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ABSTRACT

Contractional deformation in salt-bearing rifted- and convergent-margin settings often involves
diapirism. Diapirs may predate the onset of shortening, such that they exert a pronounced
influence on how contractional strain is accommodated, or they may be triggered by the
shortening. Analog models have been used to help understand the interaction and evolution of
detachment folds, thrust faults, and diapirs, but few surface or subsurface datasets provide
adequate three-dimensional images to test and refine the experimental results. Here we use 3D
depth-migrated seismic data from the Sureste Basin, offshore SE Mexico, to map two structures,
one dominated by salt-cored anticlines and one characterized by thrust faults. Associated diapirs
include both pre- and syncontractional stocks and walls. We show that although analog models
in the literature nicely reproduce some of the seismic geometries, there are also apparent
mismatches. Whereas models often generate decapitated diapirs and thrust-fault salients centered
on the diapirs, such features are absent in the study area. Moreover, in contrast to model thrust
faults that dip 20-45°, faults in the study area are steeper, ranging from 50-75°. We bring in
observations from other salt basins to discuss these discrepancies, possible explanations, and
suggestions for improving the applicability of models to nature.

Keywords: Detachment folds, thrust faults, salt diapirs, analog models, Gulf of Mexico

1. Introduction

The presence of salt exerts a profound influence on contractional deformation because of its
ductile rather than brittle nature. Shortening detached on salt is characterized by broad belts with
narrow cross-sectional taper, an overall symmetric deformation style, elongate salt-cored
anticlines and broad synclines, and map-view patterns controlled by the areal distribution and
thickness of the salt layer (Davis and Engelder, 1985). Examples are known from numerous
convergent- and divergent-margin fold-and-thrust belts and the styles have been replicated in
analog models (Costa and Vendeville, 2002; Smit et al., 2003; and many others).

Salt diapirs can be triggered during contraction, either from the cores of detachment folds
(Coward and Stewart, 1995) or from salt carried up in the hanging walls of thrust faults



emanating from the salt layer (e.g., Hudec and Jackson, 2006). If the overburden is thick,
syntectonic erosion plus/minus crestal extensional faults are required to thin the roof enough for
salt to break through and begin diapirism. Examples are known from such varied provinces as
the southern Pyrenean foreland, the Central North Sea, and the southern Gulf of Mexico (e.g.,
Sans and Koyi, 2001; Karlo et al., 2014; Rowan, 2019), but relatively few analog models have
progressed to the point of salt breakout and subseqent diapirism (Table 1 and references therein;
Fig. 1A).

The geometries become more complex when there are established salt diapirs that predate the
shortening. This scenario is common in numerous convergent-margin fold-and-thrust belts
including the Pyrenees and Prebetics of Spain, the French and Austrian Alps, the Atlas
Mountains, the Zagros Mountains, and the Flinders Ranges of Australia (e.g., Letouzey and
Sherkati, 2004; Roca et al., 2006; Rowan and Vendeville, 2006; Saura et al., 2014; Camara,
2017; Granado et al., 2018; Célini et al., 2020). It is also typical of deepwater foldbelts on salt-
bearing rifted margins such as the northern and southern Gulf of Mexico and the Lower Congo
Basin of West Africa (e.g., Rowan et al., 2000; Gottschalk et al., 2004; Davison et al., 2020).
The presence of preexisting diapirs strongly influences the structural style because the weak
diapirs tend to localize contractional strain (Vendeville and Nilsen, 1995), with salt-cored
detachment folds and thrust faults typically extending away from, and connecting, the diapirs
(e.g., Rowan and Vendeville, 2006; Callot et al., 2007).

Abundant research has examined the effects of preexisting diapirs on contraction using analog
(sandbox) models (Table 1 and references therein). Setups have ranged from single diapirs to
various arrangements of multiple diapirs, with some models having diapirs that were triggered by
differential loading or extension and other models using pre-constructed diapirs. Moreover,
many variables have been examined, including the plan-view shape (stock or wall — axial ratio of

Fig 1. Published analog models of diapirs and contracti
in red, welds with pairs of dots, no scales shown). Cross-sectional views: (A) salt sheet breaking out from
eroded crest of isoclinal salt-cored anticline (modified from Santolaria et al., 2015); (B) vertical weld due
to squeezing of a constructed preexisting diapir (modified from Duffy et al., 2018); (C) steep thrust weld
(remnant of preexisting diapir created by differential loading) with equally steep hanging-wall strata
(modified from Rowan and Vendeville, 2006); (D) decapitated preexisting diapir due to offset on thrust
fault emanating from apex of pedestal (modified from Roma et al., 2018). Map views: (E) broadly linear
pattern of thrust faults linking preexisting diapirs, with common local curvature into the salt (modified from
Callot et al., 2007), (F) polygonal pattern of squeezed preexisting diapirs linked by contractional structures
rooted in deep preexisting salt ridges shown by non-black colors (modified from Rowan and Vendeville,
2006); (G) indenter (red arrow) in hanging wall of thrust faults that curve toward a preexisting diapir,
forming a thrust salient (modified from Dooley et al., 2015, major thrust faults with larger red triangles).



Table 1. Published analog models of shortening-related diapirs.

Publication Pre-shortening configuration Cross-section (final) Final map
Initiation Diapirs Roof | Pedestal | Source Diapirs Thrusts pattern
Sanszgi)i(oyl no diapirs vertical, open folds ?
Costa & Lo . o .
Vendeville 2002 no diapirs vertical, open 25-45 linear
Bonini 2003 no diapirs inclined, open ? ?
B | o e | e |
Santoée(l)rll 2 ctal no diapirs vertical, open 20-40° linear
Bord;(r)lle 8et al. no diapirs vertical, open 20-30° linear
Plaetal. 2019 no diapirs vertical, open folds linear
Nllsle‘;gest al. dllf(fzzeirrlltglal ver;{cz\ixllasltl(;cks thick small welded vertical, open 35° arcuate
Letouzey et al. . . . vertical to o °
1995 prebuilt vertical, short thick none open inclined, open 30-45 ?
Koyi 1998 dllf(fzzeirrlltglal vertical none ? ? V;Izlﬁsiéo ? ?
Gugh;g(r)lg ctal. extension vertical wall none? large ? 50-90° welds fe;l;ll(tie;d linear
Letouzey & . . . open to 50-90° o curvature into
Sherkati 2004 prebuilt vertical stocks thin large open welds 30-45 diapirs
Roca et al. 2006 extension vertical walls none large open 30-90 .We.lds’ folds, steep arcuate
decapitation thrusts
Rowan & differential . . open to 65-90° o
Vendeville 2006 loading vertical stocks thick large welded welds 30-45 polygonal
Callot et al. 2007 prebuilt vertical stocks thlp & none open 40-90 _We‘1d5, 20-45° curvgtur-e into
thick decapitation diapirs
Dooley et al. . . . 70-90° welds, o
2009 prebuilt vertical walls thick none open decapitation 25-45 arcuate
Dooley et al. . single inclined . inclined open to o arcuate,
2009b prebuilt stock thick small open welded 35-40 indenters
. vertical stocks | thin & small to open to 60-90° welds,
Callot et al. 2012 prebuilt & walls thick none welded decapitation folds arcuate
Ferrer 2012 dlffergntlal vertical stocks thin large welded Vemcal_ We‘lds, foids, 30- curvature into
loading and walls decapitation 40° thrusts salt, arcuate
Dooley et al. cebuilt one vertical or | thin & none onen 65° weld moderate- curve into salt,
2015 P inclined stock thick P dip thrusts indenters
. vert & inclined | thin & vertical & thrust o curve into salt,
Duffy et al. 2018 prebuilt stocks & walls thick none open welds, decap. 30 indenters
Roma et al. 2018 extension vertical walls none large open to Vemcal- W?lds’ 30-40° curvgtur-e into
welded decapitation diapirs
Dooley & Hudec . . . open to o folds, 30-
2020 extension vertical walls thin large welded 45-90° welds 40° thrusts arcuate
Santolaria et al. cebuilt vertical & thin & small to welded 65-90° welds, 95.30° curve into salt,
2021a P inclined walls thick none decapitation indenters
Santolaria et al. differential vertical stocks none/ 70-90° welds, o polygonal,
2021b loading & walls thick large welded decapitation 25-35 indenters
Sebai et al. 2021 prebulllt, vertical walls thick none welded open, vertical 25-35° linear
extension welds

<2 or >2, respectively), the cross-sectional geometry (vertical or inclined), the presence and
geometry of diapir pedestals, the orientation relative to shortening, the thickness of the salt layer
(including whether or not it has been evacuated to form a salt weld), the thickness of the diapir
roof, the sedimentation/erosion, and the deformation rate. Typical salt features observed in
model cross sections include vertical salt welds, inclined thrust welds, decapitated diapirs, and



flaring or allochthonous salt (Fig. 1B-D). Map patterns range from linear or arcuate to polygonal
(Fig. 1E-F). Thrust faults that typically dip 25-45° tend to curve toward the diapirs, with sharp
curvature on both sides of a diapir creating thrust-fault salients or reentrants that have been
termed indenters if the diapir is located toward the foreland relative to the deeper part of the
thrust fault (Fig. 1G).

In this short paper, we use 3-D, depth-migrated seismic data from the Sureste Basin in the
southern Gulf of Mexico to examine the usefulness and limitations of analog models in
understanding the interaction between diapirs, detachment folds, and thrust faults. Note that we
deal primarily with passive diapirs (ones that grow at or just beneath the surface as sediment is
deposited; Rowan and Giles, 2021), whether in the form of salt stocks, salt walls, or salt sheets.
Moreover, we focus on so-called isolated-diapir provinces (i.e., diapirs largely surrounded by
minibasin strata) rather than isolated-minibasin provinces (Duffy et al., 2017). In contractional
systems involving isolated diapirs, one of the key questions is how much analog models can be
relied upon to help determine whether diapirs predated the shortening or were triggered by the
shortening. We suggest that the answer is not always clear-cut but that model results provide a
useful tool that should be employed. We start by summarizing the tectonic and structural
evolution of the Sureste Basin and then briefly describing the three-dimensional geometries of
two specific elongate structures with multiple diapirs. We then evaluate the observed
relationships in light of both published and unpublished analog models, not just of the study area
but also of other salt-bearing contractional provinces, and suggest possible ways of moving
forward to improved matches between models and nature.

2. Sureste Basin, southern Gulf of Mexico
2.1. Geologic setting and dataset

The Sureste Basin is unusual in that it is both a divergent margin and part of a convergent
margin, having experienced both gravity-driven and orogenic deformation. The history below is
summarized from Sanchez-Rivera et al. (2013), Rowan (2019), and Davison (2020). The Middle
Jurassic salt was deposited late in the rift history, just prior to the onset of oceanic spreading.
Postsalt deformation can be divided into three overlapping phases (Fig. 2). First, Late Jurassic to
Cretaceous gravity gliding was caused by differential thermal subsidence and consequent
basinward tilting of the margin. The arcuate shape of the margin resulted in convergent, W- to N-
directed movement. Second, the Mexican and Chiapaneco orogenies caused Paleogene to middle
Miocene, somewhat arcuate, NE-directed shortening. Third, sediment shed from the Chiapas
Massif loaded the margin and caused late Miocene to Recent, slightly divergent, NNW-directed
gravity spreading. Structural orientations thus varied both spatially and temporally and there was
significant overprinting of earlier structures. In addition to the basal salt detachment, weak
Paleogene shales provided a secondary detachment that resulted in partly decoupled deformation
in places.

The study area, located in the deepwater province of the Bay of Campeche, is approximately
200-250 km from the coastline and 50-100 km from the western edge of the salt basin (Figs. 2, 3
inset). It is covered by a wide-azimuth (WAZ), RTM depth-migrated, 3-D seismic volume from
Schlumberger, and the nearest well control is roughly 75 km away.

Aside from salt features and faults, two main horizons were interpreted in three dimensions on
each structure (deep and shallow). The ages of the horizons are not specified due to



confidentiality, but note that the shallow horizon in the two structures is not the same age.
Around the study area, growth geometries indicate that there was an initial, minor phase of
shortening during the Eocene (slightly younger than the deep/green horizon), at most subtle
shortening during the Oligocene to early Miocene, and the main phase of shortening during the

middle Miocene to present (younger than the shallow/orange horizons).
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Fig. 2. Evolution of gravity-driven and orogenic deformation in the Sureste Basin
(modified from Rowan, 2020, after Sanchez Rivera et al., 2021). Black dashed line outlines
the salt basin (from Hudec et al., 2013); red arrows denote generalized movement
directions detached on salt; blue arrows show direction of orogenic deformation, red star
shows the approximate location of the study area. See text for explanation of evolution.

2.2. Structure 1

The first structure evaluated (Figs. 3, 4, S1) is a minimum of 25 km long, extending out of the
data volume to the west. It comprises two diapirs along a structure that is fold-dominated at the
shallow level. From SW to NE, we see: (i) three salt-detached thrust imbricates at the deep level
but a decoupled shale-detached fold with minor thrust faults at the shallow level (Figs. 3A, S1A);
(i1) 3.6 km away, a NW-directed thrust fault dipping ~65° and smaller backthrust at the deep
level overlain by a taller, upright, almost isoclinal fold at the shallow level (Figs. 3B, S1B); (iii)
2.8 km to the NE, a narrow vertical diapir (Diapir 1-1) flanked by concordant and conformable
vertical strata on both flanks and transitioning into a subhorizontal salt sheet (Figs. 3C, S1C);
(iv) 3.3 km along strike, back to a 65°-dipping NW-directed thrust fault with two backthrusts at
the deep level overlain by a tight fold dissected by several crestal extensional faults (Figs. 3D,
S1D); (v) 3.5 km away, a relatively simple anticline with a pop-up structure at the deep level,
with the NW-directed thrust fault connected between the two stratigraphic levels but distinct SE-
directed thrust faults at each level (Figs. 3E, S1E); (vi) 4.8 km to the NE, a partly decoupled
structure with a SE-vergent faulted fold at the deep level and a 65°-dipping NW-vergent thrust
fault linked to shallow salt (Diapir 1-2) at the shallower level (Figs. 3F, S1F); and (vii) 2.3 km
along strike, a lower-amplitude thrusted anticline with separate thrust faults at the two levels,
with the shallower thrust fault dipping ~50° (Figs. 3G, S1G). The strike line (Figs. 3X, S1X)
shows two diapirs connected to the autochthonous layer, with each forming a culmination along
the structure.

In plan view (Fig. 4), the diapirs are located along the fold crest, with the fold plunging away
from the diapirs in both directions and an elevated saddle between the two diapirs. Thrust faults
curve up to 90° to intersect the diapirs, usually at cusps in the edge of salt. Normal faults extend



away in both directions from Diapir 1-1, where there is also a prominent unconformity on the NE
flank; both features are absent at Diapir 1-2. Moreover, a smaller NN'W-trending structure
intersects the main fold at Diapir 1-2 (Fig. 4B). Finally, elongate allochthonous sheets advanced
mostly basinward (to the NW) from both diapirs.

Structure 1
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Fig. 3. Depth-migrated seismic profiles illustrating the along-strike geometry of Structure 1 (WAZ RTM
data courtesy of Schlumberger): (A) to (G) — dip lines; (X) strike line. See supplementary Figure S1 for
uninterpreted versions of the lines. Numbers in yellow are the average dips of significant thrust faults,
puairs of blue dots denote salt welds. All lines shown with no vertical exaggeration (VE), location of lines
shown in Fig. 4. Inset shows free-air gravity image of Gulf of Mexico (courtesy of N. Kusznir) with Sureste
Basin outlined in dotted line and general location of the study area indicated by the red star.
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Fig. 4. Depth structure maps of Structure 1 derived from the 3D seismic data: (A) shallow horizon (orange

in Fig. 3); (B) deep horizon (green in Fig. 3). No depth scale is shown, but cool colors are deeper and warm

colors are shallower (contour interval is 500 m). Yellow dashed lines are the seismic profiles of Fig. 3.




2.3. Structure 2

The second structure (Figs. 5, 6, S2) is approximately 40 km long between two prominent
saddles. It is dominated by steep thrust faults connecting three diapirs: a 16-km long, partially
welded salt wall (Diapir 2-1) to the SW; and two smaller salt walls to the NE (Diapirs 2-2 and 2-
3). From SW to NE, we see: (i) a SE-vergent, 60°-dipping thrust fault with two minor thrust
faults in its footwall (Figs. SA, S2A); (i) 6.0 km away, a near-vertical salt weld representing the
feeder to Diapir 2-1, with moderately-dipping truncated strata on both flanks (Figs. 5B, S2B);
(ii1) 3.0 km to the NE, a slightly inclined diapir (also part of Diapir 2-1) with truncated strata on
its NW flank and concordant strata on its SE flank (Figs. 5C, S2C); (iv) 4.7 km along strike, a
NW-vergent, 65°-dipping thrust fault, with several hanging-wall backthrusts and a series of
shallow normal faults that truncate the oldest hanging-wall strata (Figs. 5D, S2D), that links to a
steep weld and shallow salt sheet; (v) 5.6 km away, a 75°-dipping thrust fault, with several
rotated imbricate backthrusts in the hanging wall and a truncated anticline in the footwall,
carrying salt to levels just beneath crestal normal faults (Figs. SE, S2E); (vi) 3.2 km to the NE, an
inclined diapir (Diapir 2-2) with a similar stratal geometry but with a lower SE flank and no
anticline on the NW flank (Figs. 5F, S2F); and (vii) 7.3 km along strike, a NW-vergent, 70°-
dipping thrust fault with crestal normal faults and opposite-vergence thrust faults in its footwall
(Figs. 5G, S2G). The strike line (Figs. 5Y, S2Y) shows a major culmination near the intersection
with Line A, a minor culmination near the center of Diapir 2-1, and a broad culmination near
Lines E and F that is dissected by numerous crestal normal faults. Local shifting depocenters are
indicated by white lines on Fig. 5Z.

In plan view (Fig. 6), Structure 2 is linear except along Diapir 2-1, which has a sigmoidal
shape between its SE-vergent SW half and its NW-vergent NE half. Four structural highs
intersect at Diapir 2-1: the WNW-plunging termination of Structure 2; a thrusted anticline
extending to the SW; a subtle ridge trending SE roughly along the trace of Line 5B; and the
thrust fault that links Diapirs 2-1 and 2-2. Similarly, three structural highs intersect at Diapir 2-3:
the ENE-plunging termination of Structure 2; a N-S trending thrusted anticline that continues out
of the data to the N; and the thrust fault linking Diapirs 2-2 and 2-3. Unlike in Structure 1, the
thrust faults exhibit little to no curvature approaching the diapirs, and they intersect the pointed
terminations of the diapirs instead of cusps in the salt edge. Crestal normal faults are well
developed from approximately the middle of Diapir 2-1 to Diapir 2-2. Finally, Diapirs 2-2 and 2-
3 fed small salt sheets that advanced basinward (to the NW); in contrast, whereas the NE half of
Diapir 2-1 also sourced a salt sheet that advanced basinward, the SW half fed a sheet that
advanced landward (to the SE).

3. Discussion

The three-dimensional interaction between detachment folds, thrust faults, and diapirs in
Structures 1 and 2 are exceptionally well constrained due to the high-quality new WAZ images.
Nevertheless, a key question is whether the diapirs predated the shortening or broke out during
the contractional deformation. In other words, did preexisting diapirs influence how
contractional strain was subsequently accommodated, or did shortening of a thick overburden
eventually lead to salt breakout and consequent diapirism? In the sections below, we first use
seismic observations and analog models to answer the question, and then use geometries from



the Sureste Basin and other salt basins to discuss the general applicability and limitations of
experimental models in understanding salt-detached contractional deformation.
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Bedding formline

Shallow horizon

Deep horizon
Salt (top and base)

VE =1 — — ————— — = —

Fig. 5. Depth-migrated seismic profiles illustrating the along-strike geometry of Structure
2 (WAZ RTM data courtesy of Schlumberger): (A) to (G) — dip lines; (Y) strike line; (Z)
oblique line (with different scale). See supplementary Figure S2 for uninterpreted versions
of the lines. Numbers in yellow are the average dips of significant thrust faults, pairs of
blue dots denote salt welds, white lines in (Z) indicate shifting depocenters. All lines except
(Z) shown with no vertical exaggeration (VE), location of lines shown in Fig. 6.
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Fig. 5. Depth structure maps of Structure 2 derived from the 3D seismic data: (A) shallow
horizon (orange in Fig. 5, not the same age as the orange horizon in Fig. 3); (B) deep horizon
(green in Fig. 5). No depth scale is shown, but cool colors are deeper and warm colors are
shallower (contour interval is 500 m). Yellow dashed lines are the seismic profiles of Fig. 5.



3.1. Early vs late diapirs

The most conclusive evidence for preexisting diapirs is the presence of features that formed
during passive diapirism in strata older than the onset of shortening. Such features take the form
of near-diapir halokinetic sequences, local angular unconformities, and reworked diapir- or roof-
derived detritus in flanking sediments (e.g., Giles and Lawton, 2002; Rowan et al., 2003; Giles
and Rowan, 2012). Whereas this evidence is common around exposed diapirs, it is more rarely
documented by well data or visible on seismic data (e.g., Hearon et al., 2014; Pichel and Jackson,
2020).

In the absence of observed halokinetic sequences, larger-scale stratal geometries can provide
clues. Salt rising in passive diapirs flows from beneath subsiding minibasins. These commonly
display multiple-km scale wedge-shaped minibasin tectonostratigraphic successions (Rowan and
Giles, 2021) that record the subsidence history and salt-flow kinematics. However, models
suggest that differential loading does not always result in minibasin thickness changes (e.g.,
Nilsen et al., 1995; Koyi, 1998; Rowan and Vendeville, 2006). Moreover, the geometries can be
subtle in contractional settings as even small amounts of shortening can drive ongoing passive
diapirism (Vendeville and Nilsen, 1995). In the case of Structures 1 and 2, a first glance reveals
at best minor evidence of salt evacuation prior to the main shortening event in most locations
(Figs. 3, 5), but again, this is inconclusive. More importantly, Diapir 1-2 has thin strata on one
flank and thickened strata on the other, only part of which is structural (Fig. 3X), and strata on
the SE flank of Diapir 2-1 (Fig. 5B) are anomalously thin. More convincing is an oblique line
through the SW part of Diapir 2-1 with obvious salt-evacuation geometries (white lines, Fig. 5Z).

Using analog models is helpful but often provides non-unique answers. For example, linear
map patterns can be associated with both pre- and syncontractional diapirs (Table 1). Moreover,
although there are many models of preexisting diapirs, relatively few exist that examine late
breakout of salt (Table 1). Model shortening of established diapirs generates such structures as
steep welds, diapir decapitation, and thrust salients and reentrants (Fig. 1B-G). But what are the
characteristic styles when diapirism is syncontractional? One consistent feature is that the oldest
minibasin strata come up to a very shallow level on at least one diapir flank, if not both (Figs.
1A, 7A). However, this geometry is not diagnostic, as steep and shallow panels of suprasalt
strata can also represent non-contractional, halokinetic megaflaps (Rowan et al., 2016). Another
characteristic style of late breakout is that any thick prekinematic stratigraphic section is thinned
by some combination of erosion and/or crestal normal faults (Fig. 7A), which is related to the
inability of salt to break through a thick overburden (e.g., Vendeville and Jackson, 1992, and
many others). In plan view, the diapirs and associated folds or thrust faults tend to be linear (Fig.
7B).

We use a combination of seismic observations and analog model results to argue that there is
a mixture of preexisting diapirs and late, syncontractional diapirs along Structures 1 and 2.

Diapir 1-1. This is most likely a late diapir. The deepest strata come all the way up both

flanks, there is significant erosion, and crestal normal faults are abundant (Figs. 3C-D and
X, 4A, S1C-D). There is thinning between the deep and shallow horizons just to the SW of
the diapir (Figs. 3C, X, S1C) that might suggest early diapirism, but this is interpreted as
thinning due to either an Eocene phase of thrusting or ductile flow of Eocene shales during
late decoupled shortening.

Diapir 1-2. This is interpreted as a preexisting diapir. There are significant thickness

variations in precontractional strata, the diapir is at the intersection of three structural highs,



the oldest strata are at depth except for very locally on its NW flank, and shallow normal
faulting and erosion are minimal (Figs. 3F and X, 4A-B, S1F).

Diapir 2-1. This salt wall is interpreted as a combination. The SW half is a preexisting diapir,
with prominent minibasin growth geometries, a location at the intersection of four
structural highs, a vertical weld with truncation of the oldest strata at depth, and minimal
shallow extension (Figs. 5B, Y, Z, S2B, Y, Z). In contrast, the NE half likely represents
late breakout of salt, as suggested by the shallow oldest strata on its SE flank and abundant
crestal faulting (Figs. 5C-D and Y, 6A, S2C-D and Y). Each half generated its own salt
sheet, with lateral flow in opposite directions, probably driven by the opposing-vergence
thrust faults.

Diapir 2-2. This diapir is more enigmatic. Stratal thickness changes are minor and there are
crestal normal faults, especially to the SW (Figs. SE-F, 6A, S2E-F), so it might appear to be
late. However, the oldest strata still have about 1 km of overburden at their shallowest point
(Figs. SE, S2E), making it mechanically unlikely for the salt to have broken through, and
thus probably an early rather than late diapir. Interestingly, the oldest strata are shallowest
not at the diapir but slightly to the SW (Fig. 6B), with prominent normal faults and erosion
just above, and yet the salt did not break through in this location (Fig. SE, S2E).

Diapir 2-3. This diapir, not illustrated here in cross-sectional view, is also enigmatic. Most of
it is a vertical weld with 1-2 km of overburden above the oldest strata, and it's located at an
intersection of three structural highs (Fig. 6). But evidence of precontractional salt
evacuation is absent, and the oldest strata do get very close to the base of the shallow salt at
its eastern end (Figs. 5G, S2G). The origin of the diapir is therefore uncertain.

Fig. 7. Section of an analog model at the end of the experiment showing late breakout of salt
(scales not shown): (4) salt (red) breaking out from hanging wall of source-fed thrust and rising
passively during ongoing deposition (yellow line is depth slice of B),; (B) depth slice of the same
experiment (level shown in A) illustrating linear system of salt walls and thrust welds (outlined
in white), and local allochthonous sheets (in red with white letter S; not to same scale as A).
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One possibility that must be considered is that each structure originated as a salt wall along its
entire length, but that some portions grew higher than others prior to shortening. However, we
see no evidence for this in the observed geometries of the deeper thrust-dominated structures or
in the minibasin thickness patterns. Instead, it is more likely that there was a series of Eocene
contractional structures, some of which evolved into diapirs prior to the main phase of
shortening. Testing this idea would require a full three-dimensional restoration to remove the late
deformation, something beyond the scope of this work.

3.2. Comparison of analog models and natural structures

We have suggested that Structures 1 and 2 have diapirs along their trends that are both pre-
and syncontractional. There is no single observation that allows us to determine the origins of the
diapirs, nor are there any aspects of these diapirs or flanking strata that are shown by analog
models to be exclusively characteristic of one origin or the other. This is not always the case: for
example, decapitation has been generated only in published models with preexisting diapirs, but
we observe no decapitation. In general, it is only the combination of multiple observations and
model results that allow proper identification of the evolution.

There are numerous other data sets that can be used to test the models, including both outcrop
and subsurface structures. Many features observed in nature are simulated nicely in the
laboratory. However, in the following discussion, we use the Sureste Basin and other salt basins
to examine three aspects that warrant further analysis and explanation: the prevalence of diapir
decapitation in models, the nature and development of thrust salients and reentrants, and the
steepness of thrust faults/welds and associated hanging-wall strata adjacent to or between diapirs.

3.2.1. Diapir decapitation

Thrust faults that decapitate welded diapirs are common in analog models (Fig. 1D, Table 1).
They usually emanate from the apices of remnant pedestals but more rarely may root elsewhere
and cut the diapir some distance above the pedestal. They have not been observed in the study
area (or anywhere else in the Sureste Basin to our knowledge), but there are a few mentions or
depictions of decapitation (or beheading) in provinces such as the Zagros Mtn. of Iran (Talbot
and Alavi, 1996; Snidero et al., 2019), the northern Gulf of Mexico (Grando and McClay, 2004),
the Eastern Cordillera of Colombia (Parravano et al., 2015), and the Southern Carpathians of
Romania (Tamas et al., 2021). However, these are very much the exception in the literature and
in our examination of seismic and outcrop data from various basins.

Why is decapitation apparently rare in nature but more common in models? First, it may be
related to the suitability of model materials for mimicking nature, for example because of the low
cohesion of sand used to represent sedimentary overburden. On the other hand, decapitation may
actually be more prevalent in the subsurface of exposed orogenic belts, especially if thrust
nappes cut across diapirs rooted in salt more toward the foreland (e.g., Tamas et al., 2021), but
difficult imaging has inhibited its interpretation. Deepwater contractional provinces, however,
are much better imaged and decapitated diapirs are largely absent. One possible explanation is
the amount of shortening, since decapitation typically occurs only after a secondary weld has
formed. Gravity-driven shortening is usually of low magnitude compared to that in orogenic
belts (e.g., Rowan et al., 2004). More importantly, whereas the total shortening in nature is
usually distributed across many diapirs and associated thrust faults, often over long distances,
any given diapir may not experience enough deformation to lead to decapitation. In contrast, the
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total contractional strain in analog models is accommodated by just one or a few diapirs, leading
to post-welding ongoing thrusting and thus decapitation.

3.2.2. Thrust salients and reentrants

The term indenter, first used by Dooley et al. (2009b) and adopted by others in describing
model geometries (Table 1), has been applied to structures bounded by strike-slip or oblique-slip
cross faults on the hinterland/landward sides of diapirs, whether in a thrust hanging wall (Fig.
1G) or a thrust footwall (e.g., Dooley et al., 2015; Duffy et al., 2018). Here, however, we refer to
them as thrust salients and reentrants, respectively. The terms are used in the local sense of an
individual thrust fault, whether foreland-vergent or a backthrust, rather than the regional sense of
an entire fold-and-thrust belt.

Although both salients and reentrants have been generated in analog models, our study area
contains only minor reentrants at the shallow level of Diapir 1-2 (Fig. 4A) and the deep level of
Diapir 1-1 (Fig. 4B). Crucially, the former is interpreted as a preexisting diapir and the latter as a
late diapir, suggesting that fault curvature cannot be used to distinguish between pre- and
syncontractional diapirs. Both are along Structure 1, which is dominated at the shallow level by
detachment folds with minor, relatively low-angle thrust faults cutting the limbs (Fig. 3). In
contrast, there are no reentrants along the length of Structure 2 (Fig. 6), which is dominated at all
levels by steep thrust faults (Fig. 5). Thrust reentrants centered on squeezed diapirs have also
been illustrated from other deepwater provinces such as the Lower Congo Basin (Jackson et al.,
2008) and the northern Gulf of Mexico (Rowan and Ratliff, 2012). We are unaware, however, of
documented thrust salients at individual diapirs as produced in models (e.g., Fig. 1G). There
may, however, be apparent salients due to: (i) different structural trends created by a polygonal
pattern of preexisting diapirs, ridges, and minibasins; or (ii) the spacing of preexisting diapirs
relative to the dominant fold/thrust wavelength controlled primarily by the thickness of the
overburden. An example of the former is the apparent subtle salient along the SW half of Diapir
2-1, which is a function of the structure curving to the NW to intersect another contractional
structure (NW corner of Figs. 6A and 6B).

What controls the development of thrust salients/reentrants (ignoring outcrop map patterns
created by the intersection with topography)? Although there are other possible factors, the
primary factor is the along-strike interaction between shortening accommodated by squeezing of
a vertical diapir and that accommodated on a dipping thrust fault (Fig. 8A). If the thrust emanates
from the salt layer directly along strike from the diapir, it will line up with the diapir in plan view
at deep levels (red in Fig. 8B, D); at shallower levels, the trace of the thrust will curve to
intersect the diapir, thereby forming a reentrant (green in Fig. 8B, C). The amount of curvature
will increase going up-section or with decreased fault dip. The thrust fault will also curve more
sharply where it intersects halokinetic drape folds flanking the diapir, and the detailed geometry
will depend on the specific shape of the pedestal and diapir.

Why are diapirs that form localized thrust salients observed in models but apparently rare in
nature? In the models where they were generated, the diapirs were prebuilt with no/little
pedestals and no deep ridges of salt away from the diapirs (Table 1). In nature, there is usually a
linear or polygonal pattern of deep ridges between minibasins, with the diapirs located along or
at the intersections of these ridges (e.g., Rowan and Vendeville, 2006; Mount et al., 2007). As
the diapirs get squeezed, folds and thrust faults nucleate along the ridges. Thus, only reentrants
form if there is a linear array of ridges (Fig. 8B), but the geometries are more complex if there is
a polygonal pattern. In this case, there may be apparent salients, but these are just intersections
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between two thrust faults with different trends and, in fact, reentrants are still predominant (e.g.,
Santolaria et al., 2021Db).

Another factor in the apparent scarcity of thrust salients in nature may be related to the
amount, distribution, and timing of deformation. In models that resulted in thrust salients
(indenters), shortening propagated away from the moving end wall so that a more hindward
thrust curved sharply to intersect a weak diapir in a more forward area of the model that has
experienced only layer-parallel shortening. Moreover, as mentioned before, models have only
one or few diapirs, so that each diapir tends to experience more shortening, and increased
shortening leads to the indenter becoming a reentrant (Dooley et al., 2015). In nature, however,
shortening detached on salt may occur more or less simultaneously over large areas with many
diapirs (supported by other models such as Costa and Vendeville, 2002), so that each is squeezed
and develops its own associated fold or thrust without the formation of local thrust salients.

A)

thrust weld

Xy Y" gy

Fig. 8. Thrust salients and reentrants. (A) Schematic cross sections through thrust fault (X-X') rooted
directly along strike from a squeezed preexisting diapir (Y-Y'; no salt evacuation geometries shown for
simplicity); red and green dashed lines are the depths of the plan-view geometries in (B). (B) Schematic
map representations of the diapir (ellipses) and thrust faults (barbed lines) at the two levels indicated
in (A), with locations of the cross sections shown. (C) and (D) Depth slices of a 3D voxel image of a
model showing a squeezed diapir and associated thrust fault that emanated from the salt level hindward
of the diapir (analog model from Santolaria et al., 2021a, with moving end wall on the right), the model
has a mirror-image geometry on the other side of the diapir that has been removed, so that from top to
bottom, the thrust pattern changes from a shallow reentrant (C) to a linear trace (D).

3.2.3. Thrust-fault dip

Published model thrust faults above salt detachments have dips that span 20-45° (Table 1).
Interestingly, there is no apparent correlation between fault dip and whether or not the salt layer
became welded prior to the onset of shortening, despite critical-taper theory suggesting that
welded salt, which is more frictional, should be associated with lower-angle thrust faults (Davis
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and Engelder, 1985). In contrast to the models, major thrust faults detached at the deep salt in the
study area have dips in the range of 60-75° (Fig. 5). Moreover, the attitudes are similar regardless
of whether they are connected to preexisting diapirs or late diapirs. The Sureste Basin is not
unique — for example, thrust faults on depth-converted seismic data from the northern Gulf of
Mexico and Lower Congo Basin have dips up to 60-65° (Grando and McClay, 2004; Jackson et
al., 2008). The lack of good subsurface images makes determining the dips in exposed fold-and-
thrust belts difficult, but cross sections derived primarily from surface relationships in the Zagros
Mts. show dips up to 65-70° (Jahani et al., 2009; Hassanpour et al., 2018). A better analog might
be the Flinders Ranges of South Australia, where hanging wall strata dip very steeply and thus
constrain thrust faults connecting diapirs to dips attaining 75° or even more (Vidal-Royo et al.,
2021).

A related issue concerns the attitudes of strata in the hanging walls of thrust faults and thrust
welds. In analog models, especially those with prebuilt diapirs and minibasins, they typically
have only low to moderate dips (although there are exceptions, e.g., Fig. 1C). In nature, however,
they are often sub-parallel to the steep faults/welds. This is observed in the Sureste Basin (e.g.,
Fig. 5) but is also characteristic of other contractional salt basins (e.g., Granado et al., 2018;
Célini et al., 2020; Vidal-Royo et al., 2021).

Once again, we ask why there is an apparent mismatch between the dip of model thrust faults
and associated strata and at least some of those in nature. One factor is the low cohesion of sand
used in the experiments, which makes steep strata difficult to attain. Having said that, an
unpublished model with very rapid synkinematic sedimentation resulted in a near vertical fault
and equally steep hanging-wall strata. Another possibility is that natural thrust faults with
originally low dips may steepen due to ongoing deformation such as: (i) footwall imbrication and
back-rotation of an earlier thrust, as in imbricate fans; (ii) penetrative strain that steepens both
strata and faults; (ii1) differential evacuation of underlying salt; or (iv) progressive tightening of
the shallow folds that steepens both the hanging- and footwalls as well as the faults as the salt
gets squeezed. The low cohesion of sand in models, however, leads to faulting dominating over
folding, such that steepening of faults during ongoing deformation is difficult to reproduce.
Moreover, while modification of early low-angle thrust faults might apply in some natural cases,
we have examples from the Sureste Basin where the footwall is undeformed and overlying
growth strata document no rotation or folding, and yet the thrust faults still have steep dips. It
may be that shortening is accommodated in a manner analogous to salt-detached normal faults
that initiate as steep, planar faults over thick salt but evolve into listric shapes as the salt thins
(Brun and Mauduit, 2008). In other words, early thrust faults might be relatively steep, with the
hanging wall popping up on a planar fault, before the hanging-wall strata start to steepen and
fold as the underlying salt thins during ongoing deformation. However, theory suggests that it is
unlikely for initially steep faults to develop in natural frictional rheologies. Whatever the
explanation(s) for steep thrust faults, preexisting diapirs presumably play a key role since we
have observed that fault dip tends to decrease away from the diapirs.

4. Concluding remarks
The three-dimensional interaction between detachment folds, thrust faults, and diapirs, both
along strike and at all structural levels, is highly complex. However, it is often uncertain due to

limitations in subsurface imaging or the limited outcrop in surface exposures. Moreover, typical
guidelines used for drawing cross sections in fold-and-thrust belts fail when weak diapirs and
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variably-shaped minibasins predated the onset of shortening. Thus, analog models are useful
tools that help us understand and predict how the geometries change along strike and with depth,
whether or not diapirs were already established or formed during contraction, and how the
structures initiated and evolved over time. The danger, however, is that model results may be
over-applied (see Butler et al., 2020, for a discussion). For example, because only models with
preexisting diapirs have generated salients/reentrants, the absence of such features might
mistakenly be used to interpret that observed diapirs are syncontractional. We have shown that
both early and late diapirs can have reentrants (Diapirs 1-2 and 1-1, respectively, Fig. 4) or have
none (diapirs along Structure 2, Fig. 6).

Using excellent 3D seismic images from the Sureste Basin, Mexico, supported by
observations from other salt basins, we have shown that analog models successfully mimic many
of the structural styles found in nature. However, there are some apparent mismatches: models
generate diapir decapitation and thrust salients that are rarely observed/depicted in salt basins; or
models usually fail to reproduce steep thrust faults/welds and associated steep hanging-wall
strata. It is possible, of course, that the model styles are much more prevalent but under-
recognized in nature. Alternatively, some aspects of models may not be truly representative of
most real scenarios. We suspect that both explanations are true to some extent, and thus suggest
that further investigation follow two main lines of approach that should ideally be integrated.
First, more detailed examples of the complex three-dimensional interactions, such as those
presented here, are needed to provide more high-quality tests of model results. Second, models
of these interactions need to be run with the most realistic initial configurations and physical
analogs possible. In other words, models with prebuilt diapirs lacking pedestals and with mostly
undeformed minibasins, although useful in a limited fashion, may be misleading. Instead,
preexisting diapirs should have realistic pedestal geometries, preexisting minibasins should have
synclinal strata that thin and turn up toward the diapirs prior to shortening (although other
configurations also exist in nature), and comparative models should also be considered where
clay is mixed into the sand to give it more cohesion and thus strength. Some existing models are
already closer to real scenarios, but more are needed.
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Supplementary Material

Structure 1

Fig. S1. Uninterpreted versions of depth-migrated seismic
profiles of Fig. 3 (WAZ RTM data courtesy of Schlumberger).

Structure 2

Fig. S2. Uninterpreted versions of depth-migrated seismic
profiles of Fig. 5 (WAZ RTM data courtesy of Schlumberger).
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