).
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