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ARTICLE INFO ABSTRACT

Keywords: Dual-polarity characteristic magnetizations in red sandstones of the Early and Middle Eocene El Bosque For-
Paleomagnetismo mation in central Chiapas, Mexico (D = 9.3° I = 23.6°; N = 19 selected sites, k = 32.6, ags = 6.0°) indicate about
Southern Mexico 20° of clockwise rotation when compared with a coeval paleomagnetic reference pole in the North America
i/ﬁf:;e craton. We interpret the rotation to result from traction between the base of the Chiapas Massif lithosphere and

the low-angle subducting Cocos Plate. The northwest end of the massif overlies a shallower portion of the Cocos
plate interface than the southeast end, which implies a greater amount and longer period of tractional coupling
between the two plates in the northwest. We judge that the downdip, steep limb of the Cocos slab (beneath Gulf
of Mexico) lies roughly in the regional mantle or hotspot reference frame. Assessments of Neogene North
America-hotspot relative motion indicate an azimuth of ENE-WSW at 20 mm/yr, and thus we envisage that (1)
the flat slab zone has been caused by the WSW telescoping of North America across the former geometry of the
Cocos Benioff Zone, and (2) that the WNW end of the massif has undergone most tractional coupling with Cocos
Plate than the ESE end. In turn, because the massif appears to have behaved as a rigid, unbroken body, this
greater coupling has induced clockwise rotation that has been transferred as near-field shortening into the

Sierra chiapas
Tractional coupling
Flat slab

adjacent Sierra de Chiapas foldbelt.

1. Introduction

Sierra de Chiapas is an arcuate E-W to NW-SE trending Neogene fold
and thrust belt system developed north of the Chiapas Massif in the
Mexican states of Chiapas, Tabasco, and Veracruz, in the Bay of Cam-
peche in the southern Gulf of Mexico, and in westernmost Guatemala
(Dengo, 1969) (Fig. 1). The Sierra de Chiapas foldbelt is located in the
back-arc region of the Late Miocene Chiapanecan arc, although since 9
Ma arc magmatism has migrated some 150 km into the foldbelt itself. It
is a thin-skin foldbelt characterized by open folds, east-west trending
sinistral strike-slip faults, and small-scale mainly north-vergent thrusts
(Meneses-Rocha, 1985; Mandujano-Velasquez and Keppie, 2009). From
regional seismic sections, shortening is estimated at ~60 km (Garcia--
Molina, 1995) with greater shortening in the southwest and less short-
ening in the northeast (Mandujano-Velasquez and Keppie, 2009).

The driver of shortening in Sierra de Chiapas is not fully understood,
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but is usually inferred to be the result of poorly constrained basement
shortening between Chiapas Massif and the Libertad Arch of the Yucatan
or Maya Block (Fig. 1). The region lies within a broad triple junction
between the Caribbean - North America - Cocos plates, leading to
complex tectonic relations. Shortening has been related to transpression
along the Caribbean-North America plate margin (e.g., Witt et al., 2012;
Molina-Garza et al., 2015), but these models do not explain only
Neogene shortening (Mandujano-Velasquez and Keppie, 2009) given the
long and extended interaction between the Chortis Block and the
southern Mexico margin suggested by plate reconstructions (Paleo-
gene-Neogene according to Pindell et al. (1988). Mandujano-Veldsquez
and Keppie (2009) followed Couch and Woodcock (1981) who proposed
shortening is driven by collision of a segment of the Tehuantepec Ridge
with the Middle America Trench, inducing short-lived deformation on
the hanging wall of the subduction zone. Molina-Garza et al. (2015)
showed that shortening associated with transpression occurred along
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the Tonala shear zone south of the Chiapas Massif, but this occurred at or
after about 10 Ma and (apparently) is not directly related to shortening
in Sierra Chiapas foldbelt. Pindell and Miranda (2011) suggested that
shortening was triggered by the eastward-migrating onset of subduction
in the wake of the migrating Chortis Block, rather than by the passage of
Chortfs itself.

We sampled the Eocene El Bosque Formation, a series of continental
red shales, sandstones and conglomerates in central Chiapas State to test
with paleomagnetic data the hypothesis that the Chiapas Massif may
have acted as an indenter in the origin of Sierra de Chiapas foldbelt. Our
results suggest that clockwise rotation of the massif accompanied overall
Neogene shortening in the Chiapas Foldbelt, suggesting a rotation pole
somewhat to the southeast of the massif.

1.1. Geologic setting

The Sierra de Chiapas foldbelt includes three distinct geomorphic
provinces north of the Chiapas Massif, and two fold systems in the
subsurface. In the south of the foldbelt, the Sierra Monocline (Mene-
ses-Rocha, 2001) includes gently north dipping Jurassic to Eocene strata
(Fig. 1). The reverse fault province in the northeast of the foldbelt
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includes Cretaceous to Middle Miocene strata folded and affected by
doubly verging thrust faults. The strike-slip province in the northwest is
characterized by abrupt topographic changes. Two major strike-slip
fault systems can be recognized, the Los Tuxtla-Malpaso system and
the Altos de Chiapas system (highlands system). La Venta-Grijalva fault,
north of the Chiapas Massif, is associated with a strong lineament in the
aeromagnetic map of Chiapas. The east-west trending left-lateral strike
slip faults of the highlands system post-date the main folding event in
the foldbelt, and may accommodate as much as 70 km of displacement
in various faults with minor displacement of a few km each (Mene-
ses-Rocha, 2001; Witt et al., 2012). In addition, two folding provinces
are buried by Late Miocene and younger siliciclastic strata, one strad-
dling the Tabasco coast line (Reforma-Macuspana Basin) and the other
in the Sonda de Campeche offshore (Comalcalco Basin; Fig. 1). Ac-
cording to seismic data (Mandujano-Velasquez and Keppie, 2009) a
Cretaceous to Middle Miocene succession lies folded under a basin-wide
pre-Tortonian (early Late Miocene) unconformity; folding culminated
between 13 and 11 Ma (late Middle Miocene). A large portion of the
foldbelt is buried under Upper Miocene to Quaternary siliciclastic strata,
where it is of great hydrocarbon exploration significance.

The Mesozoic stratigraphy of the Sierra de Chiapas (Fig. 2) begins
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Fig. 1. Schematic tectonic map of southeast Mexico and part of Guatemala, after Garcia-Molina (1995), Meneses-Rocha (2001), and Ratschbacher et al. (2009).
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Fig. 2. Annotated stratigraphic column of Sierra Chiapas, modified from Mandujano-Veldasquez (1996) and Villagomez and Pindell (2020).
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with synrift continental deposits of the Todos Santos Group overlain by
an Upper Jurassic transgressive succession included in the San Ricardo
Formation (Blair, 1987; Godinez-Urban et al., 2011; Molina-Garza et al.,
2020). In much of the foldbelt, evaporites were deposited over or
interfingering with the Todos Santos Group, heralding the San Ricardo
transgression, and have been drilled in eastern Sierra de Chiapas
(Chavez-Valois, 1997). The evaporites are believed to have acted as the
main detachment level for the folding (Mandujano-Velasquez and Kep-
pie, 2009). The Cretaceous section includes the Sierra Madre Group
(Quezada-Muneton, 1987), a carbonate platform developed over
inherited basement architecture from the earlier synrift phase. The
northeastern domain of the Sierra Madre platform consists of the
Aptian-Santonian Coban restricted platform succession with various
sabkha intervals (Chavez-Valois, 1997; Fourcade et al., 1999). The
Upper Cretaceous Angostura Formation (and Campur Formation in
Guatemala) records partial drowning of the platform during
Campanian-Maastrichtian (Cros et al., 1998), so that uppermost Creta-
ceous strata include a mixed carbonate and terrigenous succession that
deepens gradually northwards in Chiapas. North of the Chiapas Massif,
Upper Cretaceous strata are assigned to the Angostura, Ocozocuautla,
Xochitlan, and Méndez Formations that represent lateral facies changes
recording progressively deeper depositional environments. The
upward-deepening of the Sierra Madre platform and the change in
sedimentation from carbonate to mixed carbonate and siliciclastics has
been attributed variably to the Mexican “Laramide” orogeny and to
tectonics in the Motagua collision zone (Pindell and Dewey, 1982;
Rosenfeld, 1993; Meneses-Rocha, 2001). The Paleogene succession is
predominantly terrigenous, especially in the western sector of the
foldbelt. Tectonically driven subsidence led to deposition of the silici-
clastic Paleocene Soyal6 Formation in submarine fan systems in central
Chiapas, and the Nanchital shale farther north and northwest. However,
Paleocene strata in northeast and north central Chiapas correspond to
carbonate deposition of the Lacandén and Tenejapa Formations (Vinson,
1962; Quezada-Muneton, 1987). The Nanchital turbidite section in-
cludes the conspicuous pebble to boulder sized serpentinite bearing
Eocene Uzpanapa marine conglomerate (Molina-Garza et al., 2019a).
The Soyalé Formation is overlain in transitional contact in the Sierra de
Chiapas monocline (Meneses-Rocha, 2001) by the littoral to continental
El Bosque Formation, suggesting that the Soyaldé basin became over-
filled. North of the Malpaso fault, marine sedimentation is continuous
throughout the Eocene-Miocene interval, including the Lomut, Mom-
puyil, Laja, Depésito and Tulija Formations (Fig. 2); all units are
dominated by sandstone, shale, and conglomerate deposited in shallow
to littoral, slope, and deep-water environments that prograded north.
Miocene magmatism is widespread onshore in the Tehuantepec
Isthmus, south of the Chiapas Massif, with ages ranging between 20 and
12 Ma along western Gulf of Tehuantepec, and ages between 11 and 9
Ma in Chiapas (along eastern Gulf of Tehuantepec) where they are
associated with the Tonald shear zone (Molina-Garza et al., 2015).
Subduction magmatism extended south into the Chortis block (Padre
Miguel suite, Molina-Garza et al., 2012). Magmatism migrated north
from coastal Chiapas to the Altos region of central Chiapas in the Plio-
cene, with an apparent gap in magmatism between about 9 and 3 Ma
(Garduno-Monroy et al., 2015) during the migration. In contrast to
Oaxaca coast west of Tehuantepec (Keppie et al., 2012), the forearc has
not been removed from offshore Chiapas State, where it includes the
Tehuantepec terrane of Pindell and Miranda (2011), which we now
believe comprises accreted arc basement of the western, trailing tail of
the Chortis Block. Pliocene to recent magmatism occurred about 350 km
from the trench in the Altos region (Chiapas highlands), suggesting the
continuation of the eastward migration of slab flattening in Chiapas
during Late Miocene to Present time (Pindell and Miranda, 2011). The
diachronous flattening of the slab along the trench may have caused
regional basement uplift reflected by the post-10 Ma uplift and exposure
of the granitic Chiapas Massif complex (Villagomez and Pindell, 2020).
El Bosque Formation consists of pebble to cobble conglomerate, fine
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to coarse-grained sandstone, and mudstone deposited in fluvial and
littoral environments (Ferrusquia-Villafranca et al., 2000). The El Bos-
que is not fossiliferous, but based on the presence of Pellatispirella mat-
leyi, Eoconuloides wellsi, Rothalia sp., Rothalia hensoni, Camagueyia
perplexa, Quinqueloculina sp., Spiroloculina sp., Arenagula sp., and Val-
vulamina sp. this unit is assigned to the Early-Middle Eocene (Isla-
s-Tenorio et al., 2005; Vega et al., 2008). A single-grain zircon U-Pb
maximum depositional age of 59.4 + 1.7 Ma was reported by Witt et al.
(2012).

We recognized the El Bosque Formation in central Chiapas as
composed of thick to massive quartz-pebble to cobble conglomerate
beds, red in color, intercalated with fine to medium red sandstone,
purplish red siltstone and reddish orange sandstone lenses. Conglom-
erate beds are generally matrix-supported, and often conglomerate beds
fine upward to fine sandstone; most conglomerate beds contain
erosional bases. Clasts in the conglomerate are mostly quartz (white vein
quartz), with some metamorphic and sedimentary lithic grains. We
notice that there are no granite clasts in El Bosque Formation. Sand-
stones are lithic, moderately sorted, and often include grains 0.5-2 mm
in size of vein quartz; common sedimentary structures include trough
cross-bedding. Along the central Chiapas Depression (Fig. 1), El Bosque
strata dip to the northeast 4-29° in an apparent open synform where the
youngest strata are of Eocene age. An anastamosing or braided fluvial
system is interpreted as the environment of deposition of El Bosque in
this region. We also notice from inspection of geologic maps, such as
Servicio Geologico Mexicano (2005) that there are no regional structural
or tectonic discontinuities between the central Chiapas Depression and
the Chiapas Massif.

2. Methods and sampling

We sampled the El Bosque Formation for paleomagnetic analysis,
collecting mostly along the road from Chiapa de Corzo to Alcala, as well
as near the town of 20 de Noviembre, both in the Chiapas central
depression east of Tuxtla Gutiérrez (Fig. 3). In general, outcrops of El
Bosque are in low-lying areas in the hills along the Grijalva river valley;
access to the most extensive exposures is limited by the river channel.
We collected a total of 25 sites. Samples were drilled in the field with a
gas-powered portable drill, with an average of about 10 samples per site.
The samples were oriented with magnetic and solar compasses and an
inclinometer. Twenty-four of the sites were collected in the El Bosque
Formation, and one in the underlying Soyal6 Formation. The El Bosque
samples are red medium to fine-grained sandstones, hematite cemented
(effectively redbeds). Samples were labelled ACA or NOV, for locations
near Alcald and 20 de Noviembre, respectively. Sampling coordinates,
structural data and lithologic observations are in Table 1 of Supple-
mentary Material. All sites were collected only on the northeast dipping
flank of the regional Grijalva syncline because of access restrictions.

The samples were prepared into standard cylinders 2.1 by 2.5 cm
with a non-magnetic blade. The NRM was measured with a JR-6 spinner
magnetometer (AGICO Instruments, Brno, Czech Republic), and samples
were subjected to progressive thermal demagnetization with an ASC
Scientific thermal demagnetizer. The vectorial composition of the NRM
was interpreted from orthogonal demagnetization diagrams (Zijderveld,
1967). The direction of the components was calculated using principal
component analysis (Kirschvink, 1980). Site and formation means used
Fisher’s statistics (Fisher, 1953). IRM (Isothermal Remanent Magneti-
zation) acquisition curves obtained with a pulse magnetizer, and high
temperature thermomagnetic curves acquired in a home-built Curie
balance, were used to characterize the magnetic mineralogy. The
anisotropy of magnetic susceptibility was determined with a KLY-3
Kappabridge (Brno, Czech Republic).

3. Results

The natural remanent magnetization (NRM) of samples of El Bosque
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Fig. 3. Paleomagnetism sampling site location. Sites in the Bosque Formation are south and east of Tuxtla Gutiérrez in the municipalities of Alcala and 20 de
Noviembre over a geologic map (modified from Servicio Geoldgico Mexicano, 2005).

Formation is moderately low, averaging about 10 mA/m. We observed
both near univectorial and multi-component behaviors in demagneti-
zation experiments. Generally, the NRM decays in univectorial fashion
with well-defined linear demagnetization trajectories to the origin
(Fig. 4A, C and 4F). The magnetization is of distributed unblocking
temperatures in excess of 600 °C and generally of high coercivity in
excess of 90 mT. The magnetization is north directed and of moderate
positive inclination or its antipodal (Fig. 4F). In some samples two
magnetization components were observed. A low laboratory unblocking
temperature north-directed magnetization sometimes overprints a
higher stability component; the low temperature overprint has
maximum unblocking temperature and maximum coercivity 180 °C and
20 mT, respectively (Fig. 4B and D) and the high-stability magnetization

is south-directed and of moderate negative inclination. In a minority of
samples AF demagnetization defines linear trajectories to the origin
(Fig. 4E). The dual polarity, high stability component is considered the
characteristic magnetization (ChRM).

The ChRM is generally hard, and about 50% of the NRM is unblocked
at laboratory temperatures of about 600 °C in some samples (Fig. 4C and
D), but distributed unblocking temperatures between about 200 and
620 °C typical of fine-grained pigmentary hematite are more common
(Fig. 4A, C and 4F). For several samples with south-directed character-
istic magnetizations AF and thermal fail to fully isolate this component,
and we were forced to combine great circles and stable end points using
the method of Bailey and Halls (1984) (Fig. 4G and H). Maximum lab-
oratory unblocking temperatures in excess of 600 °C and high coercivity
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Fig. 4. (A-F) Orthogonal demagnetization diagrams for selected samples of the El Bosque Formation. Solid (open) symbols correspond to the projection of the
horizontal (vertical) component. (G-H) Are examples of demagnetization diagrams and stereographic projection of demagnetization trajectories for a site that

required the combination of great circles and stable end point directions.

indicate that the ChRM resides, at least in part, in hematite. But AF
demagnetization results suggest that magnetite is also present, and in
several sites (ACA17, ACA18, and ACA20) the ChRM is defined by AF
demagnetization in the range from 15 to 60 mT and laboratory
unblocking temperatures <360 °C (Fig. 4E). These sites also display
higher bulk susceptibility. The IRM acquisition curve is dominated by
the soft magnetic phase, but most samples do not reach saturation with
induction of 3 T.

Site mean directions are relatively well determined with k-values
generally greater than 20 (smaller in 7 of 27 site means) and a minimum
of 4 samples (Table 1 and Fig. 5). Eleven sites record normal polarity
(north directed and positive inclination), fourteen are of reverse polar-
ity, and two sites record mixed polarity (a mean was calculated for each
polarity). The angle between the mean of normal polarity sites and the
(inverted) mean of reverse polarity sites is 1.8°, passing a test for anti-
podality with an A classification (McFadden and McElhinny, 1990). The
precision parameter decreases slightly upon application of a tilt
correction, from 38.2 to 33.4. The decrease is not statistically signifi-
cant. If the DC fold test (Enkin, 2003) is applied with seven “limbs”
corresponding to sites from the same seven localities sharing the same
bedding, the best fitting slope is obtained with 125.7% unfolding but the

test is still indeterminate. Between-site dispersion is also relatively low,
but the mean calculated includes 8 site means with poor statistics (k<16
and ag5>20°). A better estimate of the overall formation mean is of Dec
=9.3°and Inc = 23.6° (N = 19, k = 32.6, and ogs = 6°). We used 175
sample directions (Fig. 5C) and applied the Elongation/Inclination
method to estimate eccentricity and the best estimate of flattening
required to correct the observed inclination following the model of
Tauxe and Kent (2004). This analysis resulted in an estimated flattening
value (f) of 0.67 and a mean inclination of 34.7° (95% confidence Limits:
29.4°, 40.3°).

The bulk magnetic susceptibility is relatively low, of the order of
~50 E—06 SI (Supplemental Material Table 2), but it is high at sites
ACA17, 18, 19 and 20 where it is of the order of ~1-5 E—03 SI. The
majority of the sites studied are characterized by type 1 (sedimentary)
oblate fabrics (T > 0), with minimum susceptibility axis k3 near vertical
and kj-ko susceptibility axes in distributed near the horizontal plane.
The fabric is relatively well developed, with percent anisotropy values
between 1.03 and 1.118, except for site ACA16 where it is higher (1.31).
The susceptibility axes define a magnetic foliation plane that deeps
gently to the WSW (Fig. 6).

The thermomagnetic experiments (Ms vs. T), conducted in air, reveal
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Table 1

Paleomagnetic data and statistical parameters.
Sites Rango mT y °C DD/dip n/nc IN SITU TILT CORRECTED k 95

DEC INC DEC INC

ACA01 100-580 °C distributed 58/6 6/10 19.1 30.7 21.1 26.0 24.6 13.8
ACA02 hard, 100-580 °C, distrib. 55/4 4/4 22.5 16 23.0 12.6 15.3 15.3
ACA03 hard, 200-580°C 55/4 6/10 178.6 -13.2 179.3 -11 18.5 16
ACAO04r >300°C 55/4 6/10 190.2 —22 191.1 —-19.1 23.1 14.2
ACAO04n 300-650°C 55/4 3/10 31.9 41.5 33.2 37.8 7.2 49.8
ACAO05 >580°C 55/4 5/10 195.9 —-34.2 197.5 -31.1 14.1 21.1
ACA06 350-620°C 55/4 5/10 6.1 37.3 0.3 34.6 12.5 19.7
ACA07 400-650 °C 55/4 11/12 3.4 33.7 5.4 31.2 75.7 5.3
ACA08 450-650°C 55/4 8/8 7.1 28.5 8.6 25.8 15.4 15.9
ACA09 240-620 °C, distributed 55/4 9/12 355.8 31.8 357.8 29.7 28.1 9.9
ACA10 >70mT/>280°C 55/4 5/14 174.3 —29.7 176.2 —-27.7 12.4 22.6
ACAl1 500-650°C 40/19 12/12 359.1 35.4 5.3 20.3 69.2 5.3
ACA12 200-650°C 40/19 8/9 173.6 —22.1 177.3 -85 44.6 8.4
ACA13 >80 mT, 600-680 °C 74/12 8/10 186.1 —61.1 202.8 —54.9 48.3 8.1
ACA14 300-650°C 74/12 10/10 178.2 —35.9 185.9 —-32.2 80.7 5.4
ACA15 200-580°C 74/12 8/10 182.5 -35.6 189.8 -31.0 91.5 5.8
ACAl6 >80 mT, 300-580 °C 74/12 8/10 169.1 —42.8 179.7 —40.6 29.4 10.4
ACA17 MDF 15-20 mT 60/25 6/10 357.4 32.6 7.7 18.9 57.2 8.9
ACA18 15-20mT, ~300°C 60/25 9/10 353.1 27.9 2.2 16.1 44.4 7.8
ACA19r >80 mT, >300°C 60/25 4/10 175.2 -30.7 184.9 -17.5 55.7 12.4
ACA19n ~300°C 60/25 4/10 344.8 32.4 357.3 23.2 24.5 18.9
ACA20 AF20, max T 450°C 72/24 9/10 16.5 24.8 22.6 10.8 49.7 7.4
ACA21 AF>15, max T 450 °C, GC 72/24 5/10 193.9 -31.9 202.9 -17.5 13.2 18.8
11/22 0-70mT 70/15 8/9 4.7 34.1 12.5 26.9 41.9 8.7
11/23 GC, 280°C 66/29 8/10 193.4 —27.2 202.3 -11.6 55.2 9.3
ACA24 0-330°C GC 65/29 3/10 171.2 —-24.7 182.7 —-18.5 39.3 19.9
ACA25 100-480°C GC 65/29 4/10 176.6 —24.4 187.0 —-15.8 21.2 17.6
Mean all N = 27 Dec Inc k a95 Sample mean Dec = 8.9°, Inc = 25.9°, €95 =2.6°, k=17.75,n =175
Mean Insitu 3.6 31.6 38.2 4.6 Normal sites Dec = 10.5, Inc = 24.4, k=39.4, 095 =6.7, N=13
Mean Tilt 9.3 24.4 33.4 4.9 Reverse sites Dec = 188.2, Inc = —24.2, k=27.6, 095=7.7, n =14
Selected «95 < 16 Dec Inc k a95 Bootstrap Median Inclination = 34.4°, 95% Confidence Limits: 29.4°, 40.2°
N=19 9.3 23.6 32.6 6.0 Bootstrap Median flattening factor (f) = 0.67, 95% Confidence Limits: 0.53, 0.82

Table 1. Paleomagnetic dadta and statistical parameters for the El Bosque Formation, Chiapas. Range is the demagnetization inverval of the ChRM. DD and Dip and re dip direction and
dip; n/nc number of samples used/collected; dec = declination; inc = inclination; k and apha 95 are the statistical parameters (Fisher, 1953).

e, -'lr*_l.'

Fig. 5. Equal area stereographic projection of in situ site means (A), tilt corrected site means (B), and individual sample directions (C). Open (closed) symbols are
upper (lower) hemisphere projections corresponding to negative (positive) inclinations.

some changes to the magnetic mineralogy over elevated temperature
intervals. Heating curves are reversible or partially reversible upon
cooling, indicating only slight changes in the magnetic mineralogy
during heating. Curves indicate principal Curie temperatures at about
580 °C and about 680 °C, corresponding to pure magnetite and hema-
tite, respectively.

3.1. Interpretation

The ChRM is interpreted as a primary remanence residing in

hematite. Distributed unblocking temperatures are interpreted to reflect
a remanence residing in pigmentary hematite, with small contributions
from specular hematite in some samples. For sites where the remanence
is defined by AF demagnetization we interpret the ChRM as a deposi-
tional remanence residing in detrital magnetite. The presence of dual
polarity magnetizations, the site-mean angular dispersion, and the
stratigraphy suggest that secular variation was adequately averaged.
The mean paleomagnetic declination observed in El Bosque Forma-
tion is of 9.3° and the corrected inclination I = 34.7° (ags = 6.0°). The
mean direction passes a reversal test, it is thus interpreted to represent
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Fig. 6. (A) Equal area projection of principal susceptibility axes for specimens of the El Bosque Formation (maximum squares, intermediate triangle, and minimum
circles) with mean magnetic foliation plane and mean of ky,;, with confidence interval. (B) Same as A, but site mean directions.

the time-average-paleomagnetic field at the time of deposition of this
unit and validates its use for tectonic interpretations. We compared the
overall mean of El Bosque Formation with the expected reference di-
rection calculated using a pole at 80°N-175°E, a reference pole position
for 50 Ma for North America of Torsvik et al. (2012) with a weighted
average uncertainty of 4.0°. The expected direction is of D = 346.9° I =
31.9° from which we calculate R and F values of +22.4° + 6.1° and
+2.8° £ 7.1°, respectively; this indicates statistically significant clock-
wise rotation and no discernible latitudinal displacement. We infer that
clockwise rotation applies to the entire Chiapas Massif, because outcrop
patterns in the Chiapas depression indicate continuous along strike ex-
posures of a concordant stratigraphy, with only minor changes in dip
angle. There are no significant crustal-scale discontinuities between the
Chiapas Massif and the central Chiapas depression active during Ceno-
zoic time. This argues against local vertical-axis rotations as the cause of
rotation. We also notice that Miocene plutons in coastal Chiapas record
concordant directions (Molina-Garza et al., 1994), thus rotation ended
prior to about 10 Ma.

The magnetic anisotropy results are consistent with a sedimentary
fabric. The bulk susceptibility is low, it is thus possibly influenced by
paramagnetic particles. Rock magnetism established the presence of
magnetite and hematite. The anisotropy patterns can be interpreted as
caused by hydrodynamic imbrication of flakes, that is particles with one
short dimension and two similar larger dimensions such as detrital mica
or hematite plates. If this is correct, the results indicate fluvial systems
flowing from west-southwest to east-northeast. This interpretation is
tentative because there is a weak tendency for maximum susceptibility
axes to align in the NW-SE direction, that is perpendicular to the inferred
shortening direction (Mandujano-Velasquez and Keppie, 2009).

3.1.1. Explaining a 20° CW rotation (Chiapas Massif) in a sinistral plate
boundary zone

Arcuate folds are a common feature in orthogonally shortened
foldbelts, and the shortening direction is generally the “arrow” of the
“bow” shape formed by these folds. However, the paleomagnetic data
for El Bosque Formation, and hence of the Chiapas Massif basement
indenter on which El Bosque rests, indicate about 20° of rotation since
the Middle Eocene. Later, we argue rotation occurred predominantly
during the Neogene as Chiapanecan orogeny folding progressed.
Further, the foldbelt contains numerous sinistral strike slip faults
(Fig. 1), and shortening at the SE end of the Sierra de Chiapas Foldbelt is
abruptly relayed eastwards by the sinistral Polochic fault system. Thus,
the “bow and arrow rule of thumb” may not strictly apply here. Our
preferred interpretation of Chiapanecan shortening favors E-W sinistral

transpression over orthogonal shortening; hence, the existence of the
strike-slip province within the foldbelt (Guzman-Speziale and
Meneses-Rocha, 2000; Pindell and Miranda, 2011). We view the massif
as being driven ENE, forming the Chiapas Foldbelt in a bow-wave
fashion, where the massif is the boat, and the foldbelt the waves. This
could operate with or without rotation of the Chiapas Massif.

Fig. 7 shows three models of rotation for the Chiapas Massif. One is
pure vertical-axis rotation about a pole central to the massif (Fig. 7A),
which predicts zones of compression in the NW and the SE, with con-
current extension in the SW and the NE. This model is not applicable,
because extension is not observed in the NE Chiapas Foldbelt. The sec-
ond model (Fig. 7B) involves a distant pole of rotation which produces
pure ENE translation of the massif; this model is inconsistent with our
paleomagnetic data, with no local rotation. The preferred model
(Fig. 7C) involves a relatively nearby pole, leading to a combination of
translation and rotation. This model incorporates the observed rotation,
and is consistent with sinistral strike-slip motion within the Chiapas
Foldbelt, as well as along the westernmost Polochic Fault where there is
relative motion between the massif and the Yucatan Block (Guzman-S-
peziale and Meneses-Rocha, 2000). The closer the pole, the greater the
rotation and the lesser the translation. We find, for instance, that a pole
near 14°N/92.5°W (with a large error ellipse, and a possibly moving
pole, as well) can produce a total linear ENE displacement of about 100
km within the foldbelt, leading to about 60 km of shortening when
measured orthogonal to the folds, and keeping the western Polochic
Fault essentially transcurrent. In addition, the model of Fig. 7C also is
expected to produce a crustal break at the western end of the Chiapas
Massif. There, such a break is manifested by the Oaxaca-Rio Pinal and
Paso de Buques strike slip faults (Fig. 1), and also by the arcuate, pre-
sumably sheared, outcrop pattern of the massif and its dislocation from
the Mixtequita Massif in the aeromagnetic map of the region (Fig. 8;
Servicio Geoldgico Mexicano, 2008) that we name the Chimalapa
deflection.

We conclude that the model of Fig. 7C best explains not only the
paleomagnetic data, but also the regional fault and fold patterns (the
Tabasco and Campeche provinces to the north are not discussed here).
We acknowledge that a clockwise block rotation as presented here
within a sinistral transpression zone is not normally expected. Thus, we
suspect that something else is occurring, something more significant,
than merely internal deformation along a shear system such as that
between Chortis and North America. We will expand our scope to
identify what this “something else” might be.

Pindell and Miranda (2011) and Villagomez and Pindell (2020) made
the case for the eastward migration of hanging-wall uplift in the Middle
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Fig. 8. Aeromagnetic map of eastern Oaxaca, after Servicio Geologico Mexicano (2008).
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American trench along the Mexican margin. The cause of uplift was
proposed by these authors to be the result of the eastward migration in
the inception of subduction of the Cocos Plate in the wake of the east-
ward migrating Chortis Block, rather than to the transcurrent passage of
the block itself. This uplift helps to load the Cocos Plate upon initial
subduction, leading to the flattening of the upper Benioff Zone. Here, we
examine this concept more closely to determine a driving mechanism for
CW rotation within a sinistral shear system. Observations pertaining to
the question include:

1) The inception of arc magmatism due to subduction of the Cocos Plate
has migrated eastward along southern Mexico during Cenozoic time
(Damon and Montesions, 1978; Schaaf et al., 1995; Molina Garza
et al., 2019b).

2) The flat slab beneath Oaxaca State developed between about 22 and
18 Ma, and involved the migration of arc magmatism from near the
present day Oaxaca coast to the Trans-Mexican Volcanic Belt (TMVB)
(Ferrari et al., 1999).

3) The flat slab is now expanding into Chiapas, as shown by the arc axis
arriving in eastern Tehuantepec at 11 to 9 Ma and then migrating
further from 9 Ma to 3 Ma into the Chiapas Foldbelt, where it has
been active for Pliocene-Quaternary time (Garduno-Monroy et al.,
2015; Molina-Garza et al., 2015).

4) North America-hotspot (mantle) relative motion at the position of
Chiapas is WSW-ENE at about 20 mm/yr (e.g., Doubrovine et al.,
2012, although other hotspot reference frame papers show slightly
different values).

5) The Cocos Plate dives more steeply at the Veracruz Basin and
beneath the Gulf of Mexico in the down-dip direction from the flat
slab segment (Pardo and Suarez, 1995).

6) The Chortis Block migrates at 20 mm/yr relative to North America
(DeMets, 2001), but is essentially fixed in the mantle reference frame
with the rest of the Caribbean Plate (Miiller et al., 1999).

7) Cocos Plate is too young and buoyant to roll back (Karig-Cordwell
et al., 1978) as fast as North America has been moving WSW over the
mantle reference frame.

8) Chiapas Massif has undergone its main period of uplift since about
10 Ma (Witt et al., 2012; Villagomez and Pindell, 2020).

Pindell and Miranda (2011) integrated some of these observations
with the concepts of subduction zone dynamics of Dewey (1980) to
construct their tectonic framework for southern Mexico. Their model
can now be supported with additional data and refined by the paleo-
magnetic data present here:

At 22 Ma, North America was situated 440 km ENE of its present
position relative to the regional mantle and to the Chortis Block. The
magmatic arc was situated near the present Oaxaca coastline, to the west
of the Gulf of Tehuantepec only. There was no flat slab yet, no TMVB yet,
and the arc continued to the southeast by passing into the Chortis Block
rather than entering Chiapas.

By 17 Ma, North America was situated some 340 km ENE from to-
day’s position relative to the regional mantle and the Chortis Block,
having migrated WSW by about 100 km since 22 Ma. Because the young
Cocos Plate was relatively buoyant, it could not roll back at the same
pace as North America’s drift across the mantle and the Benioff Zone.
Thus, the steep portion of the Benioff Zone remained in place, and North
America progressively advanced WSW to produce the flat slab beneath
Oaxaca by progressively telescoping onto the Cocos Plate, and forcing
the trench position to the WSW with respect to the original Benioff Zone.
The magmatic arc recorded this by migrating inland from near the coast
to produce magmatism in western Tehuantepec, the Sierra de Juarez,
and the eastern and central parts of the TMVB in the late Early Miocene
(Ferrari et al., 1999, 2012; Moran-Zenteno et al., 1999). The south-
eastward continuation of the arc axis passed into Chortis, as before.

By 10 Ma, North America was now roughly 200 km ENE of today’s
position relative to the mantle and to Chortis. The flat slab in Oaxaca
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was mostly formed, and the arc had reached the entire TMVB. At this
time activity in Los Tuxtlas volcanic field (Fig. 1) was beginning, well-
known from 7 Ma onward, and the volcanic arc was also forming
along the eastern Gulf of Tehuantepec. Magmatism in eastern Tehuan-
tepec was perhaps facilitated by the Tonal4 crustal scale fault serving as
a conduit, before continuing southward into Chortis, as before. Within
this period (17-10 Ma), the Chiapas Massif completed most of its rota-
tional convergence upon the Yucatan Block as shown by the Chiapane-
can folding event recorded beneath the ~10-12 Ma unconformity
recognized in seismic profiles (Mandujano-Velasquez and Keppie,
2009). In addition, plutons ca. 10 Ma along the Tonala Fault do not show
rotation (Molina-Garza et al., 1994), indicating that most of the Chiapas
Massif’s rotation had occurred before 10 Ma. Thus, rotation of the massif
seems to be associated with folding in the Chiapas Foldbelt, as expected.

By about 6 Ma, North America’s progressive WSW advance across
the mantle and the original position of the Benioff Zone continued, such
that the flat slab was fully formed in Oaxaca and was now expanding
ENE into Chiapas. The arc axis ran from the TMVB to Los Tuxtlas and
continued toward the SE, where it was migrating at this time to the
northeast beneath Chiapas due to initial slab flattening there. However,
there is no known surface expression of arc magmatism in the Chiapas
Foldbelt from 9 Ma until about 3 Ma.

Since 3 Ma, arc magmatism has finally broken through the crust and
into the Chiapas Foldbelt (Garduno-Monroy et al., 2015) some 150 km
to the NE of where it had been at 9 Ma, and where it fills the spatial gap
in volcanic activity between Los Tuxtlas and the Central American arc in
westernmost Guatemala. The flattening of the slab continues to expand
ENE into Chiapas because North America continues to migrate WSW
across the regional mantle and Caribbean reference frame. The original
steep part of the Benioff Zone, controlled by the mantle reference frame,
now underlies Veracruz Basin, directly below the active arc axis, some
440 km ENE of where it was, relative to North America, at 22 Ma. It is
North America that has moved primarily, not the arc axis. The plate
interface of the entire shallow dipping slab beneath Oaxaca lies above
100 km (Arzate-Flores et al., 2016), such that there is no magmatism
there.

This history of flat slab development helps to put the Sierra de
Chiapas into its neotectonic perspective and describes a change in geo-
dynamic setting. From 22 to 10-9 Ma, the Chiapas Massif and foldbelt
were in a rear-arc position, such that Chiapanecan folding was analo-
gous to Andean foredeep folding. That is, basement-involved shortening
behind the arc axis produced a rear-arc fold and thrust belt, and the CW
rotation of the massif indicates that overall shortening was greater in the
west. This may explain why the 10 Ma unconformity is best developed to
the north and northwest in the Chiapas Foldbelt (including the Akal-
Reforma trend). An analogous phase of back-arc thrusting has not
been recognized in the adjacent Oaxacan segment of the margin. How-
ever, such a phase should have occurred earlier in Oaxaca than in
Chiapas, and thus part of the apparently “Laramide” shortening history
in the western flank of the Veracruz Basin could be related to this
process.

Since 9 or 10 Ma the geodynamic setting has been different. The
northeastward migration of the arc axis has placed the Chiapas Massif in
the forearc position above the flattening slab. Forearc lithospheres can
be expected to be brittle down to the plate interface, given that they
overlie cold down-going slabs and are thinner than normal due to
tapering above the dipping slab. This implies a strengthening of the
lithosphere beneath the coastal plain and Chiapas Massif since 9 Ma, as
the arc axis migrated inboard. This timing accords with the fastest uplift
of the Chiapas Massif, amounting to some 4 km of denudation according
to apatite fission track data (Witt et al., 2012; Villagomez and Pindell,
2020). Thus, we suggest that this young uplift of the massif has been
ultimately driven by flattening of the Cocos slab under Chiapas,
although recall that the flattening is driven by the telescoping of North
America onto the Cocos Plate and not by actual elevation of Cocos
lithosphere beneath North America as is often portrayed. This
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telescoping generates tractional coupling at the plate interface (Davis,
1978; Fleitout, 1991), manifested as forearc uplift that is accompanied
by strong NE-ward tilting of the massif as shown by active drainage
patterns. An additional aspect, however, is that the narrow Pacific
coastal plain of Chiapas and the offshore Tehuantepec Shelf, both south
of the Tonaléa fault zone, did not take part in the strong and rapid uplift
of the massif. The intervening Tonala Fault is responsible for this
elevation difference today; since 9 Ma the fault has had a significant
northeast-side up component of at least 4-5 km (Molina-Garza et al.,
2015; Villagomez and Pindell, 2020). The structural level of the coastal
plain and Tehuantepec Shelf has probably been controlled by the
arching of the Cocos Plate as it enters the trench and upper part of the
Benioff Zone, potentially assisted by tectonic erosion (removal and
subduction) of the lower uppermost forearc.

The WSW advance of North America in the mantle reference frame
has caused the area of the flat slab to appear, relative to North America,
to expand toward the ENE. Thus, the lithosphere beneath the WNW end
of Chiapas Massif in the Tehuantepec Isthmus began to engage the Cocos
plate interface earlier, with greater overall tractional coupling than the
ESE end of the massif. Another way to demonstrate this is to point out
that the arc axis from Los Tuxtlas, through the Chiapas Foldbelt, and into
western Guatemala, has more of a N-S trend than does the Chiapas
Massif, requiring the WNW end of the massif to confront the flat slab
earlier. This was also true for the Middle Miocene when we believe most
of the CW rotation occurred, and when the arc axis stretched from the
TMVB, to Gulf of Tehuantepec, to western Guatemala; indeed, this is
especially true if we remove the 20° CW rotation of the massif which re-
orientates it even more E-W than it is today. The claim that the WWN
end of the massif began interaction with the Cocos plate earlier and for a
longer time is further supported by the fact that present-day depth
contours to the Cocos-North America plate interface are shallower
beneath this end of the massif than the ESE end (Guzman-Speziale and
Zuniga, 2016). With a longer and more intense period of tractional
coupling, it follows that the crust at the WNW end of the massif should
have shortened more than the crust to the ESE. Hence, the massif has
rotated CW, despite being situated within the North America-Caribbean
sinistral plate boundary.

4. Discussion

The model outlined herein hints at two distinct phases of Neogene
structural evolution for the Chiapas Foldbelt. The first involved Middle
Miocene rotational basement shortening of the Chiapas Massif, driving
the folds of the foldbelt and the Akal-Reforma Trend ahead of it, and
producing the 10 Ma unconformity in the north and northwest (Graham
et al., 2020). The second involved rapid Late Miocene to Recent
non-rotational uplift and NE-ward tilting of the Chiapas Massif,
accompanied by sinistral E-W displacements along faults within the
Chiapas Foldbelt that cut and slightly offset the Middle Miocene folds
(Meneses-Rocha, 2001). Pindell and Miranda (2011, their Fig. 1) por-
trayed main structures of this second phase, which are distributed over a
broad area including the initiation of movement along the Polochic
Fault (Obrist-Farner et al., 2020). Today, the entire Chiapas-Guatemala
setting is aptly considered as a widely distributed plate boundary zone.

There may be an additional consideration to refine our model. The
Tehuantepec Ridge is a fracture zone in the Cocos plate that separates a
16 Ma oceanic crust, to the west, from a 26 Ma crust to the east (Nixon
1982). The ridge reached the trench and currently subducts under
Chiapas. Guzman-Speziale and Ztniga (2016) find a shallow-dipping
subducting Cocos plate underneath North America and a
steeper-dipping slab under the Caribbean plate, with a smooth transition
between them. Different subduction regimes had been previously
recognized by Couch and Woodcock (1981) across the Tehuantepec
ridge. Furthermore, the subducted Cocos slab dips at low angles of
15-30° to the west of the Tehuantepec Ridge (Pardo and Suarez 1995;
Rebollar et al., 1999; Ponce et al., 1992) and 35-45° to the east (Rebollar
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et al., 1999; Guzman-Speziale and Zuniga, 2016). The different litho-
spheres on either side of the Tehuantepec ridge thus may have facilitated
or enhanced flattening of a more buoyant slab of oceanic lithosphere to
the west of it.

5. Conclusions

The ChRM in the Eocene El Bosque Formation in the Chiapas central
depression, in southern Mexico, is a dual polarity magnetization carried
by hematite and magnetite; pigmentary hematite is the dominant
remanence carrier. The north-northeast (or south-southwest) directed
magnetization is discordant with respect to the expected direction
calculated from the North America craton, indicating a clockwise rota-
tion of +22.4° + 6.1°. We propose a model to explain rotation where the
Miocene eastward migration of the North America-Cocos-Caribean tri-
ple plate junction, and concurrent slab-flattening as the North America
plate telescoped over Cocos, caused differential basal traction to act on
the lithosphere of the Chiapas Massif in its WNW end with respect to its
ESE end. This in turn caused clockwise rotation of the Chiapas Massif,
basement of the Mesozoic-Cenozoic succession of the Chiapas central
depression. Rotation of the Chiapas Massif after deposition of El Bosque
Formation, but prior to emplacement of late Miocene plutons in coastal
Chiapas, may thus explain formation of the Sierra Chiapas foldbelt if the
massif acted as an indenter.
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