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ABSTRACT

_ The Mon.terrey-Saltillo area of northeast Mexico is the juncture of two distinctly
different Mexican tectono-stratigraphic provinces, the eastern Gulf of Mexico province
and the western Pacific Mexico province, where Gulf of Mexico—driven versus Pacific-
driven tectono-stratigraphic processes can be compared and contrasted. Each of these
provinces are large subregions that have distinctive and separate tectonic evolutions,
and different resulting stratigraphic packaging. They are characterized by distinctive
structural belts and structural styles and basement. The different stratigraphies record
a subregional response to the interaction of provincial tectonics (i.e., convergent versus
divergent margins), eustatic changes in sea level, and sediment type and supply. The
Monterrey-Saltillo area contains elements related to both Gulf of Mexico passive-mar-
gin development (principally the stratigraphy) and Pacific-related convergent margin
(arc) tectonism (chiefly the structure). Thus a complete understanding of the area is
critical in linking together two somewhat disparate geologic provinces in Mexico.

In the Gulf of Mexico province, the tectonic evolution is dominated by passive-
margin development associated with the opening of the Gulf of Mexico, overprinted by
nonigneous Laramide orogenic effects. The stratigraphic evolution is dominated princi-
pally by eustasy in as far as thick regional accommodation cycles can be correlated
throughout the Gulf of Mexico. I propose that the Middle Jurassic to Lower Cretaceous
stratigraphy of northeast Mexico and the Gulf of Mexico area in general can be sub-
divided into four major, second-order depositional supersequences (~15 m.y. duration),
defined as large regionally correlative, retrogradational to aggradational-prograda-
tional accommodation packages. Each supersequence exhibits systematic vertical stack-
ing patterns and associated lateral facies shifts within subordinate third-order
sequences (1-3 m.y. duration) and component lateral-vertical facies and systems tracts.
The four supersequences are supersequence 1—upper Bathonian to lower Kimmerid-
gian (158.5-144 Ma); supersequence 7lower Kimmeridgian to Berriasian (144-128.5
Ma); supersequence 3—Valanginian to lower Aptian (128.5-112 Ma); supersequence
4—lower Aptian to upper Albian (112-98 Ma). (Note that these ages are not certain.)

Second-order supersequence boundaries, condensed sections, transgressive sur-
faces, and second-order systems tracts have been identified in outcrops of the Sierra
Madre Oriental, biostratigraphically dated, and correlated with the northern U.S. Gulf
of Mexico stratigraphic section. The identification of these components is based on
(1) gross shelf to basin relationships of onlapping and offlapping facies; (2) stacking
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dominated facies associations characteristic of the Lower Cretaceous (higher relief,
shallow-marine carbonate platforms, deep-marine shales, and pelagic carbonates).

patterns of third-order sequ

INTRODUCTION 3. Of particular importance to the Mexican hydrocarbon

This chapter addresses the paleogeographic and sequence strat-
igraphic evolution of the Mesozoic stratigraphy exposed in northeast
Mexico. Itis an outgrowth of my experience with the stratigraphy of
the area, which stems from original field work and numerous field
expeditions conducted over a span of 10 years (Goldhammer et al.,
1991; C. A. Johnson et al., 1991). The principal area of concern is the
Monterrey-Saltillo area in northeast Mexico, and includes the areas

industry, northeast Mexico also serves as a useful early through
middle Mesozoic (pre-Cenomanian) stratigraphic and facies ana-
log for basins to the southeast, which include most of Mexico's
significant petroleum provinces. These basins include the
Tampico-Veracruz region, the Reforma-Campeche trend, the
Macuspana basin, and the Chiapas trough. Taking into account
the pre-Late Jurassic rifting and southerly migration of the
Yucatan block, the genetic similarity between the southeast
regions and northeast Mexico becomes even more apparent when

area of_ Mfexif:o, with its s;mm,ar exposures of Mesozoic stratig-  one considers their original paleogeographic relationship prior to
raphy, is significant for the following reasons. Yucatan migration (Fig. 3).

1. Sequence stratigraphic models and facies models derived 4. The area is essentially the juncture of two distinctly dif-
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Figure 1. Enhanced Landsat image illustrating major tectonic provinces discussed in text. M—Monterrey.
S—Saltillo, CB—Coahuila block, SMO—Sierra Madre Oriental fold belt, CFB—Coahuila folded belt,
Pa—Parras basin, Lp—La Popa basin, MV—Potrero Minas Viejas, PG—Potrero Garcia, H—Huasteca
Canyon. Scale is in kilometers.
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Figure 2. Regional tectonic elements of northeast Mexico (e.g., Tamaulipas
arch; see Fig. 5) and location of Landsat image shown in Figure 1 (dashed
outline of rectangle. Abbreviations for geographic localities are, from north
to south; EP—Eagle Pass; LA— aredo, Texas; SH—Sabinas Hidalgo;
MV—Minas Viejas; CH—Potrero Chico; GA—Potrero Garcia; MO—
Monterrey; HU—Huasteca Canyon; CO—Cortinas Canyon; SA—Saltillo:
CH—Los Chorros Canyon; LO—San Lorenzo Canyon; BU—Bunuelos:
SR—Santa Rosa; AS—Astillero Canyon. Scale is in kilometers.

includes the Sabinas, La Popa, Parras, Burgos, and Tampico-
Misantla basins, the Monterrey trough (which is largely the
deformed salient of the Sierra Madre Oriental), south Texas, and
the East Texas salt basin (Fig. 3). The western Pacific Mexico
province includes the Mesozoic Chihuahua trough, the northern

Mexican geosyncline (e.g., Imlay, 1936; Lopez-Ramos, 1985),

the Aldama peninsula, which separates the two depocenters, and

portions of the Mesa Central to the south directly west
Coahuila block (Fig. 3). / o

In the Gulf of Mexico province, the tectonic evolution is

assive-margin development associated with the

' ulf of Mexico, overprinted by nonigneous
mgefmﬂg]:ni(}c effects (Salvador, 1987, 1991a, 1991b, 1991c¢;
Pindell, 1985. 1993: Ross and Scotese, 1988; Pindell et al., 1?88;
Pindell and Barrett, 1990; Bartok, 1993: Marton ;-:1'nd.Bu1'ller,
1994). The stratigraphic evolution was _doml.nated principally by
eustasy (Todd and Mitchum, 1977; Vail et al., 1984; Haq et al..
1987: Scott et al., 1988; Goldhammer et al., 1991; Scott, 1993;

Yurewicz et al., 1993; Lehmann, this volume); thick regional
~ccommodation cycles can be correlated throughout the Gulf of
Mexico (Salvador, 1991a, 1991b, 1991¢; McFarlan and Menes,
1991: Sohl et al., 1991). For example, Goldhammer et al. (1991)
proposed that the Middle Jurassic to Lower Cretaceous stratigra-
phy of the Gulf of Mexico province can be subdivided into four
major, second-order depositional supersequences (~15 m.y. dura-
tion). that have regional significance for the Gulf of Mexico. The
stratigraphic evolution of the Late Jurassic to Early Cretaceous
Gulf of Mexico passive margin was interpreted by Goldhammer
et al. (1991) to have resulted from the superimposition of four
second-order relative sea-level cycles atop a first-order long-term
relative sea-level rise. This first-order relative rise likely reflects
a global eustatic rise (Vail et al., 1977) driven by long-term
changes in mid-ocean ridge volume related to sea-floor spreading
rates associated with the opening of the Gulf of Mexico and the
Atlantic Ocean. These two different orders of eustasy operated 1n
concert with underlying thermo-tectonic subsidence to produce
systematic changes in accommodation from the base to the top
of the Gulf Coast section. Such changes account for the overall
shift from lowstand-dominated facies associations characteristic
of the Middle to Upper Jurassic rocks (redbeds, evaporites,
marginal-marine siliciclastic rocks, and low-relief, shallow-
marine high-energy carbonates), to highstand-dominated facies
associations characteristic of the Lower Cretaceous (higher
relief, shallow-marine carbonate platforms, deep-marine shales,
and pelagic carbonates).

The western Pacific Mexico province is distinct from the
Gulf of Mexico province in that its style of basin evolution had lit-
tle to do with Gulf of Mexico tectonic evolution (i.e., rift drift of
the Yucatan block), but rather patterns of stratigraphic infill are
primarily a function of tectonism related to Mesozoic Pacific tec-
tonism and sediment supply, as opposed to the eustasy-dominated
Gulf of Mexico (Cordoba, 1969; Cordoba et al., 1970, 1980; de
Cserna, 1970, 1974, 1989; Sewald and Sundeen, 1971; Rangin
and Cordoba, 1976; Gonzaléz-Garcia, 1976; Tardy, 1977; Rangin,
1978, 1979; Gastil, 1983; Gastil et al., 1986; Dickinson, 1981;
Tovar Rodriguez, 1981; Roldan-Quintana, 1982; Servais et al.,
1982, 1986; Brown and Handschy, 1983; Campa-Uranga and
Coney, 1983; Cuévas-Pérez, 1983: Cuévas-Pérez et al., 1985:
Marquez-Castaneda, 1984, cited in Moran-Zenteno, 1984: Canti-
Chapa et al., 1985; Campa-Uranga, 1985; Araujo-Mendieta and
Arenas-Partida, 1986: Gonzdlez, 1989; Dickinson et al., 1986;
Brown and Dyer, 1987; Limon, 1989; Pindell and Barrett, 1990
Sedlock et al., 1993; Moran-Zenteno, 1994 Grajales-Nishimura
etal.,, 1992). Mesozoic subduction along the Pacific margin con-
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:' {gure 3. Regional basemap with basin outlines for general area discussed in this paper. Late Paleozoic foreland basins and uplifts include
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- Pedregosa basin, Delaware basin, Central Basin platform, Midland basin. Val Verde basin, Kerr basin, and Fort Worth basin. These Late Paleo-
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(1980), Dickinson (1981), Servais et al. (1982, 1986), and Araujo-

Mendieta and Arenas-Partida (1986), summarized the tectonic

development of the western Pacific Mexico province and its rela-

tionship to the Gulf of Mexico province (Fig. 4). Following the
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creation of Pangea 1
Mexico province un

phase of backarc extension
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Figure 4. Tectonic model for evolution
of western Pacific Mexico province
(WPM) and eastern Gulf of Mexico
(GOM) province in greater Mexico
region. This schematic cross section tra-
verses approximately west-east (from

left to right) across northern Mexico. See
to text for details.
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Lwise rotation of the Yucatan out of the Gulf of

oS t(:f tl;aill\;]: Mexico resulted in the rift phase of Gulf of Mexico province tec-
tal) driven by ra e

5 ) ) model, the first tonic evolution.

Triassic to Middle :
occurred in the Late 111  Mexican thrusting (e.g., the Zaca

| rha*' 1989). Johnson (1989) speculated that this event induced
'__-mf p-seated uplift and reactivation of the Coahuila block. an idea
.;j vﬁ rted by Araujo-Mendieta and Arenas-Partida (1986). Other
vﬁ Coﬂhﬂl]ﬂ block reactivation and local triggering of coarse
& 1 !ﬂ“ deposition proximal to the Coahuila block, the Gulf of

%;a_ ;_co province preserves little record of this event because it i<
domi ated by Gulf of Mexico specific eustatic patterns. In the
E ;}1 Cretaceous the next phase of backarc extension occurred
__ bf the arc and west of the Coahuila block (Fig. 4), rejuve-
natir gthe Chihuahua trough and northern Mexican geosyncline.

“?, ‘received thick deposits of volcaniclastic material (e. g

wt,j 9 nson, 1981). East of the Coahuila block the Gulf of Mexico
pr m mce was undergoing passive-margin decelerating subsid-
mi— D, In the Late Cretaceous, the western Pacific Mexico prov-
t,ur underwent the Laramide phase of closure and inversion of
1(,-:4 northern Mexican geosyncline and the Chihuahua trough,
i,n h had been the sites of Early to middle Cretaceous flysch
eposition. In the latest Cretaceous, substantial uplift of the
QE s}tos arc coincided with regional east-directed uplift and con-
.? tmnal deformation, leading to the formation of the Sierra
| u d Ire Oriental fold belt (de Cserna, 1989; Sedlock et al.. 1993:
e’a e an-—Zenteno 1994).

' SENT-DAY TECTONIC ELEMENTS OF

D m RTI—IEAST MEXICO
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N The stratigraphic and structural configuration of northeast-
[ xME:KlCO represents a complex tectonic evolution (Dickinson
z iszoney, 1980; Lopez-Ramos, 1981; Padilla Sanchez, 1986;
b S vader 1987, 1991a, 1991b, 1991c; Pindell, 1985, 1993; Ross
-"'.m | Scotese, 1988; Pindell et al., 1988; Winker and Buffler,
88 Wilson, 1990; Pindell and Barrett, 1990; C. A. Johnson
tﬁal 1991; Bartok, 1993; Marton and Buffler, 1993; Moran-
'if:'a. nteno 1994; Gray and Johnson, 1995; Ye, 1997). It initiated in
Haﬁa ‘Permian-Triassic with the QOuachita-Marathon orogenic
: event, followed closely by Late Triassic to Middle Jurassic rifting
ef Pangaea, subsequent opening of the Gulf of Mexico, and pas-
1~ 1ve-rnarg1n development through the Late Cretaceous. It culmi-
ﬁated with Laramide foreland deformation through the early
* e . The structural grain of northeastern Mexico consists of
q;i_-%.;-”_-fas::*,lc to Liassic basement fault blocks, the development of
__"_ whlch reflects in part late Paleozoic orogenic patterns of metamor-
1 phlsm and igneous intrusion (Wilson, 1990). These early Mesozoic
%f, T ult blocks in turn controlled Late Jurassic and Cretaceous strati-
e ’*%gl‘aphlc patterns (Wilson et al., 1984). In addition, these blocks

ngly influenced Laramide stmcmral patterns and foreland basin

" S %eposxuon (Charleston, 1981; Wilson, 1990; Johnson, 1989; C. A.

{sa- ohnson et al., 1991 : Soegaard et al., 1997).

,u i a{ﬂ*ﬂ

b jTgetome provinces
M,, *"Ily‘ t,._t,;A
"'-f’- - Present-day tectonic provinces with distinctive strati-
aphlc and struetural characteristics are readily dehned in the

Mesozoic . | or
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€Xamination of regional geologic maps (Figs. 1 and 2; Humphrey,
1956; Murray, 1959: McBride et al., 1974; Charleston, 1981;

Mitra-Salazar, 1981 Padilla Sanchez, 1982; Wilson, 1990; McKee
et al.,, 1990; Goldhammer et al.. 1991; C. A. Johnson et al., 1991).

Province 1. The Coahuila block (Figs. 1, 2, and 5) 1s char-
acterized by a broad, southeast-plunging anticlinal dome that
reflects low-intensity Laramide deformation of predominantly
Cretaceous carbonates (Imlay, 1936; Charleston, 1981; Johnson,
1989; C. A. Johnson et al., 1991: Lehmann, this volume). This
shallow, rigid basement block is held up primarily by Permian-
Irassic granite to granodiorite intrusions (Wilson et al., 1984).
These intrusions represent the roots of an island arc system
which was created south of the Quachita-Marathon orogenic belt
by closure of Gondwana and North America and was stranded
by subsequent rifting (Pindell and Dewey, 1982; Pindell, 1985;
Wilson, 1990). Farther west. in the vicinity of Las Delicias, the
block contains a thick (4000 m) Middle Pennsylvanian to Per-
mian flysch and volcaniclastic succession (Wilson, 1990) that
most likely represents the southern continuation of the Ouachita-
Marathon orogenic trend (island arc assemblage). This trend was
displaced to the southeast via left-lateral transform faulting asso-
ciated with Late Triassic to Late Jurassic extension of northeast-
ern Mexico during the opening of the Gulf of Mexico (Anderson
and Schmidt, 1983; Wilson et al., 1984; Pindell, 1985). The
block is bounded on the north by the San Marcos fault (Figs. 1,
2, and 5; Charleston, 1981), a left-lateral bounding structure of
post-Paleozoic age, presumably active during Late Triassic to
Late Jurassic extension and rifting of northeastern Mexico. The
Coahuila block was a persistent Mesozoic basement high that
had a strong influence on Upper Triassic through Cretaceous
facies and stratigraphy. It contains no rift-related Upper Triassic
siliciclastic rocks or Callovian evaporites (Gonzaléz-Garcia,
1976; Padilla Sanchez, 1986; Wilson, 1990).

Province 2. The Sierra Madre Oriental fold and thrust belt is
of Laramide age (Late Cretaceous to Eocene). The evolution of
the fold belt and structural complexities have been discussed by
numerous workers (e.g., de Cserna, 1956; Humphrey, 1956;
Tardy et al., 1975; Padilla Sanchez, 1982; Campa-Uranga, 1985;
Quinterro-Legoretta and Aranda-Garcia, 1985; Suter, 1987:
Aranda-Garcia, 1991; Marret, 1995; Gray and Johnson, 1995).
The belt 1s characterized by elongate anticlines that trend east-
west (to the west) are arcuate, and curve to the south (farther
east). The anticlines have very steep, vertical limbs, and some are
overturned to the north (Figs. 1 and 2). Folds are arranged 1n a
series of nappes and may be bounded by thrusts (Johnson, 1989).
The detormed section consists of essentially the entire Upper Tri-
assic to Cretaceous rift to passive-margin sequence. Major topics
of debate and study include (1) the role of Callovian(?) salt as a
basal detachment surface, (2) the contribution of preexisting
rifted basement terrain to fold-belt geometry and structural style,
(3) mechanisms of fold genesis (fault propagation versus fault-
bend folding, (4) the presence of thrusting, (5) amount of lateral
shortening, and (6) overburden above the fold belt (e.g., Prost et
al., 1994; Gray and Johnson, 1995; Marrett, 1995). The eastward



oure 5. Detailed paleotectonic map
E;gl:lr:rtheastam Mexico -s_buth_west
Texas, and southern New Menco illus-
trating major tectonic features mfeﬂed
to in text. Abbreviations for Mexican
cities: NL—Nuevo Laredo; TA—
Tampico; CV—Ciundad Victona; S— g
Saltillo: M—Monterrey. From Gold-
hammer et al. (1991). Mexican state
outlines are also shown.
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and northward advance of thrust sheets was perhaps facilitated by
the occurrence of underlying thick Middle Jurassic (Calloyian)
salt, which was deposited in restricted rift-generated troughs
(C. A. Johnson et al., 1991). One of these troughs was situated
between the southeast margin of the Coahuila block and north-
western margin of the uplifted Tamaulipas arch (Monterrey
trough, Fig. 3; Wilson et al., 1984).

Farther to the south within the fold and thrust belt, near Ciu-
dad Victoria, displaced relicts of the Ouachita-Marathon orogenic
belt crop out in the form of deformed Permian-Carboniferous
metasedimentary rocks and lower Permian flysch (Fig. 5; Ander-
son and Schmidt, 1983; Pindell. 1985; Wilson, 1989). Tol explain
these outcrops and other relicts of similar age in northcagtcrn

(1983) postulated the existence
fault of Late Triassic to Middle
megashear. This fault is hidden
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beneath the deformed belt, but is believed to be located north of
Ciudad Victoria and south of the Coahuila block (Fig. 5). Fault
offset on the order of 800 km is postulated in order to restore
these displaced Ouachita-Marathon relicts northwest to the oro-
genic front. This strike-slip fault and others of similar age and
displacement to the north and east (e. g., the Torreon-Monterrey
fault of de Cserna, 1970; the Rio Grande lineament of Pindell.
1985) are considered to have served as major intracontinental
uansf0@ faults during the Late Triassic through Middle Jurassic
attenuation of continental Mexico. These faults are essential in
Pangaea reconstructions of the pre-rift Gulf of Mexico to avoid
overlap of eastern Mexico with the South American plate (Ander-

985). The megashear is consid-
L dary between the early Mesozoic Yaqui

\nderson and Schmidt, 1983: Pindell. 1985
and the North Alm:ncan plate to the north. , b )
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, 3. The Coahuila folded belt is of Laramide age
£ ”nén 1956; Murray, 1959; McBride et al., 1974; Charleston,

b:ﬁ?"’ 1981; Padilla Sanchez, 1982) and consists

--||5' b =Y

_.‘,fpfs‘a isolated, northwest-southeast—oriented, elongated
m[];g tly compressed anticlines separated by broad synclinal
“-* 1 and 2). Characteristic features of this belt are dou-
1y @nglng, evaporite-cored, breached anticlines (Potreros) that
X #§Ca]l0vian(?) evaporites through middle Cretaceous car-
,r!ﬁ (Figs. 1 and 2). Due to the fact that intrusive effects of
fiddle Jurassic evaporites are observed in the anticline cores,
Sany consider their origin partly due to evaporite diapirism
:, ,4, 1959; Weidie and Martinez, 1970; Laudon, 1984). The

Sahuila folded belt contains important Mesozoic basement fea-

| :f influenced sedimentation patterns (Gonzaléz-Garcia,
@adilla Sanchez, 1986; Wilson, 1990). These include
'* 1, 2, and 5): (1) a basement depression that marks the
Mlesozoic Sabinas basin, located north and northeast of the
11 block; (2) the northwest-southeast—trending Burro-
ufga to the north; and (3) the northwest-southeast—trend-

¢ Tamaulipas arch to the east. The Sabinas basin contains a

[
= o] i R

o VUE 1;_.!‘_ ' = .
hick (6000 m) section of Jurassic and Cretaceous strata, and
v R

developed initially as a rift-related trough between two base-
ment highs, the fault-bounded Coahuila block to the south and
J'_': arch to the northeast (Gonzaléz-Garcia, 1973,
1976, 1979, 1984; Padilla Sanchez, 1978, 1986; Alfonso-
+-§= 1978; Eguilez de Antufiano and Aranda-Garcia,

1983, 1984; Echanove, 1986). Within the Sabinas basin there
BERL, 0 & . - - : s

Permian-Triassic granite intrusive areas (e.g., the La

Mula and Monclova uplifts; Jones et al., 1984; Wilson, 1990)

that probably served as local basement highs (Fig. 5). Like the

‘“ intrusives, these also reflect the remnants of a Permian-
Iriassic island arc.

* The Burro-Salado arch (Figs. 1, 2, and 5) contains basement
? deformed late Paleozoic metasedimentary rocks presumed to
;ﬁf;é;;fmmed within the interior belt of the Ouachita-Marathon

o1
1 i E :

n! belt that developed south of the suture (Flawn et al.,
_1..;:|,I .;-'."

961; Wilson et al., 1984; Pindell, 1985). Handschy et al. (1987)
Suggested that the arch might be a piece of accreted Yucatan
Stranded during later rifting. The arch is bounded on its southwest

A

‘border by a left-lateral fault, the La Babia fault (Charleston,
‘Ef which was most likely an active strike-slip fault during
EE ‘Triassic to Middle Jurassic continental rifting of northeast-
leco The Burro-Salado arch forms a slightly offset con-
atlﬁnﬁf the northwest-trending Tamaulipas arch located to
the southwest (Wilson, 1990). The Tamaulipas arch (San Carlos
def Alfonso-Zwanziger, 1978) is supported by Permian-
i hSlCmtruswe basement (remnants of the late Paleozoic island
(AL ” trends parallel to the Rio Grande southeast from Mon-

| ”fm Tampico (Wilson, 1990). It is bounded on the east by a
e "ﬁﬁ or right-lateral fault, the Tamaulipas-Chiapas fault (Fig. 3;
* Pindell, 1985; Wilson, 1990). Pindell (1985) stated that the

T

C

» Tamaulipas trend and this bounding fault extend along the eastern
i ’ can margin from Tampico south past the Golden Lane high

¢ ”E"* shore at Veracruz. The Arenque field at Tampico is located
4w ;-1?
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on this structure, Pindell and Dewey (1982) and Pindell (1985)

concluded that the major bounding fault on the east was a right-

lateral transform fault between the Yucatan plate and the south-

western tip of the North American plate, that allowed migration
of Yucatan away from the Texas-Louisiana margin during forma-
tion of the Gulf of Mexico. The linearity of the trend and the fact
that the Tamaulipas arch was a basement high from the Late Tri-
assic to Late Jurassic (Wilson et al., 1984) support a strike-slip
Interpretation (Pindell, 1985).

Province 4. Late Cretaceous foreland basins include the
Parras and La Popa basins (Figs. 1, 2, and 5). The Parras basin
is confined between the Coahuila block and the Sierra Madre
front. The northern limit of this basin is marked by the San
Marcos fault. The La Popa basin is north of the Parras basin and
is flanked to the east and west by the Coahuila folded belt.
These basins contain nearly 5000 m of Campanian to Maas-
trichtian shallow-marine and deltaic terrigenous siliciclastic
rocks of the Difunta Group (Weidie and Murray, 1967; Laudon,
1975, 1984; McBride et al., 1974; Soegaard et al., 1997). The
structures in the Parras basin are of Laramide age and are highly
variable depending on proximity to the Sierra Madre front
(Weidie and Murray, 1961; C. A. Johnson et al., 1991). South of
the Coahuila block deformation is more intense, marked by
highly elongate, northward overturned, tight folds and minor
thrusting, with axes parallel to the Sierra Madre front. Farther
north and east, the intensity of deformation decreases with dis-
tance from the frontal detachment, and structures are elongated
open folds. Structures in the La Popa basin consist of broad
domal uplifts, salt-involved domes and diapirs, and withdrawal
synclines (Johnson, 1989).

MESOZOIC TECTONIC DEVELOPMENT OF
NORTHEAST MEXICO

The Gulf of Mexico depicts a Mesozoic divergent margin
basin formed through rifting and extension of Pangea, tollowed
by breakup, sea-floor spreading, and migration of variously cool-
ing and thermally subsiding tectonic plates (Ball and Harrison,
1969; Walper and Rowett, 1972; Dickinson and Coney, 1980; Pil-
ger, 1981; Pindell and Dewey, 1982; Anderson and Schmidt,
1983:; Buffler and Sawyer, 19835; Pindell, 1985, 1993; Salvador,
1987. 1991a; Pindell et al., 1988; Ross and Scotese, 1988: Pindell
and Barrett, 1990; Marton and Buftler, 1994). The various pro-
posed scenarios differ primarily in initial plate configurations
(e.g., initial position of the Yucatan plate), plate motions (clock-
wise vs. counterclockwise rotation of Yucatan during breakup),
the significance of major intracontinental transforms in Mexico.
and the amount of attenuation of continental crust during rifting
(e.g., cf. Buftler and Sawyer, 1985; Pindell, 1985). It is beyond
the purpose and scope of this chapter to review or resynthesize
the tectonic model for the Gulf of Mexico, but for the sake of
placing northeast Mexico into a larger tectonic framework, a brief

synopsis follows. Readers should refer to Pindell (1985) and Pin-
dell and Barrett (1990, Plate 12).
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1 ate Paleozoic reconstruction of Pangea

s that was to influ-
The structural pattern of hasement blocks tha | l

: soraphy in northeastern Mexico largely

ce later Mesozoic straigrapily : _ :
= | Mississi pian (o Early Permian,
flects the effects of Late MissiIssIp : |
% ' the North American, South
hita-Marathon suturing of the :
oS d Green, 1980; Pindell
American, and Yucatan plates (Salvador an - A

and Dewey, 1982; Wilson, 1990). Convergemq orogeny Was
achieved m;h ocean closure during mntinent-connnent_collmon,
whereby Yucatan filled the gap between North Ar%]enca to th?
north and west and South America to the south (Pindell, 1985;
Pindell and Barrett. 1990. and figures therein). Rlesultant accre-
tionary complexes (e.g., Marathon-Ouachita terrains) are mw
by metamorphosed and unmetamorphosed Pemﬁan-Cafbonlfer-
ous continental rise and slope sediments and orogenic ﬂysch
thrust up onto North American shelf sequences (Pindell and
Dewey, 1982). Other complexes include displaced relicts located
in northeastern Mexico (1.e., the Las Delicias and Ciudad Victoria
localities mentioned here). The positions of these accretionary
complexes (Figs. 3 and 5) and associated thrust-loaded foreland
basins (e.g., the Val Verde, Marfa and Pedregosa basins located
north and northwest of the Monterrey-Saltillo area) suggest
southeast-dipping subduction of the North American plate
(Pindell. 1985). The location of the suture zone in northeastern
Mexico is believed to be between the Marathon belt and the zone
of Permian-Tnassic intrusive rocks that underlie the Coahuila
block and southern Sabinas basin (Fig. 5). These granites and
granodiorites are the remnant roots of an island arc system devel-

oped south of the continental suture (Pindell and Dewey, 1982; .
Pindell, 1985; Wilson. 1990).

Late Triassic to Callovian rift stage

‘ Rifting and initial segmentation of Pangea (Pilger, 1981:
Pindell, 1985; Buffler and Sawyer, 1985) is evidenced by atten-

uated basement in northeastern Mexico expressed as basement

highs (Coahuil.:a block, Burro-Salado arch, Tamaulipas arch)
and lows (Sabinas and Magascatzin basins, the Montcrrey

trough): Basement features were often bounded by left-lateral
Late Triassic to Liassic strike- ’

F’f Permian-Triassic defo

-slip faults cutting across the strike
rmation and intrusion. Strike-slip fault-

ysis (Goldhammer et al., 1991, Figs. 12 and 13) constrains the

rift to drift transition at 150.5 Ma.
Counterclockwise rotation and southerly transport of the

Yucatan block initiated about thi§ time along the dextral.
Tamaulipas-Chiapas transform (Pindell, 1985), and majoy
intraplate motions occurred via left-lateral movement along the
Mojave-Sonora megashear (Anderson and Schmidt, 1983).
which trends along the southern edge of the Coahuila block
(Fig. 5). Bajocian to Callovian movement along the megashear
(and other intracontinental zones of left-lateral offset) involyv-
ing displacements of several hundred kilometers allowed
blocks of Cordilleran Mexico to migrate along with South
America during initial breakup. This motion maintained an
effective land bridge between North and South America until
the Callovian, preventing any influx of Pacific seawater into
rift basins. Pindell (1985) speculated that this sinistral move-
ment in Mexico was driven by oblique subduction of the Kula-
Farralon plate beneath the Yaqui and South American plates.
This subduction zone, as evidenced by a calc-alkaline volcanic
arc located to the northwest and west of northeastern Mexico,

was persistent from Late Triassic through Late Jurassic time
(Pindell and Dewey, 1982).

Upper Jurassic drift stage

Sea-floor spreading in the Gulf of Mexico began in the earliest
Oxfordian (Buffler and Sawyer, 1985; Pindell, 1985) as the
Yucatan block migrated essentially to the southern tip of the
Tamaulipas arch. As motion along this fault ceased, the Tamaulipas
arch subsided and was eventually onlapped by Upper Jurassic car-
bonates. To the west, southeastward transport of Mexican conti-
nental blocks along sinistral intracontinental transforms ceased
during the Oxfordian: the Zuloaga Formation masks the megashear
and is not offset by the fault zone (Pindell, 1985). Salt deposition in
the Gulf of Mexico terminated as circulation of near-normal
marine seawater was established. Pindell (1985) linked this early
Gulf of Mexico freshening to the formation of a mid-oceanic ridge
System, which split the Callovian salt basin into two separate salt
provinces (i.e., the Louann and Campeche salt provinces; Buffler
anc Sawyer, 1985; Pindell, 1985; Salvador, 1987, 1991a, 1991b,
1991‘3): During the drift stage, spreading accounted for continued
Separation !Jetween the Texas Gulf of Mexico and Yucatan, which
ceased durmg the pemm (Buffler and Sawyer, 1985; Pindell,
1985), at which point separation of North and South Arcrica was

concentrated in the proto-Caribbean, where sea-floor spreadin
continued (Pindell and Barrett, 1990), : ¢

Deposition of Oxfordian Strata above the breakup uncon-

formj |
ormity at 150.5 Ma was not controlled by primary rifting, but

: : ; :
ather by differentia] subsidence between adjacent basement

L i B
locks within 4 thermally subsiding margin, For example, dep-

lasic ftes g oo 04i8n and Kimmeridgian nearshore
° (La Gloria Formation, discussed in the following)

I-water carbonate facies (Zuloaga and San
Were a direct function of Proximity to base-

Mesozoic sequence

B )
]‘ths and topographic islands. The Tamaulipas arch in
particular subsided into an irregular mosaic of islands which

' 'HT: BIN - EalriEL . 2
,UU by nearshore siliciclastic sediments and high-

'f';;ﬁcarbonate grainstones that grade offshore Into lower

energy, argillaceous micritic carbonates that mark basement

VoY

“wﬁ; ilson, 1990). Differential subsidence was also influ-
H;fjﬁ part by migration of underlying evaporite. analagous to
he U.S. Gulf Coast (Pindell, 1985). This is confirmed in north-
es ,n. eastern Mexico by consideration of regional Callov-

L;: stratigraphic development and facjes
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satterns, characterized by rapid lateral changes in facies com-
)1 rgj by abrupt variations in thickness (Salvador, 1987,
991a, 1991b, 1991c; Wilson, 1990). Tithonian to Berriasian
»dim entation primarily reflected a reduced influence of preex-

iting basement highs, with the exception of the Coahuila block
[ m Mexico. Here, extensive clastic deposits (non-
farine to nearshore marine La Casita Formation, discussed in

'

fJﬁ bwing) derived from the Coahuila block filled in remain-
ﬁsitional lows, whereas offshore areas distal from the
ﬁga block accumulated shales and deeper water carbon-
a Caja and Taraises Formations). At this time the
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Eénzontal plate motions associated with the opening of the
ﬂ‘rn Mexico were completed by the Berriasian. At this time

.Y
L

hwg}ﬁ' Mexican passive-margin underwent continued
*;; tectonic subsidence and crustal cooling. Throughout
OSE of this period extensive carbonate platforms with cumula-

tive shelf thicknesses of about 2000 m developed around the
ﬁ € Gulf of Mexico. This trend was punctuated by minor
P 4 CRAL . . . . . X . .

gg*'of clastic sedimentation in the Sabinas basin in the Aptian

E]H v gl

'_'“ﬁ___ﬁ“AIkOSEJ; La Peiia shale) and in the Maverick basin in the

ﬂ facies) related to second-order relative sea-
[ e h:"f"-.::.'-;;-' . - A
gl;;effects. In the larger scheme, however, terrigenous silici-

e . . - "
(Clastic sedimentation was restricted to the arc systems bounding
the P;
. |".":r'{

: realms (Pindell,1985). The Coahuila block remained a
' 1?;‘* high, but was no longer exposed and supplying silici-

-!_;._,ﬁe;f-sediments. Instead, it controlled the distribution and
‘Progradational patterns of carbonate facies (Wilson et al., 1984).
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n this section I review the stratigraphic and paleogeo-
bhic evolution of the northeast Mexico region by presenting a
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ﬂ paleogeographic maps coupled with an integrated
| ;:!}?éS’tratigraphic framework for the Mesozoic of both north-
 €ast Mexico and subsurface equivalents in the Texas Gulf Coast.

géhi‘onostratigraphic chart (Fig. 6) is modified from the ver-
Pllbllshed by Goldhammer et al. (1991). In addition to the
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44 sources originally cited by Goldhammer et al. (1991) used to

construct the chart, the following additional references were

Incorporated in modifying it to its present state (Marquez, 1979:

Scott et al., 1988: Salvador, 1991a, 1991b, 1991c¢: Salvador and

Muiieton, 1991; McFarlan and Menes, 1991; Sohl et al., 1991:

Wilson and Ward, 1993: Basanez-Loyola et al., 1993; Cantu-
Chapa, 1993: Scott and Warzeski, 1993, cited in Scott, 1993:
Yurewicz et al.. 1993; Scott, 1993: Marton and Buffler, 1994:
Moran—Zenteno, 1994; Lehmann, this volume; Michalzik and
Schumann, 1994; Kerans et al., 1995). The chronostratigraphic
chart (Fig. 6) depicts formational stratigraphy, major facies rela-
tions, and the second-order sequence stratigraphic framework
used 1n this study. As summarized herein, the Middle Jurassic to
Lower Cretaceous stratigraphy of the Gulf of Mexico province
can be subdivided into four major second-order depositional
supersequences (~15 m.y. duration), that have regional signifi-
cance. The chronostratigraphy is tied to the Haq et al. (1987)
time scale; we emphasize that. throughout this chapter the ages
of the sequences and their boundaries are uncertain.

Owing to the structural deformation within the Monterrey-
Saltillo area, original large-scale stratigraphic geometries are
lacking. However, in south Texas and in the East Texas salt basin,
ample two-dimensional seismic coverage allows the visualization
of essentially undisturbed stratigraphic architecture of age-equiv-
alent strata and enables the reconstruction of original strati-
graphic geometries and relations in northeast Mexico (e.g., Todd
and Mitchum, 1977; Bebout and Loucks, 1977). Unlizing these
age-equivalent subsurface analogs from the Texas Gulf Coast,
one can schematically portray the predeformed general sequence
architecture and facies relationships for northeast Mexico (Fig.
7). This schematic is based upon regional seismic data from south
Texas and east Texas, and biostratigraphically constrained
regional well-log cross sections from south Texas and extreme
northeast Mexico (see Goldhammer et al., 1991 . Figs. 31-37; see
also regional cross sections in McFarlan and Menes. 1991)!

An excellent example of such data is displayed in Figure 8,
which shows a relatively undeformed regional seismic dip line
from a two-dimensional survey in south Texas. This northwest-
southeast—trending line is <24 km from the Texas-Mexico border
and parallels the Rio Grande River. Figure 9 is a line drawing of
the seismic data with the stratigraphic Interpretation, constrained
by unpublished biostratigraphic data and well-log control. The
implications of this seismic section are discussed in full later, but
it 1s introduced here to support the reconstructed stratigraphy
proposed for northeast Mexico in Figure 7.

With the framework provided by Figures 6 and 7, I now
investigate in some detail the Mesozoic stratigraphy and facies
development of northeast Mexico principally Dy using a series of
paleogeographic maps. These maps are based on a distillation of
many of the literature sources cited earlier in the text, and those
citations following. However, some unpublished subsurface data
were incorporated, particularly for some of the Texas Gulf Coast
portions of the maps; these data include unpublished gravity and
magnetic data, seismic data, and well-log information. Many
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" In the Late Triassic to Middle Jurassic, the western Pacific

[ .1'.1:" '-. L
TSR

~ Mexico and Gulf of Mexico provinces were characterized by a
L ﬂhf_.:.'ff:‘.-. t. Uil !

‘reconstruction. The primary goal of the maps presented here is to
1 north-

- €ast Mexico in a more regional framework.

,;-;_Zl}iassic to Middle Jurassic (pre-Callavian)

complex pattern of basement highs and lows (Fig. 10). Mexican
basement trends are based on published sources, whereas the
Texas basement grain is simplified from more detailed, propri-
etary gravity and magnetic interpretation provided to the authors
(J. Witte, 1997, personal commun.). Basement highs occurred in
the form of (1) fault-bounded uplifted blocks composed of Per-
mian-Triassic basement (e.g., the Coahuila block); (2) positive
anticlinoria cored by Precambrian basement (e.g., Huizachal-
Peregrina anticline; Woods et al., 1991); (3) regional north-
northwest—south-southeast—trending anticlinal arches, cored by
complex metamorphosed Paleozoic rocks (e.g., the Burro-Sal-
ado-Picachos trend); (4) regional north-northwest—south-south-
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' ‘ I e ” ismic line shown in Fig
Fioure 9. Line drawing of interpretation of seismic .
d;il and industry well-log control. SMK refers to Smackover Forma

east—trending anticlinal arches. cored by Permian-Triassic Intru-
sives (e.g.. the Tamaulipas arch; Lopez-Ramos, 1972); and (5)
broad, widespread positive areas such as the Llano uplift. Base-
ment lows occurred as (1) fault-bounded rift grabens with synrift
fill (e.g., redbed facies in the Huayacocotla anticlinorium; Sal-
vador. 1991b): (2) regional north-northwest—south-southeast—
trending lows or troughs (e.g., the Monterrey trough); or (3)
irregularly shaped depressions bounded by smaller basement
highs (e.g.. the East Texas salt basin). The Chihuahua trough and

incipient(?) Mexican geosyncline are interpreted to be backarc

lows or extensional basins driven by Pacific arc effects. The base-
ment lows northeast. east, and southeast of the Coahuila block are
interpreted to owe their genesis to Gulf of Mexico rifting.

During this period, redbeds and associated volcanics accu-
mulated within fault-bounded graben systems around the entire
Gulf of Mexico (Stone, 1975: Todd and Mitchum, 1977; Salvador,
1987, 1991a, 1991b). In northeastern Mexico, these deposits
compose the Huizachal Group, to which Mixon et al. (1959)
assigned a Late Triassic age. Mixon et al. (1959) subdivided the
Huizachal Group into the lower La Boca and upper La Joya
fo_rmations (Fig. 6). The La Boca Formation (late Carnian to mid-
Pliensbachian) correlates to the Eagle Mills Formation (Stone,

and igneous dikes and sills of rhyolite to andesite or diabase
aqdfor basalt composition (Fig. 11A-D; Corpstein, 1974- Padilla
Sanc;hez, 1982). The redbeds represent nonmarine allu:fial fan
ﬂu»izal, and lacustrine depositional settings (Corpstein 1974j
Padilla S4nchez, 1982; Salvador. 1987, 19912, 1991h: Mi:;halzik,
1988). These deposits unconformably overlie late1 Paleozoir;
metasedimentary or Permian-Triassic granite basement. Thick-

NEsses are on the order of 300 to 2000
: . _ m, but pr 0y
restricted to rift basins (Stone. 1975; Wilson. lggoli;fesewauon IS

ure 8 Stratigmpﬁjﬁiiﬁtﬁ'ptemﬁm-is constrained by unpublished biostratigraphic
tion. HVL is Haynesville, and 144 and other numbers refer to Ma.

S,]mc]asucmckssubordmate freshwater limestones (Corpstein,
1974: Padilla Sdnchez, 1982; Michalzik, 1988). The redbeds
include shales, siltstones, and coarser sandstones and con glomer-
ates (volcanic and feldspathic litharenites; Bracken, 1984) that
record contmued infilling of areally restricted rift basins. The L1
Joya laps out onto basement highs and is in part coeval with the
Callovian evaporites (Fig. 11, A, E, and F). The La Joya equates
with the thin redbed section (restricted to updip positions; Stone.
1975) at the base of the Werner Anhydrite (Fig. 6).

Callovian to early Oxfordian

In the Callovian to early Oxfordian, the western Pacific Mex-
ico province was bounded to the west by the San Andres—Sinaloa
magmatic arc complex (Fig. 12; Tardy, 1977; Servais et al., 1982.
1986; Araujo-Mendieta and Arenas-Partida, 1986: Sedlock et al..
1993). West of the Aldama peninsula and Coahuila block, the Mex-
ican geosyncline accumulated shallow-marine clastic and volcani-
clastic sediments derived from the arc, whereas the Chihuahua
trough was a restricted marine basin, perhaps in part evaporitic
(Cordoba, 1969; Cordoba et al., 1970, 1980; de Cserna, 1970,
1979, 1989; Rangin and Cordoba, 1976; Gonzaléz-Garcia, 1976;
Gonz'élez; 1989; Tardy, 1977; Rangin, 1978, 1979: Gastil. 1983:
Gastil et al., 1986; Dickinson, 1981; Tovar Rodriguez, 1981;
Roldan-Quintana, 1982: Serﬁai,s:'_ct al., 1982, 1986; Brown and
Handschy, 1983: Cuévas-Pérez, 1983: Cuévas-Pérez et al., 1985;
Marquez-Castaneda, 1984, in Moran-Zenteno, 1984; Cantii-Chapa

et 31.-, 1985: Campa-Uranga, 1985: Araujo-Mendieta and Arenas-
Partida, 1986: Moran-Zenteno 1994)

- .

_ In the Gulf of Mexico province, widespread evaporite depo-

sit Té t Te

. 'on occurred from the East Texas salt basin through south
ex?s, and as transgression continu

portions of the Sabinas

: . < |
YaPorite crops out as deformed masses of gypsum (Fig. 13, A

and B: Weid; . | |
formably 2$fliand Mm@eZ, 1970; Laudon, 1984) that uncon-
1€ the Huizachal redbeds and/or Paleozoic base-

Rt ( ig 6). The Minas Viejas is a marginal-marine deposit that
= orks the initial marine incursion into restricted, land-locked rift

| exact predeformed thickness (~1000 m), Jateral dis-
AT n‘,and depositional setting are unknown. The gypsum
£ ﬁés'--pfobably represents the more landward fringe of these
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yrite basins, with thick halite accumulating in basin centers.
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The age and northern Gulf Coast equivalent of the Minas
Viejas are somewhat problematic. Many workers (Humphrey,
1956; Weidie and Wolleben, 1969; Oivanki, 1974; Stone, 1975;
Meyer and Ward, 1984; Wilson et al., 1984; Finneran, 1986;
Winker and Buffler., | 988) consider the Minas Viejas to be equiv-
alent to the Werner-Louann of the northern Gulf of Mexico (Fig.
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A: Panorama of Upper Tnas-
Jurassic Huizachal Group
n by Olvido evatl::on:hes
cum). in turn succeeded by e
E)glyvljjdn lir)ne mudstone, just west of routes
58 and 61 intersection, Stale of Nuevo
I con. Lower redbeds here are probably
[ 2 Boca rocks (Upper Trassic) oxfa‘lam
unconformably by conglomeratic La
Joya strata (Jurassic). If this interpretation
is correct, Callovian to Oxfordian por-
tion of section is absent, p(mumabl} hfw-
ine lapped-out downdip. Kimmeridgian
fauna in carbonate unit, Olvido lime
mudstone (J. L. Wilson, 1989, pe_monal
commun.), supports this interpretation. B:
Intrusive igneous dike (vertical, center gf
photograph) crosscutting La Boca arkosic
redbeds. Person for scale ~2 m. Same
locality as A. C: Fining-upward felds-
pathic litharenite in La Boca Group. Note
channelized base with coarse pebble con-
glomerate fining upward into cross-bed-
ded sandstone. Stratigraphic up direction
is to left. Same locality as A. D: Coarse,
angular, poorly sorted conglomerate of
La Boca Formation. Note vanous rock
fragments (metamorphic, sedimentary,
and volcanic) derived from Paleozoic
basement. This photograph was taken in
Novillo Canyon, to south near Cuidad
Victoria. E: Line drawing of stratigraphic
relations observed at Huizachal road cut
(see A). F: Line drawing illustrating strat-
igraphic interpretation inferred from F el
roadcut. Note position of 144 Ma super-
sequence boundary. Compare these rela-
tions with those of regional seismic line
from south Texas.

Figure 11.
sic to Lower :
redbeds, overlal

- —
A A A

6). Alt‘hough a Callovian age for the Werner-Louann cannot be
unequivocally demonstrated, the majority of evidence indicates a
Callovian—earliest Oxfordian age (Imlay, 1980; Salvador and
Green, 1980; Scott, 1984: Salvador, 1987 19912;, 1991b) Ti[:ls

>equence of evaporites (Oxfordi ' |
rd Frptiany
nated the Olyidg €vapori 55 Klmmandg] 4n) 1s desig-

te (Buckner €quivalent: Fig. 6),

OOUITIC, SKELETAL
GRAINSTONES

- INTERPRETATION OF HUIZACHAL ROAD CUT

I-'WEW FROM FIOAU.'
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Ly = - NN MR B e st SEES T — e — — .

. Y 2 HUIZACHAL
Ny - [ GP

pmvg:;ln‘tgh this tnnf:', (Fig. 14? in 't!]e western Pacific Mexico
e that, e tectf}mcally actlve-_ Sinaloa terrain was uplifted
Bl .ﬂlcont;acuonal de:formatlo_n occurred to the east, thus
INg the ancestral Mexican geosyncline west of the Aldama
%:E;“S“la and south and west of the Coahuila block (Fig. 4:
Y, 1977; de Cserna, 1979, 1989; Cordoba et al., 1980; Dick-

?

ﬁ;ﬁ;sfl?iﬁd&l;;ajs ctal., 1982, 1986; Araujo-Mendieta and
hca, 1986). Earlier deposits of the Mexican geosyn-

cline were d
¢ deformed along a north-south zone termed the

Zacatecas
“Guanajuato thrygg front by de Cserna (1979). Within
shallow-marine carbonates (low

the Chihuahya trough, restricted

CALLOVIAN - EARLY OXFORDIAN

i ‘_..u._-..

)

] > j
,‘-.:_,5' RO NT|- :
oS TROUGH YA
. ; + +

""~f.
oy

Ly i
5 'I."'. i ity ] ?1 ."‘ﬁt } "
R Sy 1)

lgyre 12. A: Key for all paleogeographic reconstructions with the

HE L';}f' ‘1
§K§eptmn of that shown in Figure 10. Map of Callovian to early Oxftor- f_

e AT o

- dian paleogeography (sce text).
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pra Carbonate | Mudstone and Shale
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Nearshore Medium-To-Fine - - Cakwat:ub’sm Siltstone,
Grained Clastics - — (Phosphatic Lime Mudsione)
Peri c Non-Marke & M
Marine Volcaniclastics
Muddy, Lagoonal Carbonate
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: i facies were
’ -  high-energy grainstone |
' ramp-crest nig ‘ _ |
ned clastc sediments in 06 2L mmgfu:;lthby neirshore marginal-marine clasﬂ‘l’ sedé‘::ﬁ: -l:
energy, lagoonal) and ﬁne-gf'alﬂjrser orained shallow-marine flanked lznd downdip into off-ramp deeper marine shales ; 3 S'.‘,l NN *
mongh cesker ¥ B i Cg- Céré:oba et al., 1970, 1980: and grad 076; Zwanziger, 1979; Padilla Sdnchez, 1986; Sal-

Jastic sediments (Cordoba, 196 ‘ | bk
Seaf?;ma, 1979: Gonzélez. 1976: Tardy. 1077: Araujo-Mendie

and Arenas-Partida, 1986; Moran-Zenteno, 1994).

1éz-Garcia, 1
vador, 1987, 1991a, 1991b). In east

classic Buckner (0 Smackover ramp Sy

Texas and south Texas, the
stem rimmed a regionally
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KIMMERIDGIAN ' |

: g _marine car- .
In the Gulf of Mexico province (Fig. 14), shallow-marl ]
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;;a;;;u,gflgure 14. Middle Oxfordian to Kimmeridgian paleogeography (see text). See Figure [ 2A tor key. Southernmost extension of Zuloaea Formation is
PR 11__ % v L -

: ff$*-'=’]§)2:11‘l’.ly speculative and may actually be largely coarse siliciclastics of Las Trancas Formation (turbiditic sands).

Figure 13. A: View of highly deformed Cal .L
Potrero Minas Viejas, breached northwest-

150.5 Ma break-up unconformity. In this in : Y : AR ks . ’ﬂ*’*m,{‘ "

this evaporite to be Kimmeridgian, equi - : s b S ‘ R1:
, €quivalent to Olvid - : , ~ exposed land mass to the north (e.g., Budd and Loucks, 1981;
as perhaps result of so]ution-collapse of underlyin ;;vz;gcﬁfg' Clﬂse_up view of brecciated 1 ) e-8

iy
with conspicuous quartzo-feldspathic sand grains, F

"‘

|

_: Formation (Figs. 6 and 15; Imlay, 1936; Stone, 1975; Oivanki.
1974). 1t 1s the first prominent marine sand, overstepping the

breakup unconformity at 150.5 Ma. It equates in part to the

~ Presley, 1984). In northeast Mexico and adjacent to the south,
I.Iul.f_ll;lr!'l_,.;l "'F LN : \
-:?ﬁ_i.“gea"%!}ﬂlﬁgous carbonate ramp systems developed, nucleating on pre-

lbagal quﬂaga above contact, Brecciation interpreted
oria fac:es composed of sandy carbonate grainstone

millimeter-scale cryptalgal laminite with d etires. pocelity north of General C

: omal LT epeda in state of C GRLHATy T . 4
]Z_ulaaga-om do Formations. Section exparay alonsgfiszist ;gfrlzatwe of peritidal deposition. This Subfacieso?gigg C[; Stutcrog photograph of ‘1§x15t1ng, exposed land masses. Norphlet Formation of the northern Gulf of Mexico (Wilson et
Imeter-scale euhedral crystallotopic molds of gypsum (calcite ﬁlle:iﬁ)r:r? 2:1131:1?;:105 along route 54 south of Saltillo. E oufm; gif;g;?alp?gfe;ﬁf 'r"' In northeast Mexico. the La Gloria Formation (Figs. 6 and al., 1984; Salvador, 1987, 1991a. 1991b) and forms a basinward-

thinning wedge of fine to coarse, feldspathic quartz sandstones

“13(:) is early Oxfordian in age (Imlay, 1936) and essentially
that lap onto exposed basement highs (Coahuila block. Tamauli-

'.fi:?;i}fépresents the updip, transgressive clastic interval of the Zuloaga

. |:| ""'m.t“- i
Mg
] i._‘ 1-|E.l.r'1' :‘I{ '.-_::-J'i-
B 1o LT

unuelos. F: Outcrop pho-
subtidal cycle boundary.
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nhticm from the rift to drift stage of passive-margin development.
,The Zuloaga 1s Oxfordian (Imlay, 1943) and is correlated with the
;;“Smackover Formation of the northern Gulf Coast (Fig. 6). Grain
t'E%YPes and depositional facies are very similar to the Smackover
hf’*HFonnatlon in south Texas (Stone, 1975; Budd and Loucks, 1981;

??g‘?f*.]ohnson, 1991). It unconformably overlies Huizachal redbeds or
LR e oo

e‘z&*ﬁq\ Minas Viejas evaporites. This transgressive carbonate formed an
.-L_'fféiﬁiﬁé;}i%‘)(tensive low-angle, gently dipping ramp that nucleated proximal

A% '_ﬂ-.. ::l t. =-'-'

ko exposed basement highs (Fig. 16; Oivanki, 1974; Johnson,
l]991) Regional facies patterns and isopachs (Oivanki, 1974;
 Sandstrom, 1982; Meyer and Ward, 1984; Finneran, 1986; John-
i ~ son. 1991) suggest that the Coahuila block was a prominent topo-
i ~graphic high, and that the Tamaulipas arch was a mosaic of islands
" forming an archipelago trending north-northwest—south-southeast
" (Fig. 14; Oivanki, 1974; Todd, 1972; Stone, 1975). Proximal silici-

~ clastic sediments (La Gloria) rimmed the exposed islands, passing
"gffshore into sabkha, tidal flat, and restricted lagoon environ-
it ‘ﬁ;ents of the inner ramp, in turn rimmed by extensive high-energy
e TS(.;j"rarl:mrl::vtte sand shoals at the ramp edge (Figs. 13, D-F; 15, A and
b,wanl(l, 1974; Finneran, 1986; Johnson, 1991). Deeper, low-
\ jiﬁnﬁlergy subtidal environments characterize the outer ramp (Meyer

e

i
i
..I.
i
Lt
f

HAYE AR ST : AL L 0 g #.6
" and Ward, 1984). e (BT Tosd
v{. * Antecedent topography resulted in marked lateral variations
I

S

}Tm thickness and depositional facies (Johnson, 1991). Depositional

C%%ftextures vary across the ramp profile, from muddy, peloidal mud-

" stones to wackestones updip (peritidal to restficted lagoon), to
) 'f"--‘-i,"

TR
b A fot
Tpa e

R

e ,gi;iﬁbid-pellet packstones and grainstones at the rgmp edge (shoals),
s riramp; Fig. 16). In

;_;_fg;%%ﬁb;mudstones and wackestones downdip (0

O ~ addition, evaporites (Ca sulfates) were an 1mpgrtant component,
TR

‘*T%%%fasevldenced by numerous crytallotopic molds, solution-collapse

~ breccias, and intercalated layers of calcite-replaced anhydrite

Il'

* and/or gypsum (Oivanki, 1974; Michalzik, 1988; Johnson, 1991).
~ Thicknesses vary from 150 to 500 m updip, to greater than 450 m
SHLHAS ATl

¥

R
41 {

~ downdip (Oivanki, 1974).
" The Olvido Formation consists of a lower, early Kimmerid-

g

~ gian portion of evaporites (anhydrite, gypsum; Fig. 15D) and red
 shales, and an upper, Kimmeridgian unit of predominantly car-

~ bonate, but with varying admixtures of siliciclastic rocks depend-

11 A

. ing on proximity to exposed paleohighs and clastic source areas

i Mesozoic sequence stratigraphy and paleogeographic evolution, northeast Mexico 23
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Kimmeridgian carbonate is ~100 to 200 m in thick (Stone, 1975;
Gonzaléz-Garcia, 1976: Padilla Sanchez, 1986). This variation in
thickness reflects differences in subsidence rates between the two
areas. The Sabinas basin was an original basement low which sub-
sided more relative to the shelfal regime flanking the southern side
of the Coahuila block. The lower evaporitic Olvido presumably
records deposition in a very restricted marginal-marine setting,
implying a brief, but significant phase of regression in the overall
Oxfordian to Kimmeridgian transgressive trend (Gonzaléz-Garcia,
1976; Padilla Sanchez, 1986).

In the vicinity of Monterrey and Saltillo, the Olvido lime
mudstone is similar to the underlying Zuloaga Formation in
terms of grain types, depositional textures, carbonate facies, and
cycle development, and is also interpreted to depict a carbonate
ramp regime (Fig. 16). The Olvido lime mudstone correlates to
the Kimmeridgian Haynesville Formation of south Texas, with
which it is lithologically very similar (Stone, 1975), as well as
other Kimmeridgian carbonates in the Gulf of Mexico (e.g., the
Gilmer Limestone of east Texas; Ahr, 1981; Steffensen, 1982).
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Figure 17. Tithonian to Portlandian paleogeography (see text). Symbols as in Figure 12A.

pas arch; Oivanki, 1974). Thicknesses are typically <50 to 100
m, but exceed 600 to 700 m proximal to basement blocks (e.g.,
southwest flank of the Coahuila block; Oivanki, 1974). The
basal La Gloria unconformably overlies the Minas Viejas,
Huizachal redbeds, or Paleozoic basement. It is in turn over-
stepped conformably by Zuloaga carbonates (Figs. 6 and 11F).
Depositional environments range from marginal marine (playa)

to nearshore shallow marine, where detrital lithologies are inter-
calated with normal marine carbonates (Oivanki, 1974). Downdip.
the La Gloria Formation grades into Zuloaga ramp carbonates
(Fig. 16).

~In northeast Mexico the a Formation (Fig. 6) marks
the establishment of open mariné conditions (Gonzaléz-Garcia,
1976; Zwanziger, 1979; Padilla Sénchez, 1986), with the transi-

i}**(Flgs 6 and 7: Carrillo-Bravo, 1963; Todd, 1972; Padilla Sanchez,

1 I‘Ir\-!";‘
il
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1982, Salvador, 1987, 1991a, 1991b; Wilson, 1989). Following

ﬁ "-gf_Goldhammer et al. (1991), the lower Olvido Formation is termed
?ﬁle Olvido evaporite and the upper Olvido is the Olvido lime mud-
*Stone (Fig. 6). Stone (1975) indicated that the Olvido evaporite
Cﬂrrelates with the Buckner Anhydrite of the northern Gult of
Memco, for which an early Kimmeridgian age has been deter-
" mined (Stone, 1975: Todd and Mitchum, 1977; Salvador, 1987,
| ‘19913, 1991b). The Olvido evaporite apparently conformably
.-'Qi?erlies the Zuloaga Formation, and 1s conformably overstepped

. by transgressive Kimmeridgian Olvido lime mudstone.

~ In the Monterrey-Saltillo area the Olvido evaporite 1s typi-
acally 20-50 m thick, and the Olvido lime mudstone varies from

| ~ 100 to 200 m thick, but in the northern Sabinas basin, the evapor-
I ltlcmterval reaches a thickness of 100 to 300 m, and the overlying
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Figure 18. A: Stratigraphic relations exposed at top of Olvido lime mud-
stone and transition into La Caja Formation. Upper Olvido is principally
cyclic grainstones with intercalated wave-rippled marine siltstones. Con-
tact is sharp bored hardground surface stained red with Fe-oxide.
Interbedded limestone layers in La Caja facies are composed of allo-
dapic (derived from updip ramp crest) grainstones that are downdip from
retrograding Olvido ramp margin. Diagram is schematic and has no
scale. B: Stratigraphic relations observable at Los Chorros anticline, east
of Saltillo. Lower La Casita facies consist of progradational (regressive)
coarse clastics (proximal fan delta facies) beneath interpreted 123.5 Ma
supersequence boundary. Upper La Casita facies consists of upward-
deepening facies and cycle-stacking motif depicting second-order trans-
gressive systems tract of 112 Ma supersequence. La Casita facies change
downdip into distal shales and siltstones of Taraises Formation, which
thins updip where 1t approximates 118 Ma maximum flooding surface of
112 Ma supersequence. Above Taraises Formation, Cupido Formation
comprises regionally upward-shallowing, basinward-prograding carbon-

ate unit capped by 112 Ma unconformity. Diagram is schematic and has
no scale.
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Figure 19. Neocomian paleogeography. Refer to text. Symbols as in Figure 12A. Much of detalewitlﬁil Guaxcﬁma carbonate platform 1s speculative:

little is known of it for this time interval.

For example, in the northern and western reaches of the Sabinas
basin, clean carbonate packstones to grainstones full of ooids,
hardened pellets, and oncolites predominate (Stone, 1975; Gold.;
hammer et al., 1991, Figs. 31-35). To the south, in the Tampico-
Misantla area, the Kimmeridgian section consists of a carbonate
ramp system that nucleated on exposed basement highs along the
Tamaulipas arch (Canta-Chapa, 1992; Todd, 1972; Gonzilez,

1977)? Here.. tidal flat facies with éryp,talgal laminites grade oft-
shore into thick (100 m) oolitic grainstones that mark the ramp

edgc (Todd, 1972). The underlymg Oxfordian section con51sts

cal Zul@aga rocks to the north. These examples serve to illustrate

g:lle role that exposed basement highs played in controlling Oxfor-
20.40; immdglaﬂ ﬂucknesses and facies evolution.

2
ﬁf{r"
| i‘

j tﬂ middle Berriasian (Fig. 6) and consists of rhythmically bedded,

, \ -"mard-pmpagann g contractional deformation with thrustin g at
5; 1e leading edge (Fig. 17; Tardy, 1977; de Cserna, 1979, 1989;
brdoba et al., 1980; Dickinson, 1981; Servais et al., 1982, 1986:
v'- * 3u_]o-Mendlet‘l and Arenas-Partida, 1986). Late Jurassic inver-
g ion and total closure of the Mexican geosyncline was achieved
’*‘3; vest and southwest of the Coahuila block, whereas to the north
.w ﬁ}. ihe Mexican geosyncline as well as the Chihuahua trough were
A sites of shallow-marine, largely volcaniclastic, clastic deposition,
(Cordoba 1969; Cordoba et al., 1970, 1980; de Cserna, 1979;
'-‘% 1.0nzélez, 1976 Tardy, 1977; AI’&U_]O -Mendieta and Arenas-
e *ﬂ* . In the Gulf of Memca provmce regmnal facies relationships
b ! ¥ é.te driven primarily by a major second-order gulf-wide trans-
;‘,gfessmn that caused antecedent carbonate ramp systems to be
‘zl -ﬂdrowned and inundated with fine-grained marine clastics, such as
" f.be Bossier Shale in Texas (Figs. 6 and 7; Salvador, 1987, 1991a,

A .‘ - 1991b). In the East Texas salt basin, gas-bearing pinnacle reefs

"-_L;, {..uand backstepped ooid shoal complexes developed on top of the

| '5 treat:mg ramp systems (Goldhammer, 1998). Much of northeast
" é fexico was likewise inundated with fine-grained marine shales

* tl %qd siltstones of the La Caja and Pimienta Shale as deeper marine
B -f"" es lapped onto preexisting basement highs (Figs. 15C and 17;
-;3;,’;; C _lj’*‘__'nzalez-Garcm 1976; Padilla Sanchez, 1986; Echanove, 1986).
f)esplte this significant marine transgression, not all land areas
5;4, iere covered. The Coahuila block in particular may have been

h"'f1 2 tGmcally uplifted at this point (Fig. 4; Araujo-Mendieta and

";”" Al renas-Partida, 1986; Limon, 1989), as indicated by a significant
h 'ux of coarse, proximal clastics into areas proximal to the
éblock particularly within the Sabinas basin (Gonzaléz-Garcia,
MQ?G Zwanziger, 1979; Padilla Sanchez, 1986; Aranda-Garcia
EJ'-: fand Eguilez de Antufiano, 1983; Eguilez de Antufiano and
'i= ;Aranda-Garma 1983, 1984: Echanove, 1986).

o In northeast Mexico, the La Caja Formation is Kimmeridgian

Ay "] ‘thin calcareous shales, siltstones, and fine sandstones, and thin

}‘ijestanes toward the base (Fig. 15, E and F; Fortunato, 1982;
Salvador 1987, 1991a). Phosphatic beds and large concretions
*t?b gﬂ phosPhatlc micrite with ammonites are conspicuous compo-

'i-fg-;wipnts Thickness 1s variable, rangmﬂ from 25 to 150 m (Padilla

__QSSIer Shale of the northern Gulf of Mexico and records oft-
“?Shore somewhat starved basinal depositional conditions. In south
-:éi{as and elsewhere around the northern Gulf of Mexico, the
.F lthﬂman Bossier Shale onlaps the underlying Kimmeridgian
* Haynesville Formation, as shown by seismic data and well-log
: pattem correlation (Stone, 1975; Goldhammer et al., 1991,
Eﬁgs 31-35). The La Caja Formation overlaps the Burro-Sal-
‘.;-&j,,ﬁ;:-a;fa};;,!{l arch. and in the Tampico-Misantla area it overlaps the
allhpas arch (Canti-Chapa, 1992; Todd, 1972; Stone, 1975;

'E;LI:_-:;"Q_:'onzalez 1977). The Kimmeridgian portion of the La Caja
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Formation is the deeper off-ramp basinal equivalent to the
Olvido lime mudstone, and hence the formation boundary with
the Olvido lime mudstone updip is a time-transgressive facies
change (Fig. 18A). The Tithonian to middle Berriasian part 1s
the deeper offshore equivalent to the updip La Casita Forma-
tion. Although the lower portion of La Casita Formation is
Tithonian to Portlandian in age, it is discussed fully within the
context of the Neocomian paleogeography in the following.

Neocomian

During the earliest Cretaceous (Fig. 19), in the western Pacific
Mexico province, arc-related tectonism induced backarc extension
within the Mexican geosyncline and rejuvenated subsidence within
the Chihuahua trough (Fig. 4; Cordoba, 1969; Cordoba et al., 1970,
1980; DeFord and Haenggi, 1970; Seewald and Sundeen, 1971;
Gonzaléz-Garcia, 1976; Gonzilez,1989; Cantid-Chapa, 1976:;
Tardy, 1977; de Cserna, 1970, 1979, 1989; Dickinson, 1981; Tovar
Rodriguez, 1981; Roldan-Quintana, 1982; Servais et al., 1982,
1986; Canti-Chapa et al., 1985; Araujo-Mendieta and Arenas-
Partida, 1986; Brown and Dyer, 1987; Sedlock et al., 1993; Moran-
Zenteno, 1994). Proximal marginal-marine to nonmarine
volcaniclastic sediments (Mezcalero Formation) draped the upper
reaches of the Mexican geosyncline flanking the exposed Aldama
landmass (Fig. 19), whereas outer ramp, deeper water shales and
lime mudstones accumulated in the central part of the Mexican
geosyncline. In the Chihuahua trough, coarse proximal clastic
material prograded southwest, flanking the Diablo arch in Texas,
where it interfingered with slightly more open-marine clastic sedi-
ments within the northwestern reaches of the Sabinas basin
(Gonzaléz-Garcia, 1976; Zwanziger, 1979; Marquez, 1979; Padilla
Sanchez, 1980).

In the Gulf of Mexico province, coarse, marginal-marine to
shallow-marine clastic facies (Hosston Formation) with local
carbonate accumulation (Knowles Formation; McFarlan and
Menes. 1991) rimmed a large exposed landmass in Texas (Fig.
19), changing facies downdip into offshore shales and siltstones.
This pattern of terrigenous influx was common all along the
periphery of the Gulf of Mexico at that time (Stone, 1975; Todd
and Mitchum, 1977; Salvador, 1987, 1991a, 1991b; see Gold-
hammer et al., 1991, Figs. 31-35). Within the Sabinas basin
coarse marginal-marine to shallow-marine clastic sediments
(Barril Viejo and La Casita Formations) accumulated north of
the Coahuila block, passing downdip into finer grained, more
open-marine facies of the Menchaca and Taraises Formations in
the Burgos basin (Gonzaléz-Garcia, 1976; Padilla Sanchez,
1986; Eguilez de Antunano and Aranda-Garcia, 1983, 1984,
Echanove, 1986). To the south, in the Tampico-Misantla area,
low-relief carbonate platforms were established on top of old
basement high areas, forming a complex of aerally restricted
platforms that together compose the Guaxcama carbonate com-
plex (Gonzalez, 1976, 1977; Enos, 1983; McFarlan and Menes,
1991). These low-relief banks attained thicknesses of as much
as a few hundred meters during that time (McFarlan and Menes,
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e. from restricted

; - 188 _r('iﬁl
1991), and display a zoned lateral 48 -energy, lagoonal

peritidal carbonate (dolomites), © qud}-*. low-ener
carbonate, t0 normal marine bank facies at their perp

and east of the Guaxcama complex, deeper marine outel:r mﬁg
lime mudstone and shale facies rimmed the complex. 10

| ' tes
east. lower Tamaulipas <hales and deep-marine carbona

-immed the entire Gulf of Mexico. . |
Locally, in northeast Mexico. the La Casita Formation (late

Kimmerideian to Hauterivian age. Fig. 6) represents 4 period of
major clastic influx (Stone. 1975: Fortunato, 1982 FOFEUM:T
.nd Ward, 1982; Smith, 1987 Salvador. 1987, 1991&,'1991 ,
Michalzik and Schumann. 1994). The age ancl. thlckne:SS
(650-800 m) of the La Casita rocks vary geographically (FIZ
20 in part a function of proximity to the exposeC foie
block. from which most of the detrital material was derived (For-
tunato. 1982). The La Casita correlates with the Cotton Valley
Group (Tithonian to Berriasian; nearshore Schuler and offshore
Rossier Formations), as well as the overlying Hauterivian
Hosston Formation (Stone. 1975: McFarlan and Stone, 1977,
Todd and Mitchum, 1977: Salvador, 1987. 1991a). The apparent
absence of any Valanginian strata in a shelfal position separating
the Cotton Valley from the Hosston Formation (Fig. 6; Stone,
1975: Todd and Mitchum, 1977 McFarlan and Stone, 1977;
Goldhammer et al.. 1991) is of major significance 1n parts of the
Gulf of Mexico. This unconformity at the top of the Cotton Val-
ley is marked by extensive subaerial erosion in shelfal positions,
and lowstand clastic wedges downdip of the Cotton Valley shelf
margin (McFarlan and Stone. 1977 see Goldhammer et al., 1991,
Figs. 35 and 36). Typically, in a basinward position the upper part
of the Schuler Formation is characterized by an interval of lime-
stones that thickens seaward (~20-30 m thick; Stone, 1975). the
Cotton Valley Lime or Knowles Limestone (Mann and Thomas,
1964), that is essentially subjacent to the top Berriasian uncon-
formity (Stone, 1975; Todd and Mitchum, 1977).

In the Monterrey-Saltillo area, the La Casita Formation has
been subdivided into three regionally pervasive stratigraphic
units that appear to correlate to the northern Gulf of Mexico
section, both lithologically and biostratigraphically (Fortunato
1982: Fortunato and Ward, 1982). The three units are inter:
preted to depict main stages in the progradation and retreat of
an extensive fan-delta complex (Figs. 18B and 20). Unit 1 (137
to 148 m thick) of Fortunato and Ward (1982) consists of black
carbonaceous mudstone and siltstone (Figs. 20 and 21C) with
some burrow-mottling and scattered layers rich in oyster-like
pelecypods. This unit, interpreted as a prodelta deposit on a
deep subtidal shelf, equates to the lower Cotton Valley rocks
.and is probably Tithonian in age, although there are no biostrat
igraphic data to support this contention. Unit 2 (350 m thick) '-
pr@ominant]y fine- to coarse-grained sandstone (texturall arfi
mineralogically immature arkose and lithic arkose) with 311&11
conglomerate intervals in the lower and upper parts (Fies 2%
and 21A; Fortunato and Ward, 1982). Burrow mottlin 5— '
cross-bedding (Fig. 21D) and channeling are commongf:ea;l:i]
Both coarsening-upward cycles (meter scale; mudstones ami

to coarse qandstone Of cnnglc}merate), and fining-
" | - ]
(meter scale: pebble conglomerate 1o medium

| 18.
ur in the lower and upper part |
Sand;tlogea;zicde] Chorro, ~120 m from the top of unit 2, cal-

careous beds reveal a Kimmeridgian 1O Portlandian fc.rz_n.m.i
ostracod assemblage (Fortunato, 1982:‘, 230 m from tlje b;f;g. of
the Canon del Chorro measured Se'Ct.IOH of Fortunato, 1982).
Ammonites of Hauterivian to Valanginiah age were found ~40 m

above this by J. L. wilson (270 m from the base of the Canon

del Chorro measured section of Fortunato, 1982). What this
is that the lower 730 m of unit 2 at this locality 1s

. and equivalent to the Cotton Valley rocks, and
the remaining ~120 m s Lower Cretaceous and equivalent in
part to the Hosston Formation, although additional biostrati-
graphic data are needed to confirm these correlations.

For the sake of clarity the Upper Jurassic portion of unit 2 1s
unit 2A and the Lower Cretaceous interval is unit 2B in Figure 6
(see also Fig. 18B). Units 2A and 2B represent lower alluvial-fan

siltstones
upward cycles

‘o shallow-marine deposition during the maximum seaward

advance of the fan-delta complex (Fig. 20; Fortunato and Ward,
1982). Fining-upward cycles demarcate fluvial deposition on distal
subaerial alluvial fans. Coarsening-upward cycles depict pro grada-
tion of delta lobes in coastal and submarine-shelf environments.

The overall nature of these coarse siliciclastics suggests rapid depo-
sition of immature sediment in a fluvially dominated domain with-

out substantial marine reworking.
Unit 3 (115-310 m thick) consists of siltstones and trough

cross-bedded or burrowed sandstones intercalated with thin car-
bonates (Figs. 18B and 20). This upper unit of the La Casita at the
Caiion del Chorro section (Fig. 6) is probably Hauterivian (on the
basis of biostratigraphic control) and equates to the upper
Hosston Formation of the U.S. Gulf Coast. The transition from
unit 2 to 3 is marked by the first occurrence of micritic dolomite
(Fig. 21F). The unit becomes generally finer grained, thinner bed-
ded, and more calcareous upward, where it grades conformably
into the Taraises Formation (Fig. 21B; Fortunato and Ward,
1982). A few dark marine shales are also prominent toward the
top. This unit marks the waning of coarse siliciclastics and the

T

Ef;;f] 2:;1%1 %ﬁhGenerahzﬁd Straﬂgfaph_ic column of La Casita Formation at
S g ynnre (; mi (qu Chom?s anticline), Canon Cortinas, and Canon
Thickness of SZ Df:tlons in Fig, 2). Datum is base of Cupido Formation.
complications (fr II:enzo section may be too great owing to structural
development of ]_?n:j SnaLY and Ward, 1982). B: Schematic model for
ing Late ]m.azs- i s Foﬂnﬂtl_on in Monterrey-Saltillo area. (A) Dur-
e i ;?laemg_enous sediment was shed seaward from uplifted
marine deposits (mﬁmﬂsula, Coarse-grained alluyial fan and shallow-
shallow-shelf sedimen)tpmg-mded seaward over finer grained prodelta and
middle Kimmerideian omgl), which accumulated following early (O
time terri glan rise In relative sea leyel. (B) By earliest Cretaceous

enous |
genous influx waned as southern end of Coahuila peninsula sub-

sided, and finer eoraj :
grained shallow-marine sediment (unit 3) accumulated as

fan delta retreated wi
: | ith ] 1 R
tive sea level (from Wﬂsoage;’ianlg;%lj? B e in e
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cline, just downdip (south- ' ' RALE i bt ¢ _

2 é e No?ﬁ(ds?uzﬂia?::ﬁzlﬁii gf:ﬂmiui Fh?atgglﬂpl'f (A). Note coarse clastic La Casita facies has changed to slope-forming Taraises
Amount of section exposed in photograph is ~1200 m_ g Ouﬂl'_ﬂl-mt_ﬂnor “upidy C}'cles characterized by upwérd;-ﬂﬁckening ledge-forming stratd.
repres entative of pro- delta facies within i Lﬂ Gasir mp Phﬂlogl'aph thhl_ﬂ-bcddf_',d sandstone layers ' (20 Cm th.le at II‘IOSI:) in marine shale,
| ; ithin uni ' ation. st %:éos C?DPS‘ Canyon. D: Outerop photograph of sigmoidal trough cross-bedding
» SUggestive of ﬂdal J’EWDrlﬂng T]nS outcrop is stratigraphically beneath most proxi mal
, ; IES CO L) tbarse grained, poorly sorted conglomerates interpreted as non-
exposed Coahuila block. This zone within La Casita Pt A s clast assemblage representative of limited transport from nearby
latest second-order highstand conditions within 128.5 Ma st Ocaled eath transition from unit 2B into unit 3. and demarcates
tograph of fine-grained dolomitic mudstone with calcite-rep ' ' ’

N - - ; /apor GBI TN ) '7’20.?.‘:!11 in diameter. F: Outcrop pho-
within lower portion of unit 3 of La Casita Formation, I os Ghﬂl?fﬂsamy o 8 cle ec above 128.5 Ma supersequence boundary
oM o h BT Y ~7 m above that of photo in E.

5 ¢
-k Lot

‘,f'l ] .
kAl
b ’k‘i%

gquwalent to the middle and upper units of the La Casita Forma-
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Figure 22. Barremian to lower Aptian paleogeography (see text). Symbols as in Figure 12A.
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*?E!ﬁnd,w ard retreat of the fan-delta complex, accompanying a gulf- — tion (Fig. 6; Smith, 1981; Blauser, 1981), and correlates with the
a_ﬁ‘wldﬂ marine transgression. With diminished siliciclastic supp.ly, basinal Hosston Formation of the Gulf of Mexico (McFarlan and
~ carbonate production was initiated, yielding this mixed clastic- Stone, [97?; Mckarlan and Menes, 1991). It conformably over-

i lies the offshore La Caja Formation, where the distinction
 The Taraises Formation is the Lower Cretaceous (middle between the two units is based on biostratigraphic control
water, offshore facies (Blauser, 1981). The Taraises Formation, which thickens to the
south and east (135-500 m thick) away from the main La Casita
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Figure 23. A: View of northwest flank of Potrero Minas Viejas (viewed from west), large doubly-plunging anticline located north of Monterrey.
Despite structural rollover, Barremian through Albian stratigraphic relations are well displayed. Barremian to early Aptian CupidG.Formatlo_n
depicts second-order highstand progradation of 112 Ma supersequence. From this vantage point 112 Ma supersequence boundary is approxi-
mately located within recessive interval separating thinner beds below from thicker beds above. Above 112 Ma supersequence boundary, middle
Aptian Cupidito formation can be seen as more prominent ledge-forming unit indicative of second-order transgressive systems tract of 98 Ma
supersequence. Cupidito formation is overlain by time-transgressive late Aptian La Pefia, a deeper marine shale and pelagic carbonate unit. La
Pefia Formation approximates interval of second-order maximum flooding. It in turn is succeeded by Albian Aurora Formation, which is second-
order highstand systems tract of 98 Ma supersequence. In this position Aurora Formation is composed of deeper ramp lime mudstones and is
paleogeographically downdip from Albian shelf margin. Compare this stratigraphy with that of south Texas regional seismic line. Vertical thick-
ness is ~1350 m. B: Stratal patierns discernible around 112 Ma supersequence boundary. Note that Cupido Formation consists of upward-thinning
beds consistent with second-order highstand architecture, whereas Cupidito Formation displays more massive to thick-bedded stratal pattern
suggestive of overall increase in accommodation above position of stratigraphic turnaround. Thickness of Cupidito formation is ~240 m. C: Two-
dime_nsi%]al oblig Uf*? dip E;w of Barremian to early Aptian Cupido carbonate platform. In upper half of photo, there is upper sequence with in which
Eﬁé:ehallt{p;flo ;ﬁothlz}ws ?'?;Hssmiv@e ;]Eﬂﬂe; ch@ges I;Pdlfc’ ((:tm;_rard left) into 1e_dge-forn1ing medium'tq thin ,.,b_:cdd_ed platform interior facies.
Upper sequencg has prograded from left ll:::;e righntn;?.l% nfers ?d sl o qumlgas)’ Bluelones o older Bpucne
rior of Potrero Garcia, doubly-plunging, breached anti A Gcl}e_ral Sohss o it 203400 10 east-northeast. Photo is from inte-

: g anticline. Approximate thickness of Cupido Formation here is 1020 m. D: Typical outcrop

Txpre?ilgn of Cupido to Cupidito fﬂfn_lation s,.u'atigrapl?y within Sierra Madre fold belt in vicinity of Santa Cruz, south of Monterrey. In cores of
i 1 et e Ei?fgﬁfpig@ L h){;dwp]ﬂys%v eli-exposed stratal architecture. Note that highstand systems tract (HST) consists of
10 - thicrior cyche carbonates. Turnaround point, interpreted to be 112 Ma superseaquence hor .

o : : - : | | 112 1 ersequence boundary, is marked by
chan ge in vertical stackin g architecture as expressed by changes in bed thickness. Exposed thickness of ch.tfbn- izil 050 4 Afror\gs & ihin trans-
in second-order backstep. E: Aerial view of ledge-forming Albi -
T : HERSICD. ot D oW ge-forming Albian to Ceno
f Monterrey within Sierra de Picachos. This very thick section of Lower and Upper Tamaulipas

ated i’n-‘frontlof Cupido and Aurora shelf margins. Note gentle anti-
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- depocenter, consists of rhyth mic-bedded, bla
- lime mudstones and intercalated shajes
~include coccoliths, nannoconids,
i :_"JThf‘aSe pelagic lime mudstones acc

- basinal setting (400-500 m wat
 with the La Casita retrogradation
q L,__Eormatlon laps out updip, where only a few meters of the forma-
‘:‘ti(m separate the La Casita from overlying Cupido Formations

i(e'g" at Caiion del Chorro; Fortunato. 1982).

- o .-‘l.‘-'? \

g *Locally a tl_lin. (20 m thick) limestone unit, the San Juan
‘-ﬁg‘;;;'b:lentll, occurs within the upper portion of the La Caja Forma-
~tion (Fig. 6). At Potrero Minas Viejas and Cafion Cortinas, this
~ unit forms a persistent ridge in the La Caja shales and -

AL
;i “f { &

i ;;l

*r - grained siltstones. This normal open-marine limestone de.
i{J '

ck, cherty, pelagic
(Blauser, 1981). Fossils
calpionellids, and radiolaria.
umulated in a deep offshore to
er depth) primarily associated
In the Hauterivian. The Taraises

ine-
] ') & CR JOSit
- loses its definition shelfward where the La Caja rocks change
:\( ':facies to the La Casita Formation. The lower part of this lime-
; -;I_fstone lentil contains a Berriasian fauna (J. L. Wilson and R. L.
u‘*Scc:tt, 1989, _persor_lal commun.), which would equate the San
~ Juan Formation with the Knowles Formation of the northern
~ Gulf of Mexico.

volution, northeast Mexico 2J
Barremian to early Aptian

In the mid-Early Cretaceous, the previously distinct and sepa-
rate Mexican geosyncline and Chihuahua trough lost their individ-
ual outlines and merged into one major depocenter northwest of
the Coahuila block as the subsiding Aldama peninsula was over-
stepped by a regional sea-level hi ghstand (Fig. 22; Cordoba, 1969:
Cordoba et al., 1970, 1980: DeFord and Haenggi, 1970; Seewald
and Sundeen, 1971: Gonzaléz-Garcia, 1976: Gonzilez. 1989:;
C?‘m"ii—Chapn. 1976; Tardy, 1977; de Cserna, 1970, 1979, 1989-
Dickinson, 1981; T6var Rodriguez, 1981; Roldan-Quintana, 1982:
Servais et al., 1982, 1986: Canti-Chapa et al., 1985; Araujo-
Mendieta and Arenas-Partida, 1986: Brown and Dyer, 1987; Sed-
lock et al., 1993; Moran-Zenteno, 1994). At this time this
northwest-southeast-trending depocenter was bounded on the
west by the Sinaloa magmatic arc. Proximal to the active arc SYs-
tém, coarse, nonmarine volcaniclastic sediments prograded east-
ward into what was previously the Mexican geosyncline. East of
this volcaniclastic apron and west of the Coahuila block. marine

e facies accumulated as moderately deep marine carbonates and
A
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* Figure 24. Reconstructed platform (o basin cross secti

of sections are shown in inset. L. _
Viejas; PI—Sierra de Picachos. Note backstepping E

Valanginian to early Hauterivian rise I f&ie 4 1
Formations. Overall, Cupido Formation forms

C—Arteaga Los Chorros; HC S o R
- a Casita (unit 3) and updip pinchout of Taraises indicative of late
“ce in relative sea level. Note also onlapping, basinward thickening La Pefa atop Cupido

aree basinward-prograding carbonate package (from Wilson et al., 1984).

on of Lower Cretaceous (Cupido to Taraises) shelf margin. Locations

Canon Huasteca; PC—Potrero Chico; MV—Potrero Minas



32
o GEHERY, > 2
W N esese
Basinal Lime |
Mudstone, Allodapic
Carbonate Turbidites, % : i

and Shale |

(Lower Tamaufipas) Depositional Facies - Barremian - Lower Aptian Cupido Platform

Figure 25. Schematic Barremian to lower Aptian depositional facies

block diagram also depicts high-frequency stacking architecture of sequ

calcareous shales formed a weakly developed low-angle carbon-
ate ramp system. This north-northwest—south-southeast—striking
carbonate ramp rimmed an elongate deeper marine trough 1n
which fine-grained clastic-rich siltstones and lime mudstones
accumulated (Cordoba, 1969; Cordoba et al., 1970, 1980; de
Cserna. 1979; Gonzélez, 1976; Tardy, 1977; Araujo-Mendieta
and Arenas-Partida. 1986; Moran-Zenteno, 1994). In northern-
most Chihuahua, coarse nonmarine to marginal-marine clastic
sediments filled shallower updip portions of the Chihuahua
trough and graded southeast into shallow-marine carbonate facies
(Cuchilla Formation; Cordoba, 1969), which extended into the

Sabinas basin (La Virgen and Padilla Formations; Gonzaléz-

Garcia, 1973, 1976, 1979, 1984; Padilla Sanchez, 1978, 1986;
Alfonso-Zwanziger, 1978; Marquez, 1979; Aranda-Garcia and
Eguilez de Antufiano, 1983; Eguilez de Antunano and Aranda-
Garcia, 1983, 1984; Echanove, 1986). Complicated facies pat-
terns and consequent formational nomenclature reflect the
interaction of arc-driven clastic influx and gulf-driven marine
inundation and carbonate deposition.

To the north, northeast, and east of the Coahuila block, prox-
imal, coarse-clastic rocks (Patula Arkose, I.a Mula) record contin-
ued stripping of the Coahuila basement high. These fringing
clastic rocks change facies downdip, principally to the north.
soth, and east, into the restricted marine evaporite and restricted
penitidal carbonate of the La Virgen Formation (Fig. 6; Gonzaléz-
Garcia, 1976; Zwanziger, 1979; Padilla Sanchez, 1986) that form
Ell}e vast platform interior of the Cupido-Sligo carbonate platform.
e e s S N

| aintains a low-relief, reef-rimmed

model for Cupido carbonate System of northeast Mexico. Three-dimensional
ences within this system.

\ LA PENAFORMATION
Thick-bedded pelioid-foraminifer
800 wackestones and packstones with

pelecypods, green algae, and chert.

l_lllilili"il.ililli -----

Thinner beds of dolomitic mudstones
and algal-laminated mudstones interlayered
UNITE with foraminifer-oyster wackestones,
] packstones, and grainstones.
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Crossbedded skeletal packsiones.
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UNITD

Massive unit of coral, stromatoporoid,
rudist boundstones.
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Thick-bedded lithoclastic-skeletal
wackestones and packstones with
some burrowed lime mudstones.
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Figure 26. Idealized Cupido section containing six Cupido lithofacies as

described by Conklin and Moore (1977; see also Selvius, 1982). Note

that unit F and upper half of unit E are roughly equi 5
formation of this paper. are roughly equivalent to Cupidito
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Figure 27. A: Lower Cretaceous carbonate strata (older units to left) at Potrero Garcia, located northwest of Monterrey. View

is of east wall just north of entrance. From lett to right, units include Cupido (CU), C upidito (CT), La Pena (LP), and Aurora

(AU). 112 Ma supersequence boundary is marked by large arrow, and 107 Ma supersequence maximum flooding surface 1s

marked by small arrow. Thickness of Cupidito formation is ~160 m. B: Lower Cretaceous stratigraphy at Potrero Garcia.
View is of west wall just north of entrance. From left to right, units include Cupido, Cupidito, La Pena, and Aurora. 112 Ma
supersequence boundary (large arrow) 1s shown below. C: Outcrop photog.raph of upper contact of Cupidito formation with
the La Pefia Formation (beds are older to lett), interpreted as major marine flooding surface atop transgressive Cupidito
formation. La Pefa rocks are argillaceous pelagic lime mudstone and ;hale. Hammer .for sc:'ale 1S 0.3 m 1n length. Potrero
Garcfa. D: Outcrop photograph of prominent SUlEl[iO'Il—Collélpse breccia composed of centimeter- to meter-scale angular
blocks of varying platform-interior Cupido lithofacies mterreted as regionally correlative 112 Ma supersequence boundary.
Breccia is straddled by hedding-parallel, stratigraphically intact 131}/61:5 (Qlde_r beds to right). N'_ate shalloxvlng—gpwmd meter-
scale peritidal cycle with bedded evaporite cap (now n_aplaced by white calFlte_) beneath breccia. PotreronGarcm._EE: Outcrop
photograph of requieni{f--caprinid packstone torming biostromal accumulation in upper part of transgressive Cupidito forma-

tion, Potrero Garcia. F: Outcrop photograph of polymict stratigraphic breccia interpreted as 112 Ma supersequence boundary.
Not; extremely poor sorting of clasts, diversity of clast types (all identical to platform interior lithologies within Cupido),

lack of evidence for transport, lack of grading, and internal sediment fill between clasts.
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Figure 28. A: Taraises through Cupido section at Huasteca Canyon, located southwest of Monterrey (see Fig. 2). From left
to right, units include thin-bedded upper Taraises pelagic carbonates (Ta), basinal and foreslope facies of Cupido Forma-
tion with thick lenses of lithoclastic debris flow (arrows), overlain by massive to thick bedded reef or biostromal facies
(bounded on both sides by white lines), overlain by well-bedded cyclic platform interior strata. Stratigraphic up is to
right. Vehicle for scale is in foreground (lower left). B: Outcrop photograph of Requienid-Caprinid biostromal zone rep-
resentative of Cupido reef or platform margin, biostromal bank facies. From Potrero Chico, located north of Monterrey.
C: Outcrop photograph of poorly sorted, foreslope debris bed with platform-margin derived clasts. Note that clast in cen-
ter above lens cap contains corals. From Potrero Garcia. Lens cap is ~20 cm in diameter. D: O'utcfoij phdtbgraph of

Cupido cyclic platform interior at Huasteca Canyon. Beds are older to right. Five individual meter-scale, high-frequency

(fifth-order) cycles are shown with cycle tops indicated by tops of arrows. Individ ]
light color alternations. Brown interval is largely vuggy, g eNSIiR el BRITAGUEA DY Stk o

burrowed dolomitic mudstone (interpre ‘
of meter-scale cycle) that grades into coarse, cross \aterpreted as iransgressive part

. -stratified grainstones (white interval. i , s hi
regressive part of meter-scale cycle). These cycles are subtidal cycles in tha | R MERRE Apluenstand or

surface. E: Outcrop photograph of near-verti et they ack p .efitidal capping facies EEAPOSUIC
tion (darker color), base of which is cut out by fault. Location is near s ' 4 ¥ Torms-

of large anticline characteristic of Sierra Madre fold belt. F: outhern end of Los Chorros Canyon on back limb

Sy Outcrop photograph of thick- : .
Aurora Formation, in this location : P photograph of thick-bedded to massive Albian
bioclastic wackeston composed of deep subtidal, outer r dimp

€S 1o mudstones capped by darker (selectively dolo

southern end of Los Chorros Canyon.

LR Figure 29. A: Outcrop photograp

%!m f | B: Outcrop photograph of burrowed Flolmmtw(,i S
ARy Cycle base occurs within ¢y cle that directly uncer
‘cycles consisting of light colored deeper marine i
mitized) su ission si o h ar

burrowed firmgrounds and hardgrounds (at| AE g PRl ) subaqueous omission surfaces, which are

It cycle discussed in B. Potrero G
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shelf margin (Figs. 8 and 9) with a myriad of platform interior
shallow-marine facies (high-energy grainstone shoals, open shelf
skeletal lime sands, muddy lagoonal carbonates, and restricted
tidal flat facies; e.g., Bebout and Loucks, 1977; Loucks, 1977;
Winker and Buftler, 1988; McFarlan and Menes, 1991). Seaward
of the Sligo reef margin, foreslope aprons composed of platform-

derived debris pass downdip into basinal lime mudstones and

shales of the lower Tamaulipas Formation (Figs. 6 and 7). Coarse
nonmarine to shallow-marine clastic rocks (Hosston Formation)
interfingered with Sligo carbonates rim the exposed landmass of

central Texas. Locally, high-energy grainstone complexes devel-

oped over older regional basement highs (e.g., Sabine high).

To the south in the Tampico-Misantla area and 1n the south-
ern Sierra Madre Oriental, major carbonate platforms persisted,
notably the Tuxpan, El Doctor, and San Luis Potosi platforms

(Viniegra Osario and Castillo-Tejero, 1970; Enos, 1974, 1977,

1983; Gonzalez, 1976, 1977; Carrasco-V, 1977; Viniegra Osario,

1981: Winker and Buffler, 1988; McFarlan and Menes, 1991;
Wilson and Ward, 1993). According to these authors, these plat-

wackestone, showing two facies types

ary at Potrero Garcia. C: Outcrop pholograph of troug
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evaporite (calcite replacement after an

o A

i1
Pt

arcia. D: Outcrop photograp

forms had moderately elevated rims that lacked the significant
relief, which was to develop in the Albian. Not as much has been
written about the facies development, diagenesis, and petroleum
significance of these Lower Cretaceous platforms as compared to
their younger mid-Cretaceous counterparts.

In northeast Mexico, the landscape of the Sierra Madre
Oriental is dominated by the dramatic carbonate strata of the
Cupido Formation (Fig. 23, A-E; 700—1200 m thick), which is
Hauterivian to early Aptian in age (Fig. 6; McFarlan and Stone,
1977: Conklin and Moore, 1977; Wilson and Pialli, 197/
Goldhammer et al., 1991). The Cupido Formation is made up
of a prograded, low-angle (low-relief) carbonate bank that steps
up and over the underlying Taraises Formation and the basinal
equivalent to the Cupido Formation, the lower Tamaulipas
Formation (Figs. 7, 23, C and E, and 24; McFarlan and Stone,
1977: Conklin and Moore, 1977; Wilson and Selvius, 1984).
The Cupido Formation conformably overlies the La Casita or
Taraises Formations in updip positions (Smith, 1981; Wilson
and Selvius, 1984). In downdip positions the contact between

h of cryptalgal laminite cap indicative of p;ritdal depes%tion overlying burrowed subtidfal
that compose a typical meter-scale peritidal, s%mllowmg—upward cycle. Potr_e_ro Garcia.
keletal to peloidal wackestone that forms base of meter-scale peritidal cycle.
lies major breccia interpreted as 112 Ma second-order supersequence bound-
h cross-stratified grainstone rich in ooids, which forms middle part of
h of cryptalgal laminite (pentidal facies) capped by bedded, mosaic
hydrite), forming cap {0 cycle discussed in Figure 27 (B and C). Potrero Garcia.
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Figure 30. Middle to upper Aptian paleogeography (see text). Symbols as in Figure 12A. Note that orientation of El Ddctor bank is speculative.

the Cupido foreslope and/or basinal facies and the subjacent
lower Tamaulipas rocks is a time-transgressive facies boundary.
The top of the Cupido Formation is marked by onlapping La
Pena deeper water shales and argillaceous carbonates, which
conformably drape the Cupido bank (Figs. 6-9 and 23, A and B:
Tinker, 1982). .’

Shelf to basin depositional relief was <100 m at the end of

Cupido deposition (Tinker, 1982; Selvius, 1982). Behind the
Cupido margin (which consisted of a biostromal facies), a paleo-
topographic, depositional high persisted in the form of high-
energy carbonate sand shoals, as evidenced by isopach maps of
the draping La Pefia Shale (Tinker, 1982). The trend of the Cupido
margin, essentially paralleling the outline of the Coahuila block,
and the east to west direction of progradation clearly underscore

trast, the Cupido trend crosscuts
northwest, indic

Mesozoic se

ating that this structure no lon
tional patterns (Wilson, 1981). The Burro-

quence stratigraphy

the Burro-Salado arch

vated and uplifted by the Laramide orogeny (Fig.25).
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previous.warkers (Eckdale et al., 1976: Conklin and Moore,
1977, Wilson and Pialli, 1977: Wilson. 1981: Selvius, 1982:

e dteo th.e Wilsgn and Selvius, 1984) indicates that the Cupido Formation
POSI-  consists of essentially six lithofaci ' -
Salado dich vils raaci: y siX lithofacies (units A to F of Conklin

and Moore, 1977; lithofacies 1-6 of Selvius, 1982) that together

A generalized platform to basin facies mode, Ay compose one large-scale shallowing-upward package (Figs. 24,

26, and 27A). These are (1) thin-bedded, argillaceous pelagic,

Figure 31. Albian paleoge

ography (see text). Symbols as in Figure 12A.
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ironment—unit A, 10 400 m thick

: basinal env fe
imemifite oo Potrero Minas Viejas); (2)

in more basinward sections, €.g.,
thick-bedded, intraclastic-bioclasuc wackestones to packstones

(ramp slope and fore-reef environments—unit B; Fig. ?.7C); (3)
massive rudist and coral-dominated packstones, grmnstones,
and boundstones with stromatoporoids and marine cements
(biostromal shelf margin—unit C, to 250 m thick, e.g., al
Potrero Chico: Figs. 27B and 28): 4) cmsst{eddad skeleta% to
peloidal, packstones 1O grainstones with 001ds and‘ oncolites
(back-margin sand shoals—unit D: Fig. 29C): (5_) _thl“'be_dde":l‘
mudstones and packstones with cryptalgal laminites and evi-
dence for evaporites (cyclic, peritidal platform interior—unit E,
to 500 m thick at Los Chorros Arteaga; Figs. 27D and 29, A, B.
and D): (6) medium-bedded, black, peloid-foram, wackestonf:s
to packstones with pelecypods and green algae (bacls'f-margm
subtidal lagoon—unit F). In practical terms (1.e.,1n an Inter[:{re-
tative sense). units 1 to 5 compose the large-scale prograding

: ' unit 6 depicts a relative deepen-
?.nd Shal!w‘mtlg;:l Zt;ej:;‘c;l;rzggﬁon backpover the Cupido bank
a ang “-;mga 93_and 24). This transgressive unit 1s informally
(Flgs.d the C:upi;litO (Figs. 6, 7, 23, and 28, A and B; Wilson
t"31-¢:1]1I‘:ia]li 1977: Wilson, 1981) and its thickness varies laterally
::mss tl'll; bank top from ~100 m near the Cupido margin (fa. g.
Potrero Garcia and Potrero Chico) to only a few meters updip in
platform interior positions (e.g., Huasteca Canyon, Los Chor-
ros Arteaga). By |
The lower Tamaulipas (late Hauterivian to early Aptian,
Figs. 6 and 7: Ross. 1981) is the downdip, basinal equivalent to
the Cupido bank and crops out primarily to the south and east of
the Monterrey-Saltillo area (Figs. 23C and 24A; Smith, 1981;
Wilson and Selvius, 1984). Its lower contact with the Taraises
Formation is conformable, as is its upper contact with the La
Pefia Formation (Ross, 1981). It consists of about 600 m of dark
oray to black, thin- to medium-bedded, cherty lime mudstones

Figure 32. A: Outcrop photograph of tectonically disturbed, thin

wackestones to cross-laminated lime eraj i '
. i grainstones, with soft-sedim .
clastic breccia, in turn composed of angilar {0 Lrn e o ] 4 ofem slump folds truncated by massive layer of coarse litho-

typical of upper Tamaulipas and Cuesta del Cura Fommagios. oo, deep-water, outer slope carbonates. These lithologies are

manian shallow-water San Luis Potos
. . platform. Photo was take - .
clastic breccia shown in A. Note chertified clasts, :ti?gg e o etate of B0 Lis Folost B; Closer view

' 'arting, and irregular shapes of clasts. C: OQutc -
aminated lime grainstones of Cuesta del Cﬁra o

, thin beds of pelagic lime mudston
d
black chert layers. San Luis Potosi platform. D: Cnm;i:; I

-bedded pelagic carbonates composed of laminated lime

platform, deep water facies equivalents to Albian to Ceno-

Formation. Note

tion) in thin-bedded allodapic grainstones shed from Ehﬂnnpp]e cross-lamination (amalgamated hummocky cross-stratifica-

mation, San Luis Potos{ platform.

Tamaulipas For-

Mesozoic sequence
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T Figure 33. Cenomanian paleogeography (see text). Symbols as in Figure 12A.
| 1- 7y i &
i

-.‘ff5-"ﬁbi’-Wackestones that display burrow mottling (Ross, 198;
- contains a pelagic fauna of radiolaria, nannoconids, coccolith:
~and rare mollusks and echinoids (Ross, 1981). This pelagic
2 deIJDSlt s interpreted to have accumulated in a dysaerobic, quiet

i

bgsmal setting at depths between 50 and 150 m (Wilson, 1969;

j |

- Byers, 1977; Ross, 1981).

]

). It Middle to late Aptian
iths,

i Sundeen, 1971; Gonzaléz-Garcia, 1976; Gonzailez, 1989; Cantu-
A
e M RN
ey iy

s Brad g

During this time interval in the western Pacific Mexico prov-
ince, the major facies trends outlined for the Barremian to early
Aptian are fairly similar to those preserved in the middle to upper
Aptian rocks (Fig. 30; DeFord and Haenggi, 1970; Seewald and
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rigure 34. Maastrichtian paleogeography (see text). Symbols as in Figure 124,

Chapa, 1976; Tardy, 1977: de Cserna, 1970, 1979, 1989: Dickin-
son, 1981; Roldan-Quintana, 1982: Canti-Chapa et al., 1985:;
Araujo-Mendieta and Arenas-Partida, 1986; Brown and Dyer
1987; Sedlock et al., 1993: Moran-Zenteno, 1994). Proximal n;
the Sinaloa arc, volcaniclastic sediments flanked 'the western
edge of the western Pacific Mexico depocenter, changing facies
to the south into deeper marine lime mudstones and shales of the

MAASTRICHTIAN

Plateros Formation, and to the north into shallow-water carbon-
ates and offshore shales (Parral Formation; Cordoba, 1969; Cor-
doba et al., 1980; Tévar Rodriguez, 1981; Cuévas-Pérez, 1983:
Cuévas-Pérez et al., 1985; Limon, 1989; Servais et al.. 1986). To

the northwest in the expanded Chihuahua embayment, a fairly

extensive carbonate platform with slope breccias and blocks (e.g..

Mural Limestone, Scott and Warzeski, 1993, in Scott, 1993)

s
[} "ﬂ'*."- :

- stricted carbonate deposition (Las Uvas facies). To the south in the

-

| R o, >
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Sea level

| Figure 35. Schematic diagram illustrating interaction of eustatic sea-
- level, subsidence, and sediment accumulation in development of deposi-

~ tional sequences. SB—sequence boundary; MFS—maximum flooding
. surface; LST—Ilowstand systems tract; TST—transgressive systems
~ tract; HST—highstand systems tract (see text)

1) l: I: i
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- existed downdip from shallow-marine clastics (Fig. 30). This
- shallow-marine carbonate ramp was marked by shoal develop-
. ment at its outer edge. To the southwest into the Sabinas basin.
~ this carbonate system graded into outer ramp lime mudstones and
~ shales (Cuchilla, La Pefia: Fig. 6; Gonzaléz-Garcia, 1976; Padilla
- Sénchez, 1986; Zenteno-Moran, 1994).

- Outside of the western Pacific Mexico province, the entire

| _"_\:;Gllllf of Mexico province from east Texas to Tampico underwent

~ @ major second-order marine transgression (e.g., Bebout and
| _-__?Loucks, 1977; Winker and Buffler, 1988; McFarlan and Menes,
~ 1991) that effectively backstepped and/or drowned the older
'*-?Ef.'_Sligo.-Cupido-Guaxcama carbonate system, inundating it with
~ deeper water shales and fine- grained terrigenous siliciclastic sed-
: H"i'mcnts derived from distal highlands to the north and west. In
_{TEXas this transgressive event is well documented by the Pearsall

‘Group (Figs. 6, 7, 8, and 9) which includes some patches of car-

'_'~.',._"Eonate buildup (James and Pettit Limestones; Bebout and
-~ Loucks, 1977) that managed to keep pace with this major sea-

- level rise. Likewise, southeast of the Coahuila block, scattered

- carbonate buildups occur within the basal La Pefia at the top of
.~ the Cupidito rocks. The Coahuila block was nearly 1nur.1dated1and
- shallow submerged portions of the block became sites of re-

Y R

- Tampico-Misantla area, the areal extent of the Tuxpan, El Doctor,
éndSan Luis Potosi platforms diminished as they retrograded
~ (McFarlan and Menes, 1991). _ ‘

| 'L In the Monterrey-Saltillo area, the La Pena For{natlon (Fl_gS-
" 23A, 27E, and 28, A, B, and C) is late Aptian (Fig. 6; Smith,
: 1:931, Tinker, 1982) and correlates to the northern Gulf Aptian tri-
Pte of the Pine Island Shale-James Limestone-Bexar Shale,
:@hmh together constitute the Pearsall Group (McFarlan and
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Stone, 1977: Tinker, 1982) (Fig. 24B). The La Pefia Formation
drapes the underlying Cupido Formation in apparent conformity,
preserving underlying topographic relief at the end of time of
deposition of the Cupido Formation (Tinker, 1982). This is also
observed on high-resolution three-dimensional seismic data
from south Texas. Biostratigraphic control of Tinker (1982) indi-
cates progressive onlap of La Pefia sediments over the Cupidito
unit of the Cupido Formation. The base of the La Pena Forma-
tion rises biostratigraphically from lower to upper Aptian in an
cast to west direction across the platform. In addition. this bio-
stratigraphic control indicates that the top of the La Pefia Forma-
tion is not an isochron, but rather a time-transgressive formation
boundary with overlying Albian carbonates. The formation
varies in thickness from a few meters to 200 m. depending on
antecedent Cupido-lower Tamaulipas Formation depositional
relief (Tinker, 1982). For example, the La Pefia Formation is
thinnest (a few meters) above the Cupido paleotopographic high
(carbonate sand shoals) located behind the shelf margin, and
thickens behind this above the Cupido back-margin lagoon
facies (up to 150 m), perhaps because of differential compaction
of subjacent lithologies. Out in front of the Cupido margin, the
La Pefia Formation thickens drastically into the basin (200 m: cf.
Figs. 7 and 8). To the south and east, the deep basinal equivalent
to the La Pefia Formation, the Otates Formation, consists of thin-

bedded dark, argillaceous cherty limestones and black shales
(Tinker, 1982).

Albwan

[n the Albian, the western Pacific Mexico province was the
site of an extensive shallow open-marine carbonate shelf (e.g.,
Finlay Limestone; DeFord and Haenggi, 1970) that extended
northeast essentially uninterrupted through the East Texas salt
basin and beyond (Fig. 31; Cordoba, 1969; Tévar Rodriguez,
1981; Enos, 1983; McFarlan and Menes, 1991; Canti-Chapa et
al., 19835; Buftler and Winker, 1988). To the west. the Alisitos
arc persisted (Dickinson, 1981; Servais et al., 1986; Araujo-
Mendieta and Arenas-Partida, 1986; Limon, 1989) and coarse
volcaniclastic sediments offlapped this high belt eastward, filling
an Albian backarc basin (Dickinson, 1981). An area of shallow-
marine nearshore clastic material (Mezcalera Formation; Canti-
Chapa et al., 1985) and to the south turbidites occupied a narrow
belt east of the volcaniclastic belt and west of the Coahuila
peninsula (Fig. 31). Southeast from Chihuahua the basin bound-
ary with the northwestern reaches of the Sabinas basin is indis-
tinguishable where shallow-marine carbonates of the Aurora
Formation (Fi1g. 6) onlapped and rimmed the Coahuila block
(Cantu-Chapa et al., 1985; Tévar Rodriguez, 1981; Gonzaléz-
Garcia,1976; Zwanziger, 1979; Padilla Sdnchez, 1986: Wilson
and Ward, 1993). The southeastern margin of the Sabinas basin
formed an embayment (Ocampo embayment; Canti-Chapa et
al., 1985) separating Aurora carbonates of the Coahuila penin-
sula from the Glen Rose—Fredericksburg—Stuart City complex of
south-central Texas (e.g., Wilson, 1975; Bebout and Loucks.
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Figure 36. Schematic diagram
1llustrating evolution of sys-
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ma;_glﬂ sHerans ef gli, 1995, Zahm, 1997), which was located
e ¢ underlying Sligo margin in south Texas (Figs. &
South, of tl?& éloa;;ld D unaway, 1977; Winker and Buffler, 1988).
site of the class; ufll I?IOCk’ !:he Tal’-flPiCO-Misantla area was the
that have serv edlc bian, high-relief, reef-rimmed platforms
Doctor, Vall e exp_ellem Petroleum reseryoirs (Tuxpan, El

ividegn Potosf; Viniegra Osario and Castillo-

Tejero, 1970; Enos, 1974, 1977, 1983; Gonzalez, 1976, 1977

‘Which is the basinal equivalent of the Aurora Formation, i's also
- prominent in northeast Mexico exposures, and correlates with
Atascosa Formation in south Texas (Fig. 6; McFarlan and St?ne,
1977; Smith. 1981: Ross, 1981). It crops out south and east of the
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Rimmed shelf
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supersequence

Third-order
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Figure 37. Third-order sequence architecture within second-order supersequence (see text).
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Figure 38. Composite fifth-order cyclic architecture within third-order sequences, which in turn are

nested within second-order supersequence (see text).

Carrasco-V, 1977; Viniegra Osario, 1981; Winker and Buffler,
1988; McFarlan and Menes, 1991; Wilson and Ward, 1993).
Downdip of the Albian rimmed shelf and isolated platforms,

~ Upper Tamaulipas deep-marine shales and lime mudstones
accumulated (Figs. 6 and 32, A, B, and D)

The Aurora Formation demarcates the second major phase
of Cretaceous carbonate platform development in northeastern
Mexico (Wilson, 1975; Smith, 1981). The Aurora Formation and
its basinal facies equivalent, the upper Tamaulipas facies, are

‘Albian in age (Figs. 6, 7, and 27, E and F) and in contrast to the

~ high-relief, steep-sided reef margins of the Valles platform to the

- south, Aurora carbonates were deposited on a gently dipping,
- low-angle carbonate ramp that rimmed the Coahuila block in the
~ southern Sabinas basin (Smith, 1981). A prominent rudist bank
- facies marks the ramp edge, behind which 500 to 700 m of nor-
mal marine carbonates accumulated (Vinet, 1975). The Aurm_'a
- Formation conformably overlies the La Pefia Formation anfj 1S
'Pl‘ﬁbably disconformable beneath the Cuesta del Cura Formation.

' The upper Tamaulipas Formation (Albian; 100-200 m thick),

the

Aurora margin (Fig. 31) and conformably overlies the La Pefia
and underlies the Cuesta del Cura Formations (Smith, 1981).
Here it consists of thin- and thick-bedded, cherty, dark pelagic
mudstone to wackestone (Ross, 1981), interpreted as deep-water
anerobic to dysaerobic off-ramp deposits. Toward the top, burrow-
mottled fabrics are evidence of a slight shallowing. The top of the
formation 1s marked by a prominent conglomerate bed a few
meters thick that contains updip-derived cemented clasts of shal-
low-water Aurora lithologies (Ross, 1981).

Cenomanian

In the earliest Late Cretaceous, both the western Pacific
Mexico and Gulf of Mexico provinces are inundated by a major
superimposed first-order and second-order eustatic flooding
event that connected the Gulf of Mexico with the Western Inte-
rior seaway of the Rocky Mountains (e.g., McFarlan and Menes.
1991). In the western Pacific Mexico province, the Alisitos arc
was active and arc magmatism had migrated eastward as com-
pared to the Albian (Tardy,1977; de Cserna, 1979, 1989: Limon.
1989; Cordoba et al., 1980; Dickinson, 1981: Servais et al..
1982, 1986; Araujo-Mendieta and Arenas-Partida, 1986: Sed-
lock et al., 1993; Moran-Zenteno, 1994). East of the arc. a
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Figure 39. Drawing of interpreted stratigraphic re!al:iogs at Pﬁtrero Gar-
cfa. HST—highstand systems tract; TST—transgressive Systems tract;

TS—transgressive surface; SB—sequence boundary. About 450 m of

section are shown.

backarc basin persisted and was the site of a variety of wla;a'ni-.-'
clastic-related facies (Fig. 33), which passed eastward into
deeper marine lime mudstones and shales of the Indidura and
Cuesta del Cura Formations. To the north the last vestiges of the
underlying Albian platform persisted in the northern extremes of
the Chihuahua trough and to the south as calcareous turbidites
(DeFord and Haenggi, 1970; Cordoba, 1969; Tévar Rodriguez,
1981; Enos, 1983; Cantii-Chapa et al., 1985). This narrow band
of shallow-marine carbonates linked up with thin latest Albian
to early Cenomanian carbonates of the backstepped Aurora plat-

form (Fig. 33). Locally in northeast Mexico and south Texas, a -

few pinnacle buildups of latest Albian to earliest Cenomanian
age kept pace with the overall transgression in the region. These
are small and isolated, yet prominent on two-dimensional
regional seismic data in south Texas. To the southeast, the Albian
platforms were backstepped and drowned.

In the Monterrey-Saltillo area, basinal facies are outcrops
assigned to the Cuesta del Cura Formation, which is latest
Albian to Cenomanian (Figs. 6 and 7; Enos, 1974: Smith, 1981;
Ice, 1981) and consists of deep-water pelagic carbonates and
shales that accumulated in front of elevated shallow-water, reef-
rimmed middle Cretaceous platforms (Stuart City, Aurora,
Valles platform, Fig. 32C). It equates to the Georgetown—Del
Rio-Buda facies of south Texas (Smith, 1981). In exposures of
northeast Mexico, it is composed of ~60 m of dark, thin- to
medium-beddec{, laminated lime wackestones to packstones
Intercalated with thin shales (thythmites) and rare lithoclastic
conglomerates (platform-derived megabreccias). Grain types
include peloids, calcispheres. radiolaria, planktonic forams,

echinoids, and sponge spicules (Ice, 1981). Th
. : . I'he upper f -
tional contact is conformable (Ice, 1981). gt

The Indidura Formation

ﬂlld me Cﬂ]. atlﬁd'thin. :5’ . CS that ess&ntiﬁ“y hlﬂl] k(‘[
the enme QOllthWESt Gll]f Of Mexica area, SlgnlfYIHg the penk Of
r .. .i :\..::-'

the middle Cretaceous highstand.

 Late Cretaceous (Maastrichtian)

metheend of the Cenomanian and throughout the Maas-
mchuanpalmgeogmphlc and facies relations in both the western

Pacific Mexico and Gulf of Mexico provinces are drastically

changed as the result of the diachronous Laramide phase of
deformation (Figs. 4, 6, and 34). It is well beyon(.i the scope of
this chapter to treat the Laramide phase in any detail (e.g., see, de
Cserna, 1989; Sedlock et al., 1993; Moran-Zenteno, 1994). but
for the sake of completeness it is summarized briefly, because it
1S mpohm‘ble for the present day structural relations within the
Mﬁnten?ey-Saltillo area. In the latest Cretaceous, the western
Pa:ciﬁcMexim' province underwent Laramide uplift and east-
directed contractional deformation as the Alisitos arc migrated

inb.oard'(e.g-, Dickinson, 1981). During this period the western

Pacific Mexico province was uplifted and eroded, and despite
local foreland basin accumulations, much of the record is an

‘extended hiatus. At that time, the Sierra Madre Oriental fold belt

developed and migrated west to east (e.g., Suter, 1987). In north-
east Mexico, Maastrichtian foreland basins developed in front of
the advancing Sierra Madre (e.g., Sabinas-Olmos area; L.a Popa
and Parras basins; Weidie and Murray, 1967; Gonzaléz-Garcia,
1976; Padilla Sdnchez, 1986; Soegaard et al., 1997).

SECOND-ORDER SUPERSEQUENCE DEVELOPMENT

In northeast Mexico, the Triassic to middle Cretaceous sec-
tion can be divided into two tectonic phases of passive-margin
development: (1) rift stage (middle Carnian to early Oxfordian),
2400 m of rift-related continental to marginal-marine redbeds and
evaporites; and (2) drift stage (early Oxfordian to Santonian),
3700 m of drift-related shallow-marine to deep-marine carbon-
ates with subordinate clastic material (Goldhammer et al., 1991).
Tectonic subsidence analysis indicates a thermal event at 150.5
Ma followed by typical exponential tectonic subsidence (~50%
crustal thinning; Goldhammer et al., 1991). During the drift stage
?f passive-margin development, the stratigraphic evolution 1s
interpreted to have been dominated principally by eustasy (Todd
and Mitchum, 1977; Vail et al., 1984; Haq et al., 1987; Scott et
al., 1988; Goldhammer et al., 1991 Scott, 1993; Yurewicz et al.,
1993) for two reasons: (1) thick regional accommodation cycles
of second-order supersequence development can be correlated

throughout the Gulf of Mexico (Salvador, 1991a, 1991b, 1991c:

McFarlan and Menes, 1991; Sohl et al., 1991); and (2) the rates

With regard to the Packaging of the drift-related stratigra-

EI]::;i the dedlc and Upper Jurassic through Lower Cretaceous
eraphy has been subdivided into four major second-order

Mesozoic sequence stratigraphy and paleogeographic e

(i.e., 10100 m.y. duration) depositional supersequences that
have regional gulf-wide significance (Figs. 6-9; Goldhammer et
al,, 1991). Major second-order s€équence boundaries, condensed
sections, transgressive surfaces, and second-order systems tracts
were identified in outcrops, dated by available biostratigraphy,
and correlated with the northern Gulf of Mexico stratigraphic
section (Figs. 6 and 7; Goldhammer et al., 1991). The identifica-
tion of these components is based on: (1) gross shelf to basin
relationships of onlapping and offlapping facies; (2) stacking
patterns of third-order (1-10 m.y. duration) sequences and their
component high-frequency (fourth- and fifth-order) cycles; and
(3) in the case of sequence boundaries, criteria for si gnificant
subaerial exposure and/or erosion. Additional stratigraphic data
came from regional seismic coverage in south Texas (e.g., Figs.
8 and 9) and regional well-log cross sections (see Goldhammer
etal., 1991, Figs. 31-37; Stone, 1975; and McFarlan and Stone,
1977) 1n south Texas and extreme northeastern Mexico.

Generic sequence stratigraphic model
Here I review the basic model of the Mesozoic sequence

stratigraphic interpretation of northeast Mexico (e.g., Sarg, 1988:
Vail, 1987). In this review I concentrate on carbonate sequence

- models because most of the pre-Laramide Mesozoic stratigraphy

in northeast Mexico is composed of carbonate. With modifica-
tions, the model outlined here can also be applied to siliciclastic
systems. In the generic scheme, a depositional sequence, regard-
less of order, may be defined as a conformable succession of
genetically related strata bounded by interregional unconformi-
ties or their correlative conformities (i.e., sequence boundaries).
Initially the term sequence was typically linked to third-order

~ changes in eustatic sea-level, but now sequence carries no time

connotation and sequences originate via accommodation changes
driven by relative sea-level changes (e.g., Kerans and Fitchen,
1995) and/or changes in sediment supply without relative
changes in sea level (Schlager, 1993).

A sequence can be subdivided into component systems tracts
defined as a linkage of contemporaneous depositional systems
(Le., shelf, slope, basin), which are three-dimensional assemblages
of lithofacies (Vail et al., 1984; Van Wagoner et al., 1987; Sarg,
1988). Systems tracts, characterized by predictable large-scale
geometry and facies associations, are defined objectively based on

Pposition within a sequence, the types of bounding surfaces (e.g.,

type 1 or type 2 sequence boundaries, maximum flooding surface),

| and the stacking patterns of higher frequency cycles.

As defined originally by the Exxon group, the lowstand sys-

tems tract (LST) is deposited during maximum sea—lfavel low-
| .S;.tﬁnd, and may be characterized by nonmarine deposits 01} the
i Bhelf, and onlapping allochthonous to ﬂuthochthonc_aus deposits at
the margin of a prograding highstand shelf margin. The trans-
- gressive systems tract (TST) is deposited when the rate of accom-
‘modation gain is greater than the rate of carbonate sedimentation.
In two dimensions, stratal architecture of high-frequency cycles

. dlﬂplays a retrogradational (backstepping) to aggradational stack-
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Ing pattern. The highstand systems tract (HST) 1s deposited when
the rate of accommodation gain 1s less than the rate of carbonate
sedimentation. In two dimensions, stratal architecture of high-fre-
quency cycles displays an aggradational to progradational (back-
stepping) stacking pattern. :

Figures 35 and 36 summarize the evolution of a second-order
(1.e., duration ranging from 10 to 100 m.y.) carbonate sequence,
Or supersequence. Figure 35 illustrates changes in accommoda-
tion with time, as a function of the interplay of second-order
eustasy and subsidence, for a reference point on top of a carbon-
ate platform. Eustasy is portrayed as successive sinuform waves
of rising and falling sea-level of equivalent duration, but different
amplitude. Time proceeds from left to right (older to younger) on
the diagram. Sediment accumulation is shown by a dashed line
climbing from lower left to upper right during periods of third-
order marine submergence. The light gray area beneath the sea-
level curve and the sedimentation vector depicts water depth.
When sea-level falls, it intersects the platform top, depicted by the
dark-shaded phase of subaerial exposure. During this period, the
platform merely subsides at the background rate.

Figure 36 shows the geometry and systems tract evolution of
a hypothetical carbonate platform linked to the accommodation
changes shown by Figure 35. Starting at the bottom of Figure 36,
we proceed through five time slices, each of which is linked to a
time slice in Figure 35.

Itme 1. Relative sea level is located above the platform top,
and we are in the late highstand systems tract of the underlying
sequence A. Major facies tracts within the underlying sequence A
display basinward progardation, due to systematic decline in sec-
ond-order accommodation.

Iime 2. Eustatic sea level has fallen beneath the top of the
platform, exposing the platform top to subaerial diagenesis—the
shaded areas with white arrows schematically show freshwater
tlow paths. A third-order sequence boundary is generated along
the platform shown as a thicker dark line (sequence boundary B).
Time 2 marks the lowstand systems tract of sequence B, and a
hypothetical prograding authochthonous wedge of carbonate is
shown perched downdip from the previous shelf margin.

Time 3. Eustatic sea level rises, flooding the platform initiat-
ing carbonate deposition, and facies retrograde. Backstepping of
facies belts retlects the notion that the rate of accommodation
increase 1S greater than the rate of carbonate sedimentation. The
maximum flooding surface (maximum flooding surface B; dashed
line) occurs at the maximum point of facies retrogradation, theo-
retically coincident with the maximum rate of sea-level rise. Time
3 thus depicts the transgressive systems tract of sequence B.

Iime 4. During time slice 4, the rate of eustatic rise declines.
followed by a fall in sea level. Facies prograde seaward as the rate
of carbonate sedimentation catches up with and outpaces the rate
of creation of accommodation space. Time 4 thus marks the high-
stand systems tract of sequence B.

Time 5. At time 5, sea level falls beneath the top of the plat-
form, subaerially exposing sequence B, beneath sequence bound-
ary C (the sequence boundary of the next hypothetical sequence).
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ine the slope, an : ;
Sl ] ult of platform top or margin subaerial

cally illustrated as the res h |
eros};on. Time 5 illustrates lowstand conditions -of sequence C(ijn
This two-dimensional model is schematic, and depending

1t . antecedent
on many factors—such as depositional profile

topography, compaction, windward-leeward effects, reef-rimmed

| in—this scheme will vary. In
margin versus sand-shoal margin this sche

humid climates, penetrative freshwater k?mtiﬁcat}on wﬂi be
more pronounced at sequence boundaries; in ‘ﬂﬂd clunates,;ess
so. In arid climates. evaporites may form during lowstands_ In a
restricted basin or within irregular depressions on the shelf. In
mixed systems, siliciclastic sediments will tend to prograde out
onto the carbonate platform and perhaps spill }nto thr:i b.asm
(cyclic and reciprocal sedimentation). The possible variations
on the basic model are numerous, yet the model serves as a use-
ful starting point.

As pointed out by numerous workers (€.g., Goldhan?mer_et al.,
1990, 1993: Kerans and Fitchen, 1995), relative fluctuations in sea
level occur with different frequencies, yielding a hierarchy of rela-
tive sea-level changes based upon the inferred temporal duration
of the relative sea-level cycle. These and other authors have
demonstrated that composite relative sea-level changes, which
combine the effects of third- (1-10 m.y. duration), fourth- (0.1-1
m.y. duration), and fifth-order (0.01-0.1 m.y. duration) eustatic
cycles are of pnme importance in determining both the deposi-
tional sequence scale (kilometer scale) and stratigraphic cycle scale
(meter scale) stratigraphic packaging . It is this connection between
composite sea-level changes and the stacking patterns of high-fre-
quency cycles and sequences that is fundamental in interpreting
low-frequency, second-order accommodation changes.

On the basis of the existence of composite relative sea-level
cycles, Goldhammer et al. (1990) suggested that a hierarchy of
stratigraphic forcing exists in which lower frequency sea-level
cycles (e.g., second order) force the higher frequency sea-level
cycles (e.g., third order) through composite interaction. The net
effect produces systematic and predictable changes in accommo-
dation space available for the deposition of individual cycles dur-
ing the rising and falling stages of a relative low-frequency
sea-level change. It is logical that in carbonate systems the hier-
archy of stratigraphic forcing will result in organized vertical and
lateral changes in stacking patterns (thickness, facies character,
lateral geometry, and early diagenetic attributes) of high-fre-
quency shallow-water carbonate cycles dictated by low-frequency,

relative sea-level effects.
The stratigraphic hierarchy is scale invariant; i.e., the princi-
ple of superimposed orders of accommodation can be transmitted

across all scales of stratigraphy, Extrapolation to the next strati-
graphic scale (Fig. 37) illustrates the manner in which third-order

supersequences. This diagram s

m thick) composed of second-order transgressiye ramp sequences
that evolve into second-order highstand rimmed shelf s?ue:nces
?}?tj how the relative prt?portion of TST/HST components of thé

ird-order sequences shifts Systematically vertically throy gh the

allochthonous megabreccia is schemati-

from transgressive prone (o symmetrical to higl,-
ition, the third-order sequences systematically
' upward and then thin upward within a supersequence.
thl;f € hpthe diagram 18 schematic, there are well-documented
:;an?];llis of this type of stratigraphic architecture. ‘ | |
Figure 38 shows the hierarchy expandec; ov§r three orders ol
magnitude and the resultant effect on the hlgh-freq_u.ency cycll.(;
architecture. The utility of high-ﬁequenc_y cycle stacking zma.ll ysis
in interpreting third-order sequence arc‘hitecture and c_onst‘ramm g
definition of second-order sequences in the Mesozoic of north-
east Mexico was extensively documented by Gol'dhamr.ner et al.
(1991). Much of the second-order sequence stratigraphic frame-
work discussed in the following is based on that work, (see Gold-

hammer et al.. 1991, for a full account).

supersequence,
stand prone. In add

Late Bathonian to early Kimmeridgian

Supersequence overview. This supersequence (Figs. 6 and
7) is dominated by second-order lowstand deposition (La J oya,
Minas Viejas, Figs. 11 and 13A); the second-order transgressive
surface at 150.5 Ma coincident with the regional breakup uncon-
formity. The La Gloria and Zuloaga formations are largely

transgressive, and the Olvido evaporite unit demarcates the sec-

ond-order highstand containing the supersequence boundary at
144 Ma (Goldhammer et al., 1991; Figs. 6, 7, and 11, A and F).
The Upper Triassic to Lower Jurassic La Boca and La Joya non-
marine redbeds contain some volcanic material, and are areally
restricted to rift basins, and unconformably overlie late Paleo-
zoic basement. The Minas Viejas (gypsum, halite) is mostly
deformed with a nonuniform distribution within the area, repre-
senting marginal-marine deposition prior to the second-order
marine transgression. The La Gloria Formation consists of
marine (shallow, nearshore) to marginal-marine (playa) silici-
clastics located peripherally about margins of exposed Paleozoic
land masses. The upper part of the La Gloria Formation is the
nearshore, siliciclastic equivalent to the carbonate Zuloaga
Formation, which consists of shallow-water, low-angle ramp
deposits that grade downdip to outer ramp mudstones, changing
facies to basinal shales and thin limestone beds of the La Caja
Formation. The Olvido Formation consists of evaporitic deposits
and associated marginal-marine clastics in the lower portion.
The upper portion deepens upward overall into carbonates.
Second-order lowstand Systems tract. The basal superse-
quence boundary at 158.5 Ma is a major unconformity (type I

sequence boundary) and oceurs as an angular unconformity
between the La Boca and La Joya formations in outcrop (Pere-

grina Canyon, near Ciudad Victoria; Corpstein, 1974). 1t is defined

seismically in south Texas by erosional truncation beneath the
boundary on top of the underlying Eagle Mills Formation (La

underlying Eagle Mills and Paleozoic basement updip (Todd and

). Well-log cross sections in north-

thinnj : b th Texas show the Callovian lowstand
Ing updip and pinching out against basement highs or older

Me

[La Boca Formation (Stone, 1975: g

Figs. 33.—35). Simil‘:cir stratigraphic relations are observed in the
age-equivalent section in east Texas and Louisiana (see Gold-

hammer et al., 1991, ‘Figs. 31 and 32). On regional seismic data.
the La Boca nonmarine redbeds and volcanic strata are areally

restricted to rift basins, unconformably overlying late Paleozoic
basement. The La Joya and Minas Viejas formations have a non-

uniform distribution within the area, but step out over the La Boca
Formation indicating marginal-marin

second-order marine transgression.

Second-order transgressive systems tract. The second-order
transgressive surface marking the top of the lowstand 1S also an
unconformity (marking a subsidiary third-order sequence bound-

ary), and s observed in outcrop at two localities. At Potrero Minas
Viejas, the contact between Minas Viejas gypsum and the Zuloaga

Formation appears to be conformable, although there is consider-
able brecciation and disruption of the basal Zuloaga rocks, pre-
sumably due to Tertiary(?) evaporite dissolution (Fig. 13A). At
Peregrina Canyon, the Zuloaga Formation onlaps the La Boca
Formation (La Joya missing) in angular discordance (Corpstein,
1974). Seismically, the transgressive surface is characterized by
onlap of Oxfordian strata against the underlying Callovian low-
stand assemblage (Figs. 8 and 9: Todd and Mitchum, 1977). Basal
reflectors can be traced updip beyond the subjacent Callovian
onlap, where they terminate against basement or older Eagle Mills
rocks (Figs. 8 and 9). These relationships are also present in well-
log cross sections across the Gulf of Mexico (see Figs. 31-35;
Stone, 1975), where the basal Norphlet (La Gloria) Formation
thickens updip as it laps up and over Callovian strata. ultimately
lapping out against basement. Downdip where the basal N orphlet
Formation is very thin to missing, the basal Oxfordian carbonate is
a transgressive dark, laminated carbonate mudstone that pinches
out in a landward direction (see Goldhammer et al.. 1991, Figs.
31-35; Stone, 1975; Todd and Mitchum, 1977).

The second-order transgressive systems tract is made up
mostly of high-energy carbonate ramp deposits of the Zuloaga
Formation and nearshore siliciclastics of the backstepping La
Gloria Formation (Figs. 13, E and F, 14, A and B). In general,

ee Goldhammer et al., 1991,

e deposition prior to the

- based on regional correlation to subsurface cross sections and

__Seismic data to the north in Mexico and northeast in the Gulf of

- Mexico, the Zuloaga Formation is characterized by two or three

~ largely aggradational, third-order sequences (average 80—100 m
~ thick; ~2 m.y. duration) composed of stacked, high-frequency
"".'.-'E'amp cycles (fifth order) rich in shoal-water grainstones. At
- Sierra de Bunuelos, Goldhammer et al. (1991) measured and
- described a fairly complete Upper Jurassic section (375 m
~ thick) incorporating the upper half of the Zuloaga Formation,
Qlwdo evaporite, Olvido lime mudstone, and lower La Caja

Fﬁfmatlon (see Goldhammer et al., 1991, Fig. 45). Apparently,

Ty
- .-:I'i.

~ not all of the third-order sequences of the Zuloaga Formation
. composing this second-order transgressive systems tract are

~ exposed in outcrops in the region (e.g., at Sierra de Bunuelos,

1
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| |

ey
ik

-f'.ﬁl@hﬂ.SOn, 1991: C. R. Johnson et al., 1991). The exposed rocks
record the landward retrogradation of open ramp, open-ramp
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shoal, open lagoon, Inner-ramp shoal, inner lagoon, coastal
lagoon, and sabkha depositional environments, producing an
overall deepening-upward stacking architecture.

Second-order highstand systems tract. The second-order
highstand systems tract at Sierra de Bunuelos consists of one
(~100 m thick) third-order sequence (the 144 Ma sequence of
Goldhammer et al., 1991, Figs. 45 and 46). The early TST of the
144 Ma sequence consists of upward-thickening subtidal, fifth-
order cycles (cycles 8-12 in Fig. 46 of Goldhammer et al., 1991)
with argillaceous, thin-bedded mudstone bases capped by shoal-
water skeletal-ooid packstones and grainstones. The remainder of
the TST consists of amalgamated. thick, low-energy subtidal
cycles composed of burrowed, peloidal lime mudstones to
wackestones interpreted as an increase in third-order accommo-
dation. Above this, the first few cycles of the early third-order
HST of the 144 Ma sequence display thin-bedded argillaceous
lime mudstones at their bases, capped by shoal-water, pellet-ooid
packstones to grainstones. These pass vertically into stacked.,
aggradational, coarsening-upward, subtidal grainstone cycles
(average 3.3 m thick; cycles 4-13 in F1g. 46 of Goldhammer et
al., 1991). These cycles are rich in pellets (Favreina), skeletal
grains, composite grains, and ooids. The late third-order HST of
the 144 Ma sequence is marked by the abrupt occurrence verti-
cally in the section of a series of thin subtidal. pellet grainstone
cycles (<1-1.3 m thick; cycles 14—17 in Fig. 46 of Goldhammer
et al., 1991) that contain euhedral crystallatopic evaporite molds
(after gypsum) at their tops. These in turn are overlain by thin
(~0.5-0.65 m thick), restricted. pentidal cycles toward the top of
the Oxfordian, just beneath the 144 Ma supersequence boundary.
These cycles have replaced evaporite bases (calcitized gypsum?)
and thick disrupted peritidal laminite caps. Lateral correlation
(Johnson, 1991) demonstrates that they occur beneath the bedded
gypsum deposits of the Olvido evaporite.

The 144 Ma third-order sequence boundary, which is coin-
cident with the second-order supersequence boundary, is located
within this reduced accommodation interval. In outcrop it is
picked near the base of the Olvido evaporite, on top of a 3-m-
thick peritidal, cryptalgal laminite full of centimeter-scale layers
of replaced evaporite (cycle 19 at 118.5 m on Bunuelos section
of Goldhammer et al., 1991). Such a thick laminite cap implies
the development of substantial tidal flat complexes associated
with maximum regression.

Early Kimmeridgian to Berriasian

Supersequence overview. Within this supersequence, the
Olvido evaporite, Olvido lime mudstone, and basinal equivalent
La Caja Formation compose the second-order transgressive SYS-
tems tract; the second-order maximum flooding surface (MES) i1s
placed at the top of the Olvido lime mudstone (138 Ma: Figs. 6
and 7). 'he highstand part of the supersequence contains the lower
two-thirds of the siliciclastic La Casita Formation, the upper por-
tion of the La Caja Formation, and the lower portion of the
Taraises Formation. The La Casita Formation in this super-
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sequence COnsIsts of a basal

mudstone (interpreted as deeper-

unit of coarse sandstones | -
?étinml:gti? as an overall regressive, coarse-clastic, fan-delta sys

ence boundary
o flected by the maximum seaward advance

regressive interval, as re | _ :
Ofg:hBeS fan-delta system. The lower portion of the Taraises Forma

tion is the deeper water offshore (basinal) equwa]ent.tﬂbl:; dij
Casita Formation, consisting of argillaceous, mmc-
<1 carbonate
limestones and shales. The San Juan lentl isa persistent s
unit within the uppermost La Caja Formation to the: lower part 0
the Taraises Formation and most likely depicts a third-order rela-
tive sea-level cycle in the overall second-order highstand.
Second-order lowstand systems tract. The basal S
quence boundary (144 Ma) is interpreted as a secf)nd—order type
2 sequence boundary (type 2 in the sense of Vail et al., 1984)
because of a lack of evidence for prolonged subaerial exposure or
erosion of the shelf. Above the supersequence boundary, at the
Bunuelos locality, Goldhammer et al. (1991, Fig. 46, top of cycle
21) document a thin (<30 cm thick) laminated, stromatolitic gYP-
sum layer that is at the base of the Olvido evaporite. This thin unit
and <1 m of diagenetically altered, restricted, peloidal carbonate
beneath it may, however. represent true sabkha deposition, or sec-
ond-order lowstand deposition on the ramp top. The overlying
Olvido evaporite contains tens to several tens of meters (locally)
of evaporite and equivalent collapse breccia is present. Although
deformed in outcrop (Bunuelos section), a progradational sabkha
origin for the Olvido outcrops seems unlikely, based on the
absence of interbedded penitidal carbonates or siliciclastic mate-
rial, and the thickness of such a relatively homogeneous unit of
gypsum. The bedded gypsum of the Olvido evaporite, containing
a few 1ntercalated thin carbonate beds of dolomitized ooid to
peloid grainstone, is interpreted as a subaqueous deposit. The
Increasing marine character of this unit (compared to underlying
laminites) signifies renewed slow increase in accommodation,
which accompanied the ensuing transgression.

Second-order transgressive systems tract. Above this, four
third-order sequences are recognized within the Olvido Forma-
tion, averaging ~70 m in thickness. The third-order sequences are
defined by the vertical stacking patterns of higher frequency
ramp cycles as outlined by Goldhammer et al. (1991) and dis-
cussed here (Fig. 3?). The basal third-order sequence is rich in
mtercalatc?d evaporites and solution-collapse breccias, whereas
the overlying three sequences lack evaporites and are enriched in
et it ok The i i i

_ of longer term second-order Increase in
accommodaﬂon. At Sierra de Bunuelos, the initial second-order
ﬂ;::;i;r?g (()if the region above the transitional, restricted evaporite
p IS documented where the Olvido evaporite passes verti-

cally upward into thin, peritidal cycles that have restricted subti-
dal bases that shoal-upward into laminites or solutimi-co]]apse

l;reccias (_cycl_es 28-36 in Fig. 46 of Goldhammer et a]. 1991)
bove this are very thick (average 7-10 m thick) amalg;lmatcd,

thick-bedded subtida] cycles (cycles 37 and 38 of Goldhammer

unit of carbonaceous siltstone and
water prodelta deposits). capped
and pebble conglomerates

occurs within this upper

). that are rich in pellets, skeletal grains, and ooids
e rmal marine conditions associated with

R turn to NO _
mﬁgaiarzt::nsgressi?m 'I:he retrogfsldﬂti_‘l;“:;ﬁ::ﬁ:(f:l.?]1:11-«
tern of these cycles and their thickness and gral Indicate
: onificant ramp flooding over the region. .

Slgn'l‘h “emainder of the second-order HST at Sierra de Bunue-
los, as ;ocumented by Goldhammer el al (1991), contains three
adéitiona] third-order ramp S€quences (third-order sequences 24
within the Olvido lime mudstone; cycles 42-84 of Goldh.:ammcr
et al.. 1991). These third-order sequences generally consist qi‘ a
fairly symmetrical facies and high-frequency cycle stacking
arrangement. The lower portions of the sequences are marked by
thin grainstone-based cycles with peritidal (cryptalgal laminite)
caps that lack evaporites. Above this the sequences open up and
are marked by thicker, stacked amalgamated grainstone-rich
cycles, many of which have shaley, off-ramp facies at their base.
In detail these cycles are thick (1-5 m thick), upward-coarsening,
aggradational cycles with subtidal boundaries, often in the form of
submarine hardgrounds. These cycles, rich in pellets (Favreina).
composite grains, skeletal debris, and ooids, record initial ramp
flooding and the establishment of shoal-water grainstone com-
plexes. Shaley-based cycles are much thinner, and are composed
of thin-bedded, argillaceous lime mudstone at the base, coarsen-
ing upward into burrowed peloid, skeletal packstone. These
cycles are all subtidal cycles with hardground caps or sharp
flooding surfaces. They represent significant deepening, perhaps
beneath storm wave base, resulting in transgressive third-order
cycle thinning and deposition of shaley material due to sediment
starvation. The middle to upper parts of the sequences are marked
by relatively thick, high-energy, upward-coarsening subtidal
cycles full of mechanical cross-stratification. They are domi-
nantly ooid grainstones with associated intraclasts and skeletal
grains. These cycles depict a return to a ramp shoal complex
within the overall third-order HST. The uppermost portions of the
third-order sequences record late third-order HST progradation
of updip peritidal cycles, which cap the sequences.

Toward the top of the Olvido lime mudstone at Sierra de
Bunuelos, the uppermost section of carbonate is marked by three
0.30-1-m-thick cycles (cycles 81-83 of Goldhammer et al.,
1991, Fig. 46), each composed of a normal marine, shoal-water
subtidal base and a thin cycle cap (10-50 ¢m thick) of reddish
siliciclastic siltstone. The siltstone caps display wavy bedding
(centimeter-scale) with ripple cross-laminae, and hummocky

cross-stratification suggestive of open-shelf deposition. This

minor influx of open-shelf siliciclastic material toward the top of
the Olvido Formation marks the initiation of the transition from
carbnnat:c ramp conditions to siliciclastic shelf deposition with
the ensuing marine deepening recorded in the overlying La Caja
and basal La Casita Formations.

C@ﬂ?ﬁ;;ﬂ;ltﬁﬂ;t betwean the Olvifio lime mudstone and the La
O nor;n;luelos_ls a sharp lithologic transition from shal-
s S and -Inarine carbonate to fine-grained sandstones,
_ | ,t iy (497.9 m on the Bunuelos section of Gold-
hammer et al., 99}3-_‘Flgs. 15C and 18A). There is no evidence
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forisul?aeria] €xposure at this surface. This surface is Interpreted as
a significant second-order flooding surface at Bunuelos, but the
second-order MFS is somewhere above, within the I.a Caja
Formation. In detail, the contact is a burrowed ommission surface
with a network of centimeter-scale burrows infilled with carbonaté
sand on top of a sandy, skeletal-peloidal packstone. This marine
flooding surface is immediately overlain by a 30-cm-thick trans-
gressive lag of calcareous sandstone with gastropods and encrust-
ing serpulid worm tubes. Above this the I.a Caja Formation
deepens within 20 m from offshore subtidal siltstones and interca-
lated skeletal limestones to deeper marine, thinly bedded siltstones
and dark shales (Fig. 15, E and F). These siltstones and shales con-
tain phosphatic sand, concretions of phosphatic mudstone with
ammonites, Chondrites burrow networks, and thin intervals of
black shale. The intercalated limestone beds are interpreted as
allodapic debris beds representing the downdip toes of updip time-
equivalent retrogradational ramp carbonates.

Similar relationships are observed between the Olvido lime
mudstone and the La Caja strata to the south at Astillero Canyon,
a more basinal Zuloaga-Olvido locality (Meyer and Ward, 1984).
This top of the Olvido Formation (Haynesville) flooding surface is
present throughout the Gulf of Mexico, testifying to its regional
significance (Goldhammer et al., 1991, Figs. 31-35; Stone, 1975:
Todd and Mitchum, 1977). In the northern Gulf of Mexico, this

surface 1s prominently delineated on seismic data by the strong

onlap of Bossier Shale (La Caja) against the Haynesville Forma-
tion (Gilmer Iime mudstone). In south Texas and northeastern
Mexico, Stone (1975) demonstrated through pattern correlation,

that this i1s a major flooding surface that reveals onlap of Tithonian
- shales (La Casita—La Caja) onto Kimmeridgian carbonates.

Second-order highstand systems tract. The second-order

- highstand systems tract is made up of the Tithonian to Berriasian
- La Casita Formation (Cotton Valley), which records the main
- progradational stage of a fan-delta complex nucleating around the
- Coahuila block (Fortunato and Ward, 1982). The San Juan lentil
18 a persistent carbonate unit within the upper part of the La
- Casita Formation, and most likely represents a third-order rela-
~ tive sea-level cycle in the overall second-order highstand. On the
- basis of Fortunato and Ward's (1982) work, the supersequence
. boundary (128.5 Ma) in the Monterrey-Saltillo area is placed at
 the top of the middle finer grained clastic interval of unit 2 (top of
- unit 2A), beneath the upper very coarse clastic section of unit 2

- (unit 2B; Figs. 6, 18B, and 21A).
4 ~ The supersequence boundary location is based on two lines
~ of evidence. (1) Biostratigraphic control indicates that the top of
11Dit 2A is Portlandian to Kimmeridgian. The next control point,
lﬂgated 35 m above this in unit 2B, indicates a Hauterivian to
i1 Vﬂlanglman age. Thus, the upper Berriasian, and perhaps Eart of
~ the Valanginian, is essentially missing. This is consistent with t.he
 gul f-wide scenario in which a major type 1 unconformity overlies
- the Berriasian Cotton Valley Formation (see Goldhammer et al.,
~ 1991, Figs. 31-35; Stone, 1975; Todd and Mitchum, 1977

~ McFarlan and Stone, 1977; McFarlan and Menes, 1991). In the

nﬂnhern Gulf of Mexico, the entire Valanginian stage is absent

biostratigraphicall y in all shelfal positions, updip from the Cotton
Valley shelf edge. Todd and Mitchum (1977, sequence K1.1)
showed the Valanginian strata to be a basinally restricted, low-
stand wedge in offshore West Africa, and speculated that a similar
wedge would typify the Valanginian in the Gulf of Mexico. This
has since been confirmed from regional seismic studies (Mitchum
et al., 1977). (2) In outcrops at the Cafion del Chorro section, the
lithologic transition from unit 2A to 2B is marked by a downward
shift in facies from burrowed marine mudstones and fine-grained
siltstones to coarse-grained cross-bedded sandstones with local
conglomerates (Figs. 21, A and E). South Texas regional seismic
data show that this supersequence boundary is marked by toplap-
ping basinward-dipping clinoforms, as well as truncated reflectors
beneath the boundary (Figs. 8 and 9). In addition, there is strong
onlap of the Hosston Formation against this surface. Similar rela-
tionships have been observed from east Texas (Todd and
Mitchum, 1977). Stone (1975) illustrated substantial stratal trun-
cation of updip Cotton Valley Formation by way of pattern corre-
lation on well-log cross sections along the Texas Gulf Coast (see
Goldhammer et al., 1991, Figs. 31 and 32).

Late Valanginian to early Aptian

Supersequence overview. Within this supersequence, the
upper part of the La Casita Formation consists of fine-grained
clastic strata and thin carbonates, which are interpreted as trans-
gressive marine deposits recording the waning input of clastic sed-
iments and retreat of the fan-delta complex (Figs. 18B and 21A).
This and the onlapping basinal equivalent of the upper portion of
the Taraises depict the second-order TST with the second-order
MES (118 Ma) placed at the base of the overlying Cupido—Lower
Tamaulipas carbonate package, which records the second-order
HST (Figs. 6 and 7). The Cupido Formation comprises a shallow-
water, low-angle ramp package that overall progrades basinward
and shoals from basinal and/or fore-reef strata through peritidal
cyclical laminites. The offshore, basinal equivalent to the Cupido
Formation 1s the lower Tamaulipas Formation, a thick succession
of pelagic lime mudstones. There are numerous well-developed
higher trequency sequences within the Cupido—lower Tamaulipas
package, and the supersequence is capped by a prominent evapo-
rite-solution-collapse breccia (112 Ma) that separates the Cupido
Formation from the transgressive Cupidito rocks.

Second-order lowstand systems tract. Above the lower
supersequence boundary at Canon del Chorro, about 100 m of unit
2B of the La Casita Formation (coarse nearshore marine sand-
stone and conglomerate) grade upward into transgressive unit 3
(Fig. 20). The presence of such coarse siliciclastic rocks above the
supersequence boundary indicates that lowstand conditions per-
sisted above the boundary as the result of extensive sedimentation
proximal to the Coahuila block under conditions of minimum
accommodation. Thus, despite the fact that this unit overlies the
supersequence unconformity in an updip position, and hence
strictly should fall within the transgressive systems tract, it could
be considered a lowstand deposit perched updip on the shelf.
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Second-order transgressive systems tract. The transition
' it 31 ¢ the Caiion del Chorro 1S
from unit 2B to unit 3 1n outcrops, 4 S
- ists of seven stacked coarsening
dramatic. The upper 33 m CONSISIS O ST
upward siliciclastic cycles capped by mﬂglommﬁgz)ﬂh at R
progradation of individual fan lobes; Fortunato, A' St
the final stages of the fan-delta complex (Fig. 21E). At o R
ity, a prominent flooding surface occurs as & o bﬁgndll-lg P'ned
separating coarse sandstones below (unit 2B) from fine gll‘ﬂl .
mudstones above (unit 3). Within 2 m of the uppermost cycic, Ul :
2B grades vertically into unit 3, which overall is finer grmed,
containing mixed carbonate and clastic ﬁlholog{es with 115[161"1'3]3
of shale higher in the unit. The basal part of unit 3 contains five
peritidal cycles (1-2 m thick) that mark the initial second-order
transgression. They consist of: (1) dolomitic sandy mudstone at
the base, burrowed with displacive evaporite nodules (replaced by
calcite; Fig. 21F) overlain by (2) burrowed peloidal packstone,
succeeded by (3) wavy to lenticular thin beds of siltstone ?ﬂd
mudcracked laminated silty mudstone. The remainder of umt’3
deepens upward, becoming progressively more open marine in
character. It is succeeded by 7 m of thin-bedded burrowed mud-
stones of the Taraises Formation (Figs. 18B and 21B). The sec-
ond-order maximum flooding surface is placed within this thin,
updip tongue of Taraises Formation that separates the La Casita
rocks from the overlying Cupido rocks. Well-log cross sections
from the Texas Gulf of Mexico also illustrate this overall second-
order transgression for age-equivalent lower Hosston siliciclastic
rocks (see Goldhammer et al., 1991, Figs. 36 and 37; McFarlan
and Stone, 1977).

Second-order highstand systems tract. The Cupido Forma-
tion, and the coeval basinal lower Tamaulipas Formations, which
together compose one major progradational package, constitute the
second-order highstand of this supersequence (Figs. 6, 7, 18B. and
21, A and B). Like the Cupido Formation, the age-equivalent Sligo
platform is recognized as the first of two gulf-wide cycles of major
carbonate progradation (McFarlan and Stone, 1977: Bebout et al.,
1981; Winker and Buffler, 1988: McFarlan and Menes, 1991). On
seismic data, the Cupido-Sligo shelf margin is a prominent feature
all along the Gulf of Mexico (Wooten and Dunaway, 1977: Bebout
etal., 1981; Winker and Buffler, 1981; Figs. 8 and 9). Both seismic
data and well-log cross sections (see Goldhammer et al., 1991
Fig's. 36 and 37; McFarlan and Stone, 1977) illustrate the progra-
dational character of the Cupido and Sligo Formations.

In -outcmp's in the Monterrey-Saltillo area, the Cupido
Formation consists of several third-order depositional sequences
(Goldhammer et al., 1991). These in turn are made up of higher
frec.;uenr;y fourth-order depositional sequences, 25-75 m thick,
;]uai;ch have calculatcc! periodicities of ~500 k.y. (see Gold-

mer et al., 19_91, Fig. 48). These fourth-order sequences in
turn contain multiple small-scale, fifth-order cycles (cycle peri-

H1iN a sequence (reviewed
In addition, the distribution of

re features aids in sequence defi-

by Goldhammer et al., 1991).
€vaporites and subaeria] eXposu

or ot al. (1991, Fig. 48) measured in detail

: - ro Garefa (Figs. 28 and 39), which
SR ﬂ;ogme Cupido, the Cupidito, and basaj
incmdfs tfhe uﬁﬁzn?ms representative section 1s within litho-
La-Pena 't: I-Iﬂamd 5 of Selvius (1982) as defined here (Fig. 26). A
faFlesocu:ll' the upper 103.5 m of the Cupido Formation consists
g? i\:m-fc:utf'}h-order sequences, the lower one about 57 m thick
(cycles 1-18, Fig. 48 of Goldhammer et al., 1991), and the upper

close to 39 m thick (cycles 19-30). |
The lower sequence initiates on top of a thin-bedded,

recessive interval containing thin (<1-2 m thick)_ peritidal
cycles, marking minimum fourth-order accommodation. These
are overlain by the fourth-order TS'T consisting of transgres-
sive-skewed subtidal cycles. Cycles typical of this TST contain
dark brown, burrowed-to-laminated peloidal wackestone to
packstone shoaling upward into mechanically stratified ooid-
skeletal grainstone (e.g., Fig. 27D). Individual cycles thicken
from <1 to 7 m upward. As cycles thicken upward, the charac-
ter of constituent subfacies shifts progressively from shallow
and somewhat restricted to deeper subtidal and more open
marine. This is evidenced by systematic shifts per successive
cycle in such parameters as amount of grain-supported fabrics,
ooid content, and faunal content (e.g., presence of small rudis-
tids and requienid bivalves). About 50 m up from the base
(45.6 m on Potrero Garcia section; Fig. 48 of Goldhammer et
al., 1991), subtidal cycles give way to peritidal cycles, marking
the accommodation change to fourth-order highstand condi-
tions. The remainder of the first sequence consists of six peri-
tidal cycles (average 2.5 m thick), each capped by a peritidal
laminite. These cycles contain little evidence for evaporites.
The fourth-order sequence boundary is placed above the thick-
est laminite cap within the thinnest cycle, suggestive of a fourth-
order accommodation minimum. This laminite cap contains more
evidence for subaerial exposure (caliche-like fabrics) beyond that
normally-expected within the tidal-flat setting.

The second fourth-order sequence (39 m thick) begins with a
few transgressive-skewed subtidal cycles (to 5 m thick) similar to
those of the underlying sequence. These give way to 33 m of
stacked peritidal cycles that progressively thin upward, from 7 m
to 1 m, within the highstand part of the sequence. As they thin
upward, they progressively display evidence for increasing restric-
tion in the form of marine evaporites, which at the top of the
séquence occur as discrete thin layers (several centimeters thick)
of bedded evaporite (probable gypsum) replaced by calcite (e.g..
at 96 m in the section; see Goldhammer et al., 1991, Fig. 43).
'Ithese trends indicate that this upper fourth-order sequence is
bighly fegressive in comparison to the underlying sequence. This
15 consistent with the fact that the upper sequence is much thinner
‘tjhlanlame underlying Sequence. Together the two sequences mark

© fate second-order highstand of the Cupido supersequence, as

they thin upward into the supersequence boundary (Figs. 28 and

39). Similar stratal relationsh; A
23, A, B, and D), The P$ are seen at other localities (Figs.

boundarv ; actual physical second-order supersequence
sl " 18 essentially coincident with the upper

nition. Goldhamm
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fourth-ordeI: sequence boundary and uppermost cycle boundary
(at 103.5 m in the section of Goldhammer e al., 1991).

The supersequence boundary (112 Ma; Figs. 28 and 39) is
marked by a spectacular 1-5-m-thick polymictic, clast-sup-
ported breccia that overlies a 0.67-m-thick bed of evaporite
replaced by calcite (Fig. 28, D and F). This breccia has been
physically traced along strike for many kilometers within
Potrero Garcia, where it forms a major recess (major notch in
the skyline). It has also been found at the same stratigraphic
horizon, 1.e., separating the Cupido from the Cupidito forma-
tions, in several other localities (e.g., Fig. 23, A, B, and D),
notably Canon San Lorenzo, which is located more than 100
km to the southwest. This breccia, which is interpreted as a
karst solution breccia, contains large (centimeter to meter scale)
angular (nontransported), poorly sorted clasts of typical periti-
dal Cupido lithologies that were lithified at the time of breccia
formation. These include burrowed mudstone to packstone,
ooid grainstones, cryptalgal laminites, rippled peloidal pack-
stones, and clasts of calcitized evaporite. The matrix material is
laminated and contains sand-sized lithoclasts and skeletal
debris washed in from above. At Potrero Garcia, the breccia is
straddled by flat, stratigraphically intact beds, from both above
and below, supporting a syndepositional origin for the breccia.
as opposed to a later Tertiary age. In addition, relief along the
upper surface of the breccia, measured in tens of centimeters, is
filled by bedded calcitized evaporite (at 104 m in the section of
Goldhammer et al., 1991) and cryptalgal laminite. The evapo-
rite contains relict vertical growth structures outlined by mil-
limeter-thick seams of grainstone, suggestive of subaqueous
deposition of vertically oriented, centimeter-wide, palmate gyp-
sum. Both the evaporite and overlying thin laminite thicken into
topographic lows and thin onto highs, and locally out. Appar-
ently, through restricted deposition in ponded lows, the irregular
topography of the upper breccia surface was leveled out during
the initial marine incursion back over the platform following
subaerial exposure. The dissolution of the source rock (carbon-
ate and evaporite?) responsible for the collapse in all likelihood
resulted from leaching by near-surface waters undersaturated
with soluble mineral phases, presumably linked to a fall in rel-
ative sea level.

On seismic data from south Texas, the second-order HST is
marked by progradational geometries of the Sligo Formation with
1ll-defined toplapping clinoforms beneath the 112 Ma super-
sequence boundary. The 112 Ma sequence boundary appears as a
discontinuous, somewhat chaotic reflector beneath the top of the
Sligo carbonate (Figs. 8 and 9). The Cupido-Sligo supersequence
boundary is further delineated by a prominent, basinally restricted
wedge that onlaps the front of the margin, and downlaps the toe of
slope (Figs. 8 and 9). This seismic feature is consistent with a type
I interpretation of the supersequence boundary. Linked to the
Cupido late second-order highstand is the basinward progradation
of the Patula Arkose and La Virgen evaporite facies in the noﬂhe'm
Sabinas Basin (Smith, 1981). These offlapping regressive deposits
are truncated updip by the 112 Ma unconformity.

Early Aptian to late Albian

Supersequence overview, The Cupidito and La Pefia forma-
tions mark the second-order transgressive systems tract, and the
second-order maximum flooding surface is placed near the La
Pefia—Aurora Limestone contact (107 Ma). The Cupidito unit is
a deepening-upward carbonate unit (shallow water, low-angle
ramp) that grades from peritidal cyclic carbonates at the base
through shoal-water subtidal carbonates toward the top. The
upper contact with the La Pefia Formation is gradational, and the
La Pefia consists of deep-water, transgressive, fine-grained
siliciclastic shales, mudrocks, and thin-bedded argillaceous
limestones. The Aurora—upper Tamaulipas carbonate package
compose the second-order highstand systems tract; the Aurora
represents shallow open shelf to ramp carbonate deposits that are
overall aggradational to retrogradational. The pelagic lime mud-
stones of the upper Tamaulipas Formation make up the equiva-
lent basinal strata. The upper supersequence boundary (98 Ma)
is recognized from the basinward progradation of the McKni ght
evaporite 1n the Maverick basin, a nearshore to marginal-marine
unit that records the second-order relative fall in sea level at the
top of the Aurora—upper Tamaulipas formations. The overlying
pelagic carbonates, the Cuesta del Cura, Agua Nueva, and San
Felipe Formations, are all deep-marine basinal rhythmites. They
reflect the overall, prolonged relative rise in sea level character-
istic of the Early to middle Cretaceous. These deposits onlap
updip and drape much of the underlying Mesozoic section.

Second-order lowstand systems tract. In outcrop in north-
east Mexico the second-order LST is marked by the breccia just
described. South Texas regional seismic data show a prominent
lowstand wedge that persists as a basinally restricted onlapping
package, which is only seen downdip of the terminal Cupido
margin (Figs. 8 and 9). Well-log information tied to seismic data
reveals that this wedge forms an upward-shallowing prograda-
tional package in an off-shelf lowstand position.

Second-order transgressive systems tract. At Potrero Garcia
(Figs. 28 and 39), the Cupidito and basal La Peifia rocks are com-
pletely exposed (see Fig. 48 of Goldhammer et al., 1991). The
Cupidito Formation consists of four (22—-60 m thick) fourth-order
depositional sequences, with numerous fifth-order cycles (Gold-
hammer et al., 1991). The fourth-order sequences have periodici-
ties averaging 500 k.y.; there are four sequences representing
about 2 m.y. of time (Goldhammer et al., 1991). Overall, these
sequences progressively thicken upward from 24 to 60 m consist-
ent with an overall increase in second-order accommodation
(Figs. 28, A and B, and 39). Similar stratal relationships are seen
throughout the Monterrey-Saltillo area (Fig. 23, A, B, and D). As
they thicken upward, the character of subfacies changes from
restricted shallow marine with evaporite and peritidal features in
the lower sequence, to open marine, deeper subtidal with ooid
grainstones and rudistid-requienid biostromes,

The first fourth-order sequence (22.5 m thick; cycles 31-42.
Goldhammer et al., 1991, Fig. 48) contains 12 cycles (average

2-2.2 m/cycle; ~42 k.y./cycle; Goldhammer et al., 1991) that
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latest highstand cycles have

' d
b . Early transgressive an
p{e)rl;lt}g:lwznyptalgal Jaminite caps, whereas cycles tl?at malclﬁ‘l :Sp
the middle of this fourth-order sequence arc subtidal cycles,

defined by shoaling-upward subtidal subfacies p‘atterns.] Th:
fourth-order sequence boundary is another solunan-c:o] aps
breccia (1.5-2 m thick) that depicts a

Above thlS the second fourth-order sequence (40 m thick,
cycles 4354 of Goldhammer et al., 1991) is composed Iafgdly ;’f
aggradational stacks of thick-bedded, nonnal-mz}nne, ske(?
wackestone to packstone, characterized by extensive buIr::}ﬁ'lﬂg
and a limited occurrence of Requienid bivalves. Cycles are dlﬁf::ult
to define in this thick stack of amalgamated subtidal lithologies.
Toward the top of this sequence, 5 well-defined cycles with PaCk-
stone to grainstone caps thin upward from 3.3 to 1 m, signifying a
decline in fourth-order accommodation. The uppermost 2 cycles
are each capped by a 0.33-m-thick peritidal laminite cap. The

uppermost laminite cap defines the upper fourth-order sequence

boundary to the second sequence, as it caps the thinnest peritidal

cycle (at 170 m in the section of Goldhammer et al., 1991).

The succeeding third fourth-order sequence (42 m thick;
cycles 55-64 of Goldhammer et al., 1991) begins with four
laminite-capped. peritidal cycles that progressively thicken
upward from 1 to 5.3 m, signifying fourth-order accommoda-
tion increase. These cycles are succeeded in the middle of the
sequence by thick-bedded, amalgamated subtidal cycles that
contain significant amounts of rudists, in addition to the ambi-
ent normal-marine faunal assemblage. This fourth-order early
highstand interval passes vertically into three late highstand
peritidal cycles that thin upward into the fourth-order
sequence boundary (at 210 m in the section of Goldhammer
etal., 1991). The boundary is on top of stromatolitic laminites
that cap the uppermost cycle (1.7 m thick), and is beneath a
I-m-thick calcitized bedded evaporite. These relations suggest
a change in fourth-order accommodation from regressive peri-
tidal conditions to transgressive, restricted evaporitic condi-
tions.

- The fourth and uppermost fourth-order sequence (60 m
thick; cyclzes 65-7 ?) is entirely transgressive and has no fourth-
order relative dech_ne in accommodation at the upper end of the
sequence. Rather, it is composed of 14 aggradationally stacked
it;ﬁt;ﬂz]ﬂcy;l]eess iazer?ge 4.2 m thick) that display little thickness
Open-mar-'ine.carbgylfate; R(F:i :rintggsg (I;f th:u::k-beQded, cherty,
an abundance of bivalv;s Beds rich i 4 001(51 gr_amstones g
drodonts are more co il PeLIB Fequieaids and hog-
whercas cat i iEl I;I;Lmin dl.nbt'he lower half of the sequence,
toward the topi(Hj 28E)a eTh Ostromes are ‘most prevalent
cycle is a major midne ﬂ. d? il the-upp FAOs!
upper fourhin S sle 00ding surface that effectively is the

quence boundary (a conformable marine

_ ! dhammer et al., 199].
- in the section of Gol ‘
265(1 C). It separates thick-bedded, normal-maripe

Fig. 28. A!.B' m:,f <keletal material and large Thalassanoide,

w from overlying intercalated, thin-beddeq

| .ok) calcareous shales and deeper subtidg]
(O.zggi;igsn:ot;;ckitones (Fig. 28C). Within about 6.5 m, the
56 dito formation gives way (o very thin bedded (30 cm thick)
i(;;lt]frlcalated <hales and parallel-laminated, dark, chert?r,. peloidal
limestones of the La Pena Formation. ;T'hus the t‘ran:-;‘m.on from
the Cupidito formation into the La Pefia Formation is in detai]

dational. |
e South Texas seismic data show that the second-order TST i«

the thin interval above the 112 Ma boun.dary anc.I th§ top of the
Sligo Formation, which forms a pra:}mmer}t selslm'c reflector
(Figs. 8 and 9). Updip from the terminal Shgo margin the TST
thickens. and just downdip of the Edwards margin the top of the
Sligo TST picks up an extra seismic reflector between the 112
Ma and the Sligo Formation top, interpreted as a retrogradational
geometry during the second-order floodback. The top of the Sligo
TST is a diachronous flooding surface and would constitute one
of Schlager's (1989) drowning unconformities, onlapped by the
flooding shales of the Pearsall Group. These relations indicate
that in outcrop La Pefia shales drape Cupido carbonates, sug-
oesting termination of the Cupido Formation by drowning
and/or siliciclastic pollution.

Second-order highstand systems tract. The Aurora—upper
Tamaulipas carbonate package composes the second-order high-
stand systems tract (Figs. 23A, 28, A and B, and 39). The Aurora
rocks depict shallow open shelf to ramp carbonate deposits that are
overall aggradational to progradational. In northeastern Mexico
and south Texas, the Aurora—Glen Rose—Stuart City trend retreats
significantly landward (McFarlan and Stone, 1977; Wooten and
Dunaway, 1977; Winker and Buffler, 1988). The upper super-
sequence boundary (98 Ma) is recognized from the basinward
progradation of the McKnight evaporite in the Sabinas basin, a
nearshore to marginal-marine unit that records the second-order
relative fall in sea level at the top of the Aurora—upper Tamaulipas
Formations. This supersequence boundary is a prominent gulf-
wide unconformity recognized in the subsurface (McFarlan and
Stone, 1977; Buffler and Sawyer, 1985; Winker and Buffler, 1988)
and in outcrop (Smith, 1981) in northeastern Mexico and south
Texas. This Middle Cretaceous unconformity marks the founder-
Ing and termination of the gulf-wide carbonate platform, and is
considered by some (e.g., Schlager, 1989) to be a drowning
unconformity, and by others (Vail et al., 1977) to be a lowstand
UI}CGHmelity resulting from a eustatic fall in sea level. The over-
lying pelagic carbonates consisting of the Cuesta del Cura, Agua
Nueva,_and >an Felipe formations are all deep-marine basinal
f:i’dﬂlfz;tes- The:y 1_'eﬂect the overall pml.onged relative rise 1n sea
L i:;f I?lf:eﬂstlf: of the Early to middle Cretaceous. These
e sf) l‘«:tl;drlrp and d{ape_ muchlof the underlying Mesozoic

is well .dis layed emi Gt _t'he Borect H-ST
C]J'Ilofonnsp f)él » marked by Lh.e prograding and downlapping
' ot the Edwards margin and slope (Figs. 8 and 9)
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SUMMARY

I. have synthesized subsurface and outcrop data, both
published and unpublished, in an attempt to provide a

sequence stratigra]?hic tframework for the Mesozoic paleogeo-

graphic and tectonic evolution of northeast Mexico. The Mon-

terrey-Saltillo area is essentially the juncture of two distinctly

different Mex.ican tectono-stratigraphic provinces, the eastern

Gulf of Mexico province and the western Pacific Mexico

province, and therefore allows us to compare and contrast
Gulf of Mexico—driven versus Pacific-driven tectono-strati-
graphic processes. Each of these tectono-stratigraphic prov-
inces have a distinctive and separate tectonic evolution, and
different resulting stratigraphic packaging. They are charac-
terized by distinctive structural belts and structural styles and
basement. The differing stratigraphies record a subregional
response to the interaction of provincial tectonics (i.e., con-
vergent versus divergent margins), eustatic changes in sea
level, and sediment type and supply. As such, the Monterrey-
Saltillo area contains elements related to both Gulf of Mex-
ico passive-margin development (principally the stratigraphy)
and the Pacific-related convergent margin (arc) tectonism
(chiefly the structure). Thus a complete understanding of the
area is critical in linking together two somewhat disparate
geologic provinces in Mexico.

In the Gulf of Mexico province, the tectonic evolution is
dominated by passive-margin development associated with the
opening of the Gulf of Mexico, overprinted by nonigneous
Laramide orogenic effects. The stratigraphic evolution is domi-
nated principally by eustasy in as far as thick regional accom-
modation cycles can be correlated throughout the Gulf of
Mexico. I propose that the Middle Jurassic to Lower Cretaceous
stratigraphy of northeast Mexico and the Gulf of Mexico in
general can be subdivided into four major second-order deposi-
tional supersequences (~15 m.y. duration), that have regional
gulf-wide significance. The stratigraphic evolution of the Upper
Jurassic to Lower Cretaceous Gulf of Mexico passive margin
was interpreted by Goldhammer et al. (1991) to have resulted
from the superimposition of four second-order relative sea-level
cycles over a first-order long-term relative sea-level rise. This
first-order relative rise likely reflects a global eustatic rise dri-
ven by long-term changes in mid-ocean ridge volume related to

sea-floor spreading rates associated with the opening of the

- Gulf of Mexico and the Atlantic Ocean. These two different

orders of eustasy operated in concert with underlying thermo-
tectonic subsidence to produce systematic changes in accom-
modation from the base to the top of the Gulf Coast section.
Such changes account for the overall shift from lowstand-domi-
nated facies associations characteristic of the Middle to Late

~ Jurassic (redbeds, evaporites, marginal-marine siliciclastic

strata and low relief, shallow-marine, high-energy carbonates),

' to highstand-dominated facies associations characteristic of the
" Early Cretaceous (higher relief, shallow-marine carbonate plat-

| fL(JI‘Ins, deep-marine shales, and pelagic carbonates).
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